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Vanhemmilleni,
Ilman heidän kannustustaan ja kiinnostustaan

tuskin oltaisiin tässä

“Nothing in biology makes sense except in light of evolution.”
T. Dobzhansky
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Abbreviations

AER apical ectodermal ridge
AP Alkaline phosphatase
AS Antisense
Barx BarH-like homeobox (homeobox-transcription factor)
BBR Blocking reagent
BCIP x-phosphate / 5-Bromo-4-chloro-3-indolyl-phosphate
Bmp Bone morphogenetic protein (peptide growth factor)
BSA bovine serum albumin
C Canine
cDNA Complemetrary DNA
CHAPS 3-[(3-Cholamidopropyl)-dimethylammonium]-propane-sulfonate
c-met Cellular MNNG-HOS transforming gene (receptor tyrosine kinase)
c-src Cellular sarcoma gene (protein tyrosine kinase)
dATP 2’-deoxyadenosine 5’-trisphosphate
DEM Digital elevation model
DEPC Diethyl pyrocarbonate
Dlx Distal-less like homeobox (homeobox-transcription factor)
DNA Deoxyribonucleic acid
DNAse Deoxyribonuclease enzyme
dNTP 2’-deoxyribonucleoside 5’-trisphosphate (mixture)
Dpp Decapentaplegic (peptide growth factor)
dUTP 2’-deoxyuridine 5’-trisphosphate
E10 embryonic day 10
ECM extracellular matrix
EDA Ectodermal dysplasia A –protein (tumor necrosis factor –family member)
EDTA Ethylenedinitrotrilotetraacetic acid
Egf Epidermal growth factor (peptide growth factor)
Eve Even-skipped (homeobox-transcription factor)
FAB Fragment antibody binding
Fgf Fibroblast growth factor (peptide growth factor)
GIS Geographic information system
Gli Glioblastoma gene (Zn2+-finger-transcription factor)
Hgf Hepatocyte growth factor (peptide growth factor)
I Incisor
I1/1 one upper and one lower incisor
Lef Lymphoid enhancer factor (high mobility group-transcription factor)
M. Microtus
M1 first molar
M1 first lower molar
M2 second molar
M3 third molar
M3 third upper molar
M3/3 three upper and three lower molars
MABT maleic acid buffer with Tween 20
M-CSF Macrophage colony stimulating factor (cytokine)
MQ Milli Q –filtered (water)
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mRNA messenger RNA
Msx Muscle segment homeobox gene (homeobox-transcription factor)
NMT NaCl-MgCl2-Tris-buffer
NTB 4-nitroblue tetrazolium chloride
NTE NaCl-Tris-EDTA-buffer
P Premolar
P2/1 two upper and one lower premolar
p21CIP1/WAF1 21 kD cyclin dependent kinase interacting protein, wild-type p53 activating factor 1

(cyclin dependent kinase inhibitor)
p53 53 kD DNA-binding tumor suppressor protein
Pax Paired-like homeobox (homeobox-transcription factor)
PBS phosphate buffered saline
PCR polymerase chain reaction
Pdgf Platelet derived growth factor (peptide growth factor)
Pdgfr-α Platelet derived growth factor receptor α (receptor tyrosine kinase)
PFA Paraformaldehyde
Ptc Patched (twelve transmembrane repressor subunit in Hh-receptor complex)
Pitx2 Pituitary homeobox 2 (homeobox transcription factor)
RIEG Rieger syndrome gene (=Pitx2)
RNA Ribonucleic acid
RNAse Ribonuclease enzyme
RT Room temperature
rUTP Uridine 5’-trisphosphate
35S-rUTP Uridine 5’-[α-35S]thiotrisphospate
SDS Sodium dodecyl sulfate
Shh Sonic hedgehog (signaling molecule)
Smo Smoothened (seven transmembrane signaling subunit in Hh-receptor complex)
SP substance P
SSC NaCl-sodium citrate buffer
RT-PCR reverse transcription polymerase chain reaction
TBT Tris-buffer with TritonX-100
TCF T-cell specific transcription factor
TdT terminal deoxytransferase
TGFβ Transforming growth factor β (peptide growth factor)
Tris-HCl Tris(hydroxymethyl)aminomethane buffer with hydrochloric acid
tRNA transfer RNA
Wnt Wnt-family member (signaling molecule)
ZPA zone of polarizing activity
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Abstract

One of the main problems in morphological evolution is how the conserved developmental processes
produce disparate morphologies. The highly disparate dentitions of the mouse (Mus musculus) and
sibling vole (Microtus rossiaemeridionalis) were chosen as a suitable model for analyzing the
developmental basis of morphological evolution.

Developmentally, teeth are epithelial appendages and their development is regulated by epithelial-
mesenchymal interactions. The numbers, positions and shapes of individual teeth are strictly and
heritably controlled. The molecular basis of tooth development has been extensively studied in the
mouse, which is the most important mammalian model in genetics and developmental biology. The
sibling vole is so closely related to the mouse that the number of changes in developmental processes
not directly related to morphological differences is minimal.

Histological analysis of serial sections revealed that morphogenesis of mouse and sibling vole
embryonic tooth germs progressed via similar developmental stages. However, the shapes of their
lower first molars developed in different directions from the beginning. Moreover, the development
of three rudimentary tooth germs found in the mouse upper diastema region was arrested at an early
bud stage, whereas the single rudimentary tooth germ found in the sibling vole upper diastema region
was arrested at a late bud stage.

In situ hybridization comparison of expression patterns of developmental regulatory genes Bmp2,
Bmp4, Fgf4, Fgf8, Lef1, Msx1, Msx2, p21CIP1/WAF1, Pax9, Pitx2, Shh and Wnt10a, and recombination
of mouse and sibling vole embryonic dental tissues revealed that tooth developmental processes are
conserved between the species. The expression patterns and recombinations also strongly suggested
that the dental formulas, positional identities and morphogenesis of individual teeth are controlled by
early epithelial signals. However, the recombinations and the morphometric analysis of digital
elevation models (DEMs) of developing mouse and sibling vole M1 crowns revealed some of the
roles for the epithelial-mesenchymal interactions during later morphogenesis.

Based on in situ hybridization analysis, three consecutive epithelial signaling centers that express
similar signaling molecules were identified. These signaling centers appear to be involved in the
development of dental formulas, the bud to cap stage transition and the development of cusp patterns.
All tooth germs, including the rudimentary ones, have at least one signaling center. The early
epithelial signaling center was previously unknown, but the later signaling centers have been known
as the primary and the secondary enamel knots.

By mapping with a GIS-program the expression patterns of selected enamel knot marker genes into
DEMs of developing crowns, the development of the enamel knots was shown to predict the crown
morphogenesis. In particular, the development of the primary enamel knot could be used for
predicting species-specific cusp patterns. Each individual cusp has its own enamel knot. Small time
interval comparison of gene expression in isolated molar epithelia showed that these enamel knots
develop separately. The numbers, shapes and sizes of cusps appear to depend on the length of the
time period when new secondary enamel knots can be initiated and on the crown growth rates. These
mechanisms can also be used to explain the tooth morphologies of extinct muroid species. Hence, it
is suggested that the molecular interactions controlling the initiation of the signaling centers and the
crown growth are important targets for morphological evolution.
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Introduction

Morphological evolution results from heritable
changes in morphogenesis. The use of various
well known organisms, so called model organ-
isms, such as the fruit fly and mouse, has
allowed us to dissect the molecular basis for
signaling interactions and cellular differentiation
in animal development, i.e., to link molecules
with morphogenesis. During the last decade,
developmental genetics has shown that different
animal phyla not only share a common cellular
metabolism, but that also their intercellular
communication networks are conserved provid-
ing a common language for morphological evo-
lution. Even the developmental functions of the
genes can be conserved between animals as dif-
ferent as flies, nematodes and birds (Gerhard and
Kirschner 1997). However, the fast rate of mor-
phological evolution between closely related
species suggests that even small genetic changes
can have large morphological effects, which
seemingly contradicts the deep conservation of
developmental programs. Thus, the extensive
conservation of developmental processes has
made the origin of species specific morphologi-
cal differences perhaps the most baffling
question in evolutionary developmental biology.

To understand the developmental basis of mor-
phological evolution, we must understand the
developmental basis for small, species specific
morphological differences. During morphogene-
sis, undifferentiated clusters of cells divide and
differentiate into different, strictly arranged cell
types. The increasing complexity and the local
growth differences of the tissues, which are nec-
essary for the development of specific mor-
phologies, is widely considered to arise from
local differences in the intercellular signaling
(Wolpert et al. 1998). The development of com-
plex morphologies requires local differences in
growth and differentiation. These depend on
local inductive interactions or on intercellular
signaling controlled by the organism’s genome.
Hence, changes in pattern formation are an im-
portant mechanism behind morphological evo-
lution.

A mammalian tooth is a histologically simple
organ, which develops from oral epithelium and
underlying mesenchyme into a strictly deter-
mined shape. Each species has its dental for-
mula, in which the numbers, locations and
shapes of individual teeth are heritably deter-
mined (e.g., Owen 1840-45, Grüneberg 1965,
Berry 1978, Hillson 1986). Early tissue recom-
bination experiments between mouse molars and
incisors have shown that until the early bud
stage, tooth development is controlled by the
epithelium, and thereafter the control is trans-
ferred to the dental mesenchyme (Kollar and
Mina 1991).

As teeth are mineralized organs, they have a
good fossil record showing their morphological
evolution. Vertebrate teeth are serially homolo-
gous. However, in mammals, tooth development
and initiation have became less dependent on
environmental factors, and teeth in different po-
sitions have differentiated from each other
(Butler 1995, Huysseune and Sire 1998).
Moreover, also teeth that occupy homologous
positions in the jaw can be morphologically dif-
ferent in different mammalian species. Different
tooth shapes can be described using their cusp
patterns (Jernvall 1995), a cusp being a convex
area of the tooth crown, separated from possible
other adjacent cusps by valleys with epithelial
and mesenchymal contribution (Butler 1956).
Both the determination of the dentition and the
determination of the cusp patterns of individual
teeth are examples of pattern formation at differ-
ent hierarchical levels.

The morphogenesis and molecular biology of
tooth development, especially that of the lower
first molars (M1), have been extensively studied
in mouse (Mus musculus), which is the most
important mammalian model organism in mo-
lecular, cell and developmental biology. A num-
ber of cloned mouse genes combined with the
advanced molecular tools makes the functional
analysis of individual signaling pathways and
genes possible, and together with routine tissue
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culture techniques make the deterministically
developing mouse tooth an ideal model for
studying the genetic basis for morphogenetic
processes.

However, the mouse is only one species, and its
dentition, composed of one open-rooted incisor,
a diastema lacking teeth and three molars in each
jaw quadrant, is very specialized when compared
to the basic placental mammalian dental for-
mula. Hence, it is unclear if the data from mouse
studies is directly applicable to other mammals.
Moreover, without comparisons to other species
it is impossible to study the evolution of species-
specific morphologies. Therefore, in this study,
mouse teeth were compared to teeth of another
muroid rodent, sibling vole (Microtus rossiae-
meridionalis), which is of similar size and ges-

tation period as the mouse, but has a very dispa-
rate M1 morphology. The excellent fossil record
of muroids makes it possible to compare the
tooth morphogenesis in these two species to the
evolution of tooth morphology, in order to ana-
lyze the general evolvability of tooth develop-
mental processes. The mouse and vole lineages
diverged from each other about 20 million years
ago (Nikoletopoulos et al. 1992, Robinson et al.
1997) and because important developmental
processes and genes tend to be conserved, the
null-hypothesis was that the mouse and vole
genes, genomes and tooth developmental pro-
grams would be quite close to each other. There-
fore, the techniques and principles of mouse
developmental genetics could be easily applied
to studying sibling vole teeth.   

Literature review

The problem of morphological evolution

How do species specific morphologies evolve?
Today, there exist approximately between 1 and
30 million metazoan species with differing
morphologies (mostly insects), of which approx-
imately 600 000 are listed and described (Wilson
1992). Because morphological evolution
depends on heritable changes in ontogeny, it is
obvious that morphological evolution depends
on changes in genes affecting the developmental
processes.

The fundamental problem is the apparent
disparity between the rates of DNA sequence
divergence and the rates of the morphological
divergence. It is known, that the rate of morpho-
logical evolution can change from virtual stasis
lasting for millions of years (a rate slower than
0.1 darwins) to significant morphological change
in a few decades (faster than 50 000 darwins)
(Martin 1993). This indicates selection driven
evolution until a new local optimal morphology
is reached (Simpson 1944, Futuyma 1986).
However, e.g., the number of segments is
constant in different Drosophila species, though
the promoter sequences of the genes involved  in
segmentation genes may have diverged consider-

Ti
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Neutral
evolution

Evolution
driven by selection

Figure 1. The rate and direction of the neutral evolution and
evolution under selection pressures. After a lineage split,
neutral changes tend to (on the average) accumulate at a
constant rate determined by mutation frequency, leading to
increasing divergence between lineages, whereas the
features under selection pressures may evolve at variable
rates, and the direction of evolution may change. Sequence
and morphological evolution are both driven by selection
pressures and chance accumulation of neutral changes, but
the relative importance of neutral change and selection may
vary between morphological and sequence evolution. This
may, e.g., occasionally explain the disparity between
divergence times indicated by the fossil record and
molecular clocks. The dashed line indicates the time when
the lineages split.

ably (Ludwig et al. 1998). Thus, the rate of
morphological change does not apparently
correlate with the rate of sequence divergence.
Moreover, most sequence changes are likely to
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be effectively neutral (see below), suggesting
that on the average, the rate of sequence diver-
gence is more likely to resemble the neutral than
the selection driven model (Figure 1). Although
a part of this seeming disparity between morpho-
logical and sequence evolution doubtlessly
results from biases caused by difficulties in
objective definition and weighing of morpholo-
gical features (see, e.g., Raff 1996), the function-
al relationship between sequence changes and
morphological changes in general is poorly
understood (e.g., Leroi 2000). Hence, to resolve
this fundamental problem, one must understand
how genes are involved in morphogenesis.

Morphogenesis depends on signals to individual
cells, which interpret them according to their
genome and earlier differentiation status. If the
only relevant signals come from the cells’ neigh-
bors, morphogenesis is controlled only by the
organisms own genome. If the signals interpret-
ed by the cells also include factors from outside
the organism, such as temperature, small mole-
cules, gravity or light, the outcome of morpho-
genesis can be variable (Gerhard and Kirschner
1997). Even then, the final morphology, or
phenotype, of the organism depends on deter-
ministic processes controlled by the genome.
Thus, morphological evolution depends on
changes in genes involved in intrinsic develop-
mental processes.

Ecophysiological demands act on variation pre-
sent in the population. Each population contains
an enormous amount of morphological variation,
which is caused by a combination of heritable
and environmental factors. This means that the
developmental programs are not direct blueprints
for morphology, but a set of instructions and
conditions coded by genetic information, which
is read in various environmental contexts (e.g.,
Dawkins 1986). Thus, the main problem in evo-
lutionary developmental biology is to discover
the basic morphogenetic rules according to
which the variation can exist and evolve, leading
to species specific and even macroevolutionary
differences (e.g., Arthur 2000, Erwin 2000). One
way to analyse the morphogenetic rules is to
search for forbidden variation by mapping the

existing morphologies. Another is to experi-
mentally analyse the molecular and physiologic-
al mechanisms of morphogenesis. Because expe-
rimental data must be repeatable, developmental
variation must be minimized by studying gene-
tically homogeneous model organisms in
standardised conditions. For similar reasons, it is
easier to compare the morphogenesis of related
species rather than that within a population.
Nevertheless, a combination of experimental
research on different model organisms and com-
parative analyses of their morphogenesis is a
powerful method for analysing the genetic basis
of morphological evolution and probably the
best way to bridge the gap between paleontology
and genetics in evolutionary research.

Developmental biology in evolutionary research

The importance of developmental biology in
explaining morphological evolution was already
recognized by Darwin, who discussed it in the
Origin of Species (Darwin 1856). Comparative
studies of organogenesis by 19th century mor-
phologists, such as Geoffroy Saint-Hilaire and
Richard Owen, became an important part of
evolutionary research (for reviews see Gilbert et
al. 1996, Raff 1996). At the turn of the century,
organogenesis became more important subject in
itself, as Roux began experimental embryolog-
ical studies and induction was discovered by
Spemann and Mangold (for reviews, see Gilbert
et al. 1996, Raff 1996). The induction studies
faltered, because the molecular tools for study-
ing its biochemical basis did not then exist. Sub-
sequently, developmental biology became
mainly a study of developmental physiology of
individual organs in different model animals.
Because the different model organisms in devel-
opmental biology were perceived to be too dif-
ferent from each other, the evolutionary aspects
of developmental biology were therefore ignored
(Raff 1996). Meanwhile, the geneticists took
over evolutionary biology, as the role of muta-
tions and population genetics was integrated
with the morphological and ecological data into
the neo-darwinian modern synthesis (for reviews
see, e.g., Futuyma 1986, Hartl and Clark 1989,
Li and Graur 1991). However, with the advances
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in molecular biological techniques, researchers
began to learn more about molecular evolution,
and the gap between the sequence data and fossil
data became more and more pronounced requir-
ing new approaches to evolutionary genetics
(Raff 1996, Gilbert et al. 1996, Gerhard and
Kirschner 1997, Akam 1998, Arthur 2000).

That developmental biology could be an import-
ant part of evolutionary biology was slowly re-
alized when it was discovered that the anterior-
posterior body axis identities in animals as dif-
ferent as fruitfly and mouse were controlled by
the same genes (for reviews, see, e.g., Manak
and Scott 1994, Holland and Garcia-Fernàndez
1996, Averof 1997). Lewis, Nüsslein-Volhardt
and Wieschaus received the 1995 Nobel Prize in
Medicine or Physiology for their study of home-
otic mutations in the fruitfly, Drosophila mela-
nogaster (e.g., Roos 1995). After the late 1980’s
and early 1990’s, the combination of the newest
molecular biological methods and a long tradi-
tion in morphological and genetic studies in tra-
ditional model organisms of developmental biol-
ogy, such as the mouse, the fruitfly, the nema-
tode, the African clawed toad, the sea urchin and
the chicken, has finally produced results, and
today the amount of data about the develop-
mental basis of evolution is rapidly increasing.
We now know that practically all families and
pathways of the signaling molecules found in the
mouse are found also in fly or the nematode
(Gerhard and Kirschner 1997), and we also

know that even the developmental functions of
the molecules may be conserved (Gerhard and
Kirschner 1997), which provides a common lan-
guage for morphological evolution in all Meta-
zoan animals.

The concept of similar developmental mechan-
isms in all eumetazoans (and maybe even in
plants) is of utmost importance, because it
allows a common frame of reference in studies
of the genetic basis of morphological evolution.
The renaissance of evolutionary developmental
biology has also seen the introduction of new
model systems, because they are either superior
for genetic studies, as compared to the tradition-
al systems (e.g., the mustard plant, zebrafish,
Japanese pufferfish), or because their phylogen-
etic positions may provide crucial information
on long unresolved evolutionary questions (e.g.,
ascidians, amphioxus, cnidarians). Whilst the
increasing numbers of well known model organ-
isms greatly facilitate evolutionary research,
their distant relationships still limit the kinds of
questions we can ask. Because the most import-
ant model species in developmental biology are
distantly related, studies of developmental evol-
ution have been mainly carried out on the simil-
arities between the different orders or phyla. The
opposite approach, comparison between a well
known model organism and its morphologically
disparate relative, allows us to assess the evolu-
tion of morphological divergence.

Morphogenesis as a target for evolutionary processes

Morphological evolution depends on changes in
the strict spatial and temporal control of morpho-
genesis. Because processes such as growth and
migration are quantitative, these must be trans-
formed into meristic properties like numbers of
vertebrae, and during deterministic development
the spatial arrangement of the individual units
must also be correct. The spatial and temporal
control of metric processes can be accomplished
with changes in pattern formation , which de-
pend on the dynamics of intercellular signaling.
During pattern formation spatially simple sig-
naling leads hierarchically into an increasingly

complex series of inductions in strictly localized
parts of the differentiating tissue (Figure 2A).

The evolution of morphogenesis does not seem
to result from changes in the actual protein
sequences encoded by the genes involved in
morphogenesis. Even only ca. 50% identical
members of the same gene family may replace
each other functionally (e.g., Huang et al. 2000),
although occasionally also biochemical innova-
tions may occur (e.g., Hanks et al. 1998). Rather,
the  morphological  evolution  seems  to result
from changes in the spatiotemporal control of
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the gene expression (see below). For example, a
localized misexpression of molecules involved
in patterning of Drosophila limb discs lead to
abnormally shaped limbs (e.g., Basler and Struhl
1994, Jiang and Struhl 1996, Penton and Hoff-
mann 1996).

Because the dynamics of pattern formation thus
depend on exact control of the expression pat-
terns of the genes determining it, even small
changes in this genetic prepattern can lead to
changes in morphogenesis (e.g., Stern 1998).
Unfortunately, the interrelationships of the indi-
vidual signaling pathways and their effects on
morphogenesis are currently largely unknown.
Hence, the question remains what kinds of pat-
terning changes lead to morphological evolu-
tion? Comparison between the expression pat-
terns of the developmental genes in related ani-
mals with different morphologies allows the
rejection of unlikely candidate genes and sig-
naling pathways, and makes it possible to under-
stand the nature of the actual mutation events
leading to the disparate morphologies.

Morphogenesis is based on local differences in
intercellular signaling

The basic unit of morphogenesis is a cell. During
organogenesis, simple groups of undifferentiated
cells co-operate to form complex structures,
which consist of several kinds of differentiated
cells in specific positions. Co-operation between
cells is controlled by extracellular signals. Each
cell communicates with its neighbors by secret-
ing signaling molecules or extracellular matrix,
and by producing cell surface ligands and re-
ceptors. All cells receive multiple signals at any
one time, and different combinations of these
signals lead to various holistic responses, which
depend on the differentiation state of the cells.
The cellular responses to these signals include
not only differentiation or cell cycle changes, but
also new signals to the surrounding cells. In
time, there will be cells of several differentia-
tional statuses, which communicate with each
other. Their various life cycle responses, mitosis,
quiescence, migration and death, then lead to
local   changes   in  growth   and   differentiation,

A B

Figure 2.  The increase in complexity during pattern
formation depends on combinatorial signaling and
autoregulation. Combinatorial effects of partially
overlapping fields (e.g., areas of local signals) produce
complex patterns of differentiation, which can create new
signal sources (dark gray) in spatially restricted locations,
further increasing complexity (A). Autoregulatory
interactions during branching morphogenesis of the lung.
The tip of the lung bud grows towards the Fgf10 expressing
mesenchyme, but Shh expressed by the tip of the bud locally
downregulates Fgf10 expression, dividing the mesenchymal
area, and the epithelium begins to grow in two directions.
This process can be iterated numerous times to produce
millions of alveoli in mammalian lung (B).

which in turn leads to the species-specific mor-
phogenesis of an organ. Both the signaling envi-
ronment and the previous differentiation deci-
sions, according to which the cells respond, de-
pend on the reciprocal signaling between cells.
Hence, development is, in a sense, canalized.

Secreted signaling molecules are a common
means for intercellular communication, because
they can diffuse beyond the immediate vicinity
of the signaling cell, forming gradients that
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Figure 3. Intercellular signaling with peptide growth factors. Growth factor dimer binds to a receptor, which forms a dimer
and autophosphorylates itself. Activated receptor activates a second messenger, often a kinase, which phosphorylates other
molecules, such as transcription factors. The ECM may affect the availability of signals by, e.g., providing substrate for growth
factor dimerization. The activated transcription factor binds to the promoter region of the target gene and activates or inhibits
transcription. Aside from transcriptional activation, the signaling affects the organization of the cytoskeleton, and the cells’
interactions with the ECM or other cells (indicated by continuous vs. dashed lines) (A). Several pathways may share
components or may be required for activating a certain gene. Their effects may also be mutually antagonistic. Thus, because
the cell recieves signals B and C, gene 1 is upregulated, whereas gene 2 is downregulated (B).

depend on the rate of signal diffusion opposed
by the rate of signal degradation (e.g., Collier et
al. 1996, Asai et al. 1999). Because gradients of
different signaling strengths or times (created by
the diffusion rate from the source) can create
local differences between initially similar target
cells (Ericson et al. 1996, Yang et al. 1997,
Drossopoulou et al. 2000), simple diffusible or
relayed signals from local sources can be used
for creating complex patterns (Hammer 1998).
In developmental context such pattern forming
signals are called morphogens (Wolpert et al.
1998)

Peptide growth factors are typical secreted sig-
naling molecules. Growth factor signaling is
mediated through receptors, their second mes-
sengers and transcription factors (Figure 3A).
The receptor is oligomerized and transphospho-
rylated when growth factor binds to it, and after
this there follows a complex signaling cascade,
which may involve phosphorylations, dephos-
phorylations, proteolytic cleavages, Ca2+ con-
centration changes and other processes too
numerous to be discussed here (for references
see Gerhart and Kirschner 1997, Hunter 2000).

The final target of the signal can be a part of the
cell cycle machinery or cytoskeleton or it can be
a transcription factor (Gerhart and Kirschner
1997), which goes into the nucleus activating or
inhibiting gene transcription, depending on the
current transcriptional machinery of the cell
(e.g., De Sousa et al. 1999). The effects of an
extracellular signal can be modulated by other
extracellular signals, which activate antagonistic,
synergistic or parallel signaling pathways (Fig-
ure 3B), as well as by the set of available recep-
tors and intracellular target molecules. The sig-
nal transduction machinery of the cell depends
on the differentiation status of the target cell.
This in turn depends on the previous signals the
cell has received.  Because the potential  respon-
ses to intercellular signals include production  of
new  signals,   the  result  is   reciprocal com-
munication between cells,  leading to mutual
change in differentiation. Since the signals often
reach only some of the receptive cells, the recip-
rocal signaling interaction can lead to increasing
spatial complexity.

Signaling responses are also linked to changes in
cellular adhesion and architecture, which not



17

only affect the shape or movement of the cells,
but also modulate the processing of various
extracellular signals (e.g., Orsulic et al. 1999,
Zeller et al. 1999). The transmission of signals to
the nucleus, the cytoplasmic localization of the
intracellular signal transduction molecules, the
plasmamembrane localization of the receptors
and the intake of the signaling molecules have
been shown to depend on the cytoskeleton and
its movements (e.g., Gumbiner 1998, Strumpf
and Volk 1998, Ayscough and Drubin 1998,
Oren et al. 1999, Orsulic et al. 1999, Zeller et al.
1999; for reviews see Gilbert 1997, Gerhard and
Kirschner 1997). Since some components of the
cytoskeleton, like β-catenin, also function as
parts of the signaling cascade itself, the cellular
signaling and morphological responses of the
cell seem to be different aspects of the same
processes during differentiation (e.g., Gumbiner
1998, Zeller et al. 1999).

Cells sharing the same developmental history
form a target field, on which the signals can act.
The local sources of signaling molecules can be
called signaling centers, and they often consist
of cells which are specialized for a signaling
function, such as the notochord cells in tetrapod
embryos or AER cells in developing vertebrate
limbs (Wolpert et al. 1998). The target fields can
be identified by differences in the expression
combinations of the transcription factors, recep-
tors and second messengers involved in signal
transduction, whereas the signaling centers
express high amounts of signaling molecules.
Because cells both transmit and receive signals
at the same time, the difference between a
signaling center and a target field depends on the
signaling interaction studied.

As the target fields are often wider than the ac-
tual organs formed from them, the final place-
ment of these structures depends on the localized
signal, which only reaches part of a potentially
receptive target tissue. For example, only part of
the competent lateral plate mesoderm normally
develops into limbs (Vogel et al. 1996, Ohuchi
et al. 1997). Likewise, just three of the six com-
petent vulval precursor cells in C. elegans form
the vulva (Félix and Sternberg 1997) and only

part of the vertebrate lens placode actually
makes the lens (Saha et al. 1989). The target
field may also be smaller than the range of the
inducing signal, as is the mammary gland epi-
thelium during hormone induced changes (e.g.,
Brisken et al. 1998). In such a case, the spatial
differences are likely to be caused by patterning
based on, e.g., earlier localized signaling or
unequal localization of cytoplasmic determinants
during earlier cell divisions (Gerhart and
Kirschner 1997, Wolpert et al. 1998, Gilbert
1997, Gumbiner 1998). Because previous signal-
ing events determine the locations and sizes of
the receptive target fields, as well as the exact
locations of the signals inducing them, the
development of complex morphologies from
initially simple patterns, i.e., deterministic deve-
lopment, is possible. Hence, morphogenesis
depends on a hierarchical cascade of reciprocal
inductions. The spatial and temporal correlations
between the activities of different signaling
cascades and morphogenetic events can there-
fore be used to analyze potentially important
signaling interactions regulating morphogenesis.
Comparisons between such correlations in two
morphologically disparate species can, in turn,
be used for analyzing the differences in morpho-
genesis which produce morphological evolution.

Lateral inhibition and dissociation in pattern
formation

In intercellular communication, responses to the
signal can either amplify or inhibit it. If one
signaling pathway is combined with another,
these can affect each other in an inhibitory or
synergistic manner, or create a totally new res-
ponse. Thus, overlapping target fields of differ-
ent signals can be used for increasing spatial
refinement of the pattern, e.g., by determining
the locations of new signaling centers (Figure
2A). If the response leads to an amplification of
a local signal, the size of the signaling area
and/or the area of response increases (e.g.,
Haramis et al. 1995, Wasserman and Freeman
1998). This does not inherently lead to local
differences between initially similar cells, but
combined with a temporal element can cause
local growth disequalities and spatial variation in
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the differentiation status of these cells. Hence,
time is also an important element in morpho-
genesis. It is also common that a signal induces
receptors and transcription factors, which are
essential for transduction of another signal,
whereas the target cell's receptivity to the origi-
nal signal is downregulated by induction of
inhibitory molecules (e.g., Wasserman and
Freeman 1998). Therefore, the individual signal-
ing cascades can be joined into one signaling
network, which regulates itself.

When acting within a planar surface, autoregul-
atory induction-inhibition loops create lateral
inhibition , which is an important molecular
mechanism for creating spatial patterns within
initially uniform fields (Collier et al. 1996).
Lateral inhibition models have been proposed to
be important in the formation of two-dimen-
sional pattern like stripes in zebrafish (Asai et al.
1999), but they have also been shown to be
important in the development of three-dimen-
sional structures like Drosophila bristles
(Simpson 1996, Fisher and Caudy 1998) and
feather patterns (Jung et al. 1998). When com-
bined with a temporal element, autoregulatory
induction-inhibition loops can create complex
iterative patterns, as during the branching mor-
phogenesis of the lung (Figure 2B) (Bellusci et
al. 1997b). Because growth, differentiation and
signal diffusion rates are important for pattern-
ing processes, both spatial and temporal aspects
of morphogenesis must be analyzed when
studying the development and evolution of
species-specific morphologies.

As seen above, autoregulatory cascades activ-
ated in a suitable target field can initiate the de-
velopment of a discrete morphological unit, even
a whole organ like a limb or an eye (Halder et al.
1995, Vogel et al. 1996, Ohuchi et al. 1997). By
activating these cascades in an ectopic location,
either by making an ectopic signaling center or
misplacing the target field, existing structures
can be relocated, remodeled or duplicated. This
is called heterotopy (Raff 1996). If one devel-
opmental process occurs later or earlier as com-
pared to other processes in the ancestral species,
or the duration of the process is changed, these

differences are called heterochronies (Futuyma
1986, Raff 1996). The dichotomy between
heterochrony and heterotopy is actually artifi-
cial, because heterochronic processes can lead to
heterotopy and vice versa. For instance, a
heterotopy creating excess units in an iterative
process like vertebrate somitogenesis (Palmeirim
et al. 1997, Richardson et al. 1998) may be
caused by heterochronically extending the period
during which new units are added or by
increasing the rate of addition, whereas the rate
or duration of somitogenesis may be changed by,
for example, heterotopic expression of some
molecule in the node.

Heterochrony and heterotopy are only possible if
the signaling pathways controlling different parts
of morphogenesis are still at least partially inde-
pendently controlled, despite the autoregulatory
and synergistic interactions. Independent path-
ways can be modified separately without affect-
ing other parts of the signaling system, which
reduces the probability of lethal mutations.
Moreover, the pathways can be recombined
independently in different organs, which means
that even mutations in the control mechanisms of
the most essential developmental regulatory
genes, like Pax6 may affect only one organ,
leaving other parts of ontogenesis untouched.
This phenomenon is called dissociation, and
together with the development of integrated sig-
naling cascades, it is one of the most important
determinants of evolvability (Gerhart and
Kirschner 1997, Kirschner and Gerhard 1998).

Ectopic activation of organogenetic programs
requires a high degree of autoregulatory integrat-
ion between the various signaling cascades
needed for organ development, so that ectopic
expression of one or few master regulatory genes
can activate the program in a new location. It
also requires a degree of dissociation in order to
allow the sizes and/or the locations of the target
field and the topological associations of the sig-
naling centers to change independently from
each other. When only parts of a program or
single genes are co-opted into a new context,
even novel types of organs or tissues can be
created. For example, conodont elements and
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exoskeletal scales of early jawless fish consisted
of similar mineralized tissues, although these
organs probably were not homologous by
descent (Smith and Coates 1998). More
commonly, the dissociation of the subprograms
within the organogenic program allows for
flexible evolution of both quantitative and
meristic features in species-specific morpholog-
ies of orthologous organs. Thus, e.g., the wing
discs of the insect third thoracic segment give
rise to hind wings in butterflies but halteres in
flies, although the segment identities are con-
trolled by the same genes in both taxa (Warren et
al. 1994, Weatherbee et al. 1999). Moreover, the
complex species specific spot patterns, which are
so prominent especially in many butterflies, are
controlled by the same signaling cascades as the
basic wing axes and identities, but the axis
determining programs are not activated ectopi-
cally, as the cascades involved have been disso-
ciably co-opted for different developmental
functions (e.g., Carroll et al. 1994, French 1997,
Galant et al. 1998, Keys et al. 1998, Weatherbee
et al. 1999).

Since the developmental programs controlling
organogenesis are often combinations of several
parallel signaling cascades that form a loose
signaling network, and since the genetic control
of morphogenesis can be altered at any level of
the hierarchical information structure (Figure 4),
any basic controlling units of information can be
called modules, because they can be recombined
to produce changes in the cellular context
controlling morphogenesis. Originally, a deve-
lopmental module meant a developmental pro-
gram activated by a (master) regulatory gene in a
specific location, but later it began to mean a
conserved signaling cascade used in various
developmental contexts (Raff 1996, Fisher and
Caudy 1998). Since the effects of all regulatory
genes depend on the cellular differentiation state
and the biomechanical constraints of the deve-
loping tissues, the term module might be better
used in a more evolutionarily meaningful sense
as a basic target for morphological evolution,
equivalent to Riedl’s standard parts (Raff 1996).
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Figure 4. The hierarchy of developmental information as
compared to the hierarchy of evolutionary change. Disso-
ciable processes can be reorganized at any developmental
level by mutations in control elements of genes involved in
cellular signaling and differentiation (below), depending on
the level of the patterning process the changes would affect
(above). During embryogenesis the patterning progresses
from determination of the body axis via determination of
organ fields to morphogenesis to individual organs (Gerhard
and Kirschner 1997). Different levels of patterning can,
however, evolve quite freely without affecting the other
levels (Raff 1996). Hence, the hierarchy of genetic
complexity is dissociable from the hierarchy of patterning
complexity, although the evolutionary processes act
simultaneously on the DNA and organismal levels. Units of
reorganization can be called developmental modules.

Such repeated usage of the same genes and
pathways in different organs and developmental
stages is one of the most important features in
metazoan evolution, and it is based on modular-
ity of control elements in eukaryote genes. A
typical developmental gene has several different
control modules, various promoter, enhancer and
inhibitor elements, which each consist of a com-
bination of several transcription factor response
elements. Thus, if one of the modules changes,
the function of the gene in other developmental
contexts does not change. These elements can be
organ or stage specific and they can mutate
independently from each other. For example, the
transcription factor Pax6 is involved in the
development of the eye, central nervous system,
pancreas and nasal placode (Quinn et al. 1996,
Xu et al. 1999). If the eye specific promoter is
mutated, only the eye expression is affected,
whilst the other organs are normal. The modular
control of individual developmental genes thus
increases the dissociability between various
developmental and cellular processes.
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The evolution of increasingly diversified
metazoan organisms can be accomplished, not
only by increasing the complexity of the control
regions of the developmental genes (Fraiden-
raich et al. 1998, Gerhart and Kirschner 1997),
but also by increasing the number of develop-
mental genes with concomitant divergence of
function (Holland and Garcia-Fernàndez 1996,
Stock et al. 1996). Although gene duplication
does occur, usually leading to developmental
and biochemical redundancies (e.g., Stock et al.
1996, Thomas et al. 1997, Coulier et al. 1997),
the former option seems to be favored, because
modifying only the promoter requires fewer
mutations than duplicating the gene and modi-
fying its promoter (and maybe the coding
sequence as well). This explains the many stud-
ies which have shown that morphological evolu-
tion in metazoans has largely resulted from
reapplication of the same genes and programs in
new contexts (for a review see, e.g., Gerhart and
Kirshner 1997).

Mutagenesis studies and the fossil record
indicate that differences between phyla evolve
by accumulation of small changes or micro-
mutations, whereas evolution through saltation
or macromutations is unlikely (Gould 1983). The
sequence changes are most likely to affect the
individual elements of the promoters of develop-
mental genes, which may then alter the express-
ion patterns of such a gene, occasionally even
activating it in a new organ or developmental
stage. However, for instance, comparisons
between the controlling regions of Drosophila
segmentation gene Even-skipped of different
Drosophila species have shown that stabilizing
selection pressures have ensured extreme
conservation of Eve expression areas and their
transcriptional control despite considerable
promoter sequence divergence, i.e., the effects of
the many micromutations counter each other
(Ludwig et al. 1998). Hence, comparisons
between the promoter sequences of the
developmental genes of related species are not
necessarily informative about the evolution of
the gene’s usage during morphogenesis. To
obtain this information, actual expression
patterns must be analysed.

Whenever the same developmental process is
controlled by several redundant pathways, the
use of pathways can evolve, although the
process itself remains conserved. The process
itself would be analogous to the kernel process
proposed by Brenner (1997), whereas the
hypothetical individual refining processes may
vary during evolution. Thus, for example, the
roles of Fgf8 and Shh in the development of left-
right asymmetry are different in the chicken and
mouse, although the program is homologous in
both species (Meyers and Martin 1999,
Rodríguez-Esteban et al. 1999). Aside from the
possibility of related genes replacing each other
in the same pathway, the potential functional
redundancies between different, even unrelated,
signaling pathways (e.g., different mitogens),
together with fast evolution of control elements,
means that most of the potential variation is
probably hidden. Moreover, redundancy com-
bined to dissociation between the signaling
pathways means that disturbances in one cascade
may either affect all of them, or that the other
cascades can replace the failed one, or that only
one part of the differentiation process is affected.
Therefore, the more closely related the species
are, the more likely it is that gene expression
comparisons are will give reliable developmental
information, because the morphogenetic funct-
ions of the common genes and signaling
pathways have had less time to diverge.

Although the repeated use of the genes means
that the signaling interactions in various organs
and developmental stages are likely to be
conserved, their dissociability means that these
programs can be flexibly modified. Because
stabilizing selection can keep morphogenesis
unchanged, it is not known which gene express-
ion changes are important for morphological
evolution and which are simple evolutionary
noise, or unimportant for morphogenesis. Hence,
it is important to compare the expression
patterns of selected key genes in several signal-
ing cascades known to be important for organo-
genesis. The correlation between developing
morphologies and gene expression patterns
during morphogenesis can then be used to
identify the potential morphogenetic signaling
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modules for later experimental verification of
their role. These correlations are compared
between species with disparate morphologies,
where the similarities between the pattern form-
ation processes indicate the degree and mode of
conservation between the developmental pro-
grams of the species and, inversely, the potential
modes of morphological evolution.

Serial homology and diversification

Because the same genes can be borrowed for
various purposes in new organs, genetic and
historical homology are separate concepts.
Historically homologous organs, e.g., forelimbs
of various vertebrate species, are homologous by
descent. When the same programs are applied in
a  new place within an individual to generate a
new structure, the processes controlling their
development are homologous, although the
structures themselves lack historical homology
(Gilbert et al. 1996; however, see Bolker and
Raff 1996). In nature, the evolutionary reduction
of individual structures may be associated with
loss of some necessary inductive signal, whereas
new structures may result from ectopic activat-
ion of signaling. Serial homology, in which new
duplicates of pre-existing structures, like addit-
ional body segments or extra hairs, are added to
or removed from a set of earlier, similar structur-
es, is a special case of genetic homology, leading
to a special case of numerical heterotopy. For
example, the increase of snake vertebral number
and homogeneity has been proposed to have
been caused by an increase in somite numbers
coupled to relaxed requirements for their
positional identities, (Cohn and Tickle 1999),
whereas the changes in the bristle patterns in the
Drosophilids seem to have depended on changes
in the increasingly complex spatial control of
common bristle forming program (Simpson
1996,  Simpson et al. 1999)

Serial homology has its analogy on a molecular
level. When a single gene is duplicated within a
lineage, the result is two paralogous genes, or
different members of a gene family. For
example, vertebrate HoxA1 and HoxA2 or
mouse  Hoxa1 and  Hoxc1 are paralogous genes.

X A B

A' B'

A'' B''

1

2

3

Figure 5. Genes A, A’ and A’’ are paralogous to genes B, B’
and B’’, because they have arisen by duplication of the
ancestral gene X into A and B within the genome of species
1. A’ is an orthologue of A’’ and B’ is an orthologue of B’’,
because A’ and A’’ have both evolved from A and B’ and
B’’ have both evolved from B when species 1 evolved into
species 2 and species 3.

Copies of the same gene in different species are
called orthologous genes (Figure 5).
Orthologous genes are homologous by descent,
whereas paralogous genes, which can even exist
within the same genome are serially homo-
logous.  Mouse Hoxa1 and human HOXA1 are
orthologous genes. The Hox-genes belong to the
homeobox-transcription factor superfamily,
which contains also numerous other genes,
which have arisen by gene duplication and
subsequent divergence (e.g., Manak and Scott
1994, Holland and Garcia-Fernàndez 1996, Bha-
rathan et al. 1997, Meyer and Málaga-Trillo
1999). Aside from the evolution of gene
families, the terms paralogous and orthologous
can also be applied to the evolution of serially
homologous organs, like vertebrae. In such a
case, the term paralogous would mean different
copies of the similar organs in the same animal,
whereas the orthologous organs would be the
copies homologous by descent in different
animals. Thus, the atlas vertebrae of the mouse
and human would be paralogous whereas
cervical and thoracic vertebrae of the mouse
would be paralogous.

Because random mutations will soon eliminate
fully redundant copies of the same gene giving
rise to pseudogenes (e.g., Li and Graur 1991),
gene paralogues usually survive by specializing
for different functions. Because gene duplicat-
ions are rarer events than lineage splits, ortho-
logous genes are usually more similar to each
other than to their paralogues (e.g., Coulier et al.
1997). Nevertheless, since the sequence of the
protein is often less important for its function
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than the control of its expression pattern, gene
duplication increases the evolutionary dissociab-
ility of the patterning events controlled by
similar inductive cascades, whilst also increasing
the potential for redundancies, thus stabilizing
the developmental processes.

The divergence of paralogous organs occupying
different locations depends on the evolution of
local inductive conditions. In mammals, the
increasing number of paralogous genes allows
the evolution of different local combinations of
signals and signaling responses. This, in turn, is
prerequisite for the existing morphological
diversity of both paralogous and orthologous
organs, as the tissues interpret the coded spatial
information. Hence, the local combinations of
signals and responses result in positional
identity  of the organ paralogue. For example,
the shapes of the cervical and thoracic vertebrae,
which both are serially homologous structures,
vary according to the combinations of expressed
Hox-genes (Gaunt 1994, Horan et al. 1995).
Because the paralogous positional identities are
usually evolutionarily much older than the split
between the compared species, the development-
al differences between paralogous organs within
one species may be greater than the differences
in the genetic programs controlling the disparate
morphologies of orthologous organs from related
species.

Nevertheless, even the orthologous organs of
closely related sibling species can look radically
different. An extreme example of this are the
two Drosophila species D. silvestris and D.
heteroneura, which look quite different, but are
so closely related that crosses in both directions
produce viable and fertile offspring (Bock 1984).
This proves that two intercompatible genomes
can produce very different outcomes, suggesting
that minor differences in almost completely con-
served developmental programs can have vast
morphological (and behavioral) effects. Hence,
to analyze the genetic basis for morphological
evolution, one must compare expression patterns
of potential key signaling genes and their targets
(as well as their known paralogues) in determi-
nistically developing orthologous organs of

closely related, but morphologically different
species.

The tooth as a model system

To study the genetic basis for development, it is
essential to have a simple, deterministically
developing and easily manipulatable model sys-
tem with a well known genome. For the analysis
of genetic mechanisms of morphological evolu-
tion, this system must exhibit species-specific
morphological differences in orthologous organs
and these must be comparable at the molecular
level between related organisms. A good fossil
record is also essential for determining the
intermediate morphological stages through
which evolution has progressed into the com-
pared extant forms, so that false hypotheses
regarding the mechanisms of morphological
change based on morphogenesis of the model
systems alone can be eliminated.

A mammalian tooth has all the required charac-
teristics. A tooth is histologically a simple organ,
and its morphogenesis is very deterministic.
Moreover, different mammalian species differ in
the numbers, locations and shapes of individual
teeth. A mature tooth consists of three mineral-
ized tissues, dentine, cementum and enamel,
which also makes it the most easily fossilized
vertebrate organ. In fact, many extinct verte-
brates (including many muroid rodents) are
known only by their individual teeth or tooth
fragments, which often have even retained their
correct individual three dimensional shapes (e.g.,
Clemens and Kielan-Jaworowska 1979, Jacobs
et al. 1989).

Each tooth develops via the same developmental
stages and consists of the same tissues (Figure
6), and they are believed to be serially homo-
logous. However, as tooth development and ini-
tiation became more deterministic during evolu-
tion, teeth in different positions differentiated
from each other. This enabled morphological
variation between the different teeth in the same
jaw, but does not explain why the teeth that
occupy homologous positions in the mammalian
jaw are morphologically different in different
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Figure 6. A schematic drawing of the development of a mammalian tooth. Initiation stage (A), early bud stage (B), middle bud
stage (C), late bud stage (D), cap stage (E), early bell stage (F), late bell stage (G), eruption (H). The epithelium is light gray,
the mesenchyme medium gray,  the signaling centers dark gray and dentine, cementum and enamel white. Gray lines indicate
the dental mesenchyme, the borders between the epithelial layers and the dentine-enamel or dentine-cementum junction. The
drawings in the lower row are not to scale, as the tooth crown grows extensively during the bell stage.

species. Therefore, teeth can be used for study-
ing both the evolutionary divergence of serially
homologous structures with different positional
identities within one species and the perhaps the
more interesting question of the evolution of
disparate morphologies in the homologous
structures in different species.

Because metazoan genomes are very complex,
(Drosophila has approximately 13600 genes and
mammals appr. 70000 to 100000 genes) (Adams
et al. 2000, O’Brien et al. 1999), tooth develop-
ment is most easily studied in model organisms
with many known genes. Of the five genetically
best known experimental model organisms,
Caenorhabditis elegans, zebrafish, Drosophila
melanogaster, the mouse and Xenopus laevis,
only the mouse is a mammal and has a useful
fossil record. Mice are also easy to keep, repro-
duces fast and has been studied for a long time.
The mouse genome is being mapped and on 24th

February 00, GenBank contained 995142 mouse
sequences and sequence fragments
(http://www.ncbi.nlm.nih.gov/Entrez/). Also, the

morphology, development and physiology of all
mouse organs, including teeth, are well known.
Together with modern molecular biological
technologies, especially transgenesis, this allows
detailed analysis of the biological and biochemi-
cal functions of a wide variety of genes in devel-
oping mouse tooth. Hence, a mouse tooth is an
ideal baseline model organ for comparing the
genetic basis of morphological evolution of
muroid teeth.

The multicusped lower first molars (M1) of the
mouse have been extensively studied (see, e.g.,
Thesleff and Sharpe 1997, Maas and Bei 1997,
Weiss et al. 1998a, Peters and Balling 1999).
They are small organs, and isolated mouse M1

can be cultivated in vitro from the early bud
stage onwards; even mouse mandibles cultivated
from tooth initiation stage onwards can form M1

tooth germs. Although the three-dimensional
morphogenesis is distorted when teeth are cul-
tured, the germs undergo the normal develop-
mental stages, including histodifferentiation and
mineralization, if suitable conditions are pro-
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vided (Schmitt et al. 1999, Thesleff and Sahlberg
1999), and the basic features of the individual
teeth, e.g., the number of cusps, are usually
recognizable. Dissected tooth germs can also be
implanted into the anterior chamber of the eye
(Mina and Kollar 1987, Lumsden 1988) or the
kidney capsule, for analysis of the correct three-
dimensional morphogenesis (Kratochvil et al.
1996, Tucker et al. 1998b).

The molecular basis of the reciprocal inductive
interactions between oral epithelium and under-
lying mesenchyme during tooth development has
been studied, but the mechanisms of pattern
formation during the morphogenetic processes,
such as when the two-dimensional epithelium
folds to form a bud and later to surround the
mesenchyme, thus forming a three-dimensional
crown, are still unknown. Epithelial-mesen-
chymal interactions during pattern formation can
be analyzed by separating and recombining the
tissues at various developmental stages or by
adding ectopic inductory or inhibitory molecules
to the cultured tooth germs or dental tissues
(Thesleff and Sahlberg 1999). Combined with
molecular biological tools, such as targeted
disruption of genes and other transgene techno-
logies or to various methods for gene expression
studies, the traditional tissue manipulation tech-
niques allow us now to ask questions that were
previously unanswerable.

However, the mouse is only one species, with a
very specialized dentition. To find out how tooth
morphogenesis can evolve, we must compare the
development of mouse teeth to the development
of teeth of other mammals. If the evolution of
tooth developmental mechanisms is fast, inform-
ation from the mouse is not directly applicable to
other species. Though closely related species are
more comparable to each other than distantly
related ones, the problem of general applicability
would remain if they are compared. Therefore,
in comparisons between closely related species

with highly disparate morphologies, the genetic
basis for morphological differences between the
orthologous teeth is not lost in the evolutionary
noise.

Because tooth morphogenesis can essentially be
understood as a continuing transformation of
metric processes into metric and meristic infor-
mation, i.e., the development of the numbers and
shapes of teeth and individual cusps, careful
morphometry, combined with small time interval
gene expression correlation is important.
Although the rough expression correlations to
the individual differentiating tissues and meristic
features like cusps can be found simply by
looking at expression on the tissue level, to
analyze pattern formation processes during the
conversion from metric to meristic traits, more
complex statistical analysis of the emerging
spatial patterns of gene expression and morpho-
genesis is necessary.

At another level of pattern formation, recombin-
ation of tissues from two different species allows
for analysis of the evolutionary changes in in-
ductive interactions. Because the tissues contain
undisturbed genomes, effects are seen in how the
tissues of one species interpret the signals
produced by the other species. The in vitro
recombinations also allow for dissection of the
relatively few interactions during specific deve-
opmental stages, which makes them valuable for
discrimination between the evolutionary noise
and morphogenetic information contained in the
gene expression data. By combining the induct-
ion data with morphometry and correlating the
results with the information about pattern form-
ation, it is possible to construct models of the
roles of the basic molecular processes and sign-
aling interactions in the spatiotemporal organis-
ation of cellular differentiation and morphogen-
esis, and hence the potential role of the genes in
morphological evolution.
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The evolution of the mammalian dentition

The origin of teeth

The evolutionary origins of the teeth as organs
are unclear. The oldest known mineralized verte-
brate masticatory organs are the conodont
elements, which apparently are not homologous
with modern teeth, although they consisted of
enameloid as well as cartilage and cellular bone
(Sansom et al. 1992, Smith and Coates 1998).
However, in the lineage leading to jawed verte-
brates, enamel, dentine and bone were only
found in the exoskeleton (Kardong 1995, Smith
and Coates 1998), and it is unknown when and
how the teeth evolved. The basic unit of exo-
skeletal element is called an odontode. A com-
plete odontode consists of an outer enamel layer,
dentine surrounding a nerve canal, and a mesen-
chymal bone of attachment, and this organiza-
tion is still seen in mammalian teeth (Reif 1982).
The enamel is secreted by ameloblasts derived
from epithelium and the dentin is secreted by
odontoblast derived from mesenchyme. Oropha-
ryngeal mineralized elements with similar
histology as exoskeletal elements have been
found in agnathan thelodonts and several early
gnathostome fish groups (Smith and Coates
1998), but until the affinities of the early fish
lineages have been resolved, the origin of teeth
will remain a mystery.

As an ossified endoskeleton evolved after the
exoskeleton, the developmental programs for
making teeth are among the oldest for making
mineralized tissues in vertebrate bodies, and as
all teeth within the same species develop via
similar epithelial-mesenchymal interactions,
they are serially homologous organs. Initially,
the odontogenic potential has been more widely
distributed than it is in mammals, as still can be
seen in modern amphibians and fish (Hanken
and Hall 1993, Huysseune and Sire 1998). Teeth
are present not only in the premaxilla, maxilla
and mandible, but also in the vomer and palatine
bones, and in some cases even the neo-palatines,
parasphenoid, pterycoid and ectopterycoid
bones, as well as other pharyngeal arches, and

there often is more than one row of teeth. As the
odontogenic potential was limited to the edges of
the jaws, the number of tooth rows became lim-
ited in synapsids, or mammal-like reptiles, and
in archosaurs (the lineage leading to crocodiles,
dinosaurs and birds) into one row or dental
lamina along the oral sides of the first branchial
arch, although in some later lineages replace-
ment teeth could erupt lateral to their predeces-
sors (e.g., Carroll 1988, Westergaard and
Ferguson 1990, Dingus et al. 1995).

The sizes, shapes and numbers of the teeth
within this single tooth row have diverged
greatly (for reviews, see, e.g., Romer 1966, Sav-
age and Long 1986). In many modern actinop-
terygian fish, the divergence depends on external
signals, and is possibly mediated by the innerva-
tion of the jaw (Tuisku and Hildebrand 1994,
Huysseune 1995). During the evolution of the
tetrapods the development of the dentition and
individual teeth became even more determinis-
tic, reaching its extreme in modern mammals
(Butler 1995, Huysseune and Sire 1998). Grad-
ual differences between neighboring teeth in the
tooth row seem to have evolved before the
divergence of the tetrapod lineage, because the
shapes and sizes of the proximal teeth are differ-
ent from the distal ones, e.g., in certain sharks
and the zebrafish (Huysseune and Sire 1998),
indicating that the proximal-distal axis of the
jaws affected tooth morphogenesis already in
early jawed vertebrates. Genetically determined
positional information is required for evolution-
ary divergence of serially homologous structures
like teeth, and it is apparent that already in early
amphibians the anterior teeth were distinctly
different from the posterior teeth, suggesting that
the divergence of incisor and molar identities
may date back to the Carboniferous or earlier
(Romer 1966, Huysseune and Sire 1998).

The integration of occlusion in mammals

In mammals, the dentition functions as a whole.
Hence, a major problem in the evolution of the
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mammalian dentition is the integration of the
locations and the shapes of opposing teeth in
different replacement generations despite the
growth of the jaws. During the evolution of the
mammalian dentition, tooth numbers have be-
come reduced and individual teeth have special-
ized for different functions within the dentition
to improve feeding efficiency. The anterior teeth
specialized into instruments for capturing and
grasping the food items, whereas the posterior
teeth specialized into instruments for chewing,
cutting and mincing the food for digestion. The
increase in chewing efficiency was accom-
plished by increasing the occlusal surfaces of
opposing teeth. This, in turn, caused the evolu-
tion of complex cusp patterns in molars and
premolars, which are the teeth predominantly
used for mastication.

The anterior teeth were already different from
the posterior ones in early tetrapods, and in
synapsids, the differences between incisors and
canines grew pronounced, and the number of
canines stabilized into one in each jaw quadrant
(Romer 1966, Savage and Long 1986, Carroll
1988). The cheek teeth became markedly differ-
ent from the incisors, becoming multicusped
(Romer 1966, Carroll 1988). Nowadays, the
canines are defined to be the most anterior max-
illary teeth and the mandibular teeth are those
that occlude in front of them (e.g., Osborn 1978,
Schwartz 1982). However, the number of canini-
form, incisiform and molariform teeth can vary
between species, even though the number of
tooth germs may be the same, creating confusion
in classifying homologous teeth (Osborn 1978,
Butler 1978, Schwartz 1982). The differences
between the premolars and molars of modern
mammals have been proposed to have evolved
from different replacement generations of synap-
sid cheek teeth, because in fossil synapsids the
earlier generation cheek teeth look different
from later generation cheek teeth, and even in
modern mammals the deciduous premolars re-
semble morphologically molars more than per-
manent premolars (Butler 1978, Butler 1995),
although the resemblance between deciduous
premolars and molars is not necessarily caused
by their ontogenetic evolutionary history, but by

ecophysiological constraints, as young mammals
eat the same food as adults and thus also need  as
efficient mastication.

In the lineage leading to mammals, the number
of teeth became reduced. In early synapsids the
palate, pterygoid, vomer and even ectopterycoid
were tooth bearing bones, unlike in late synap-
sids and mammals (Romer 1966). Moreover, the
number of tooth rows per dental lamina and the
number of dental laminae per jaw quadrant be-
came reduced to one, and the possible initiation
of teeth in the competent epithelium outside or
before the morphologically distinguishable den-
tal laminae ended (Westergaard and Ferguson
1990). The current basic marsupial dental for-
mula I4/5, C1/1, P3/3, M4/4 had already been de-
termined during the Cretaceous period (Clemens
1979), as probably was the basic placental dental
formula I3/3, C1/1, P4/4, M3/3, and their replace-
ment patterns (Bown and Kraus 1979, Kielan-
Jaworowska et al. 1979, Rougier et al. 1998,
O’Brien et al. 1999; however, see also Schwartz
1982), whilst the monotremes lost their teeth
during the Cenozoic period, although the duck-
billed platypus (Ornithorrhychus anatinus) has
rudimentary tooth germs as a juvenile (Luckett
and Zeller 1989). To increase the occlusal fit, the
number of tooth replacements was also reduced
from at least five in some synapsids to one or
less in modern mammals (Butler 1995). In the
basic placental dentition, all antemolar teeth are
replaced once, whereas in the basic marsupial
dentition only P3/3 is replaced. The basic dental
formulas have been further modified in different
lineages, either by reduction of tooth numbers
and replacements, or by increasing the numbers
of teeth (the latter being very rare, and usually
associated with homodonty) (Kowalski 1976,
Fortelius 1985, Janis and Fortelius 1988). The
reduction in tooth number and replacements
usually occurs gradually. Non-essential teeth
first become smaller and then either cease to
develop or are shed before they are used (Kurtén
1953, Moss-Salentijn 1978, Schwartz 1982). The
development of unnecessary tooth germs can be
arrested at any stage before tooth eruption
(Kurtén 1953, Luckett 1985, Schwartz 1982,
Moss-Salentijn 1978), although population
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studies suggest that at certain developmental
stages there seems to be size thresholds that
must be passed before the transition to the next
developmental stage (Kurtén 1953, Grewal
1962). Despite this, rudimentary tooth germs can
persist in the dentition for surprisingly long peri-
ods (Luckett 1985, Kozawa et al. 1998), and the
evolution of tooth loss does not necessarily re-
move the later forming replacement teeth. For
example, although marsupial dental formulas
became fixed already during Cretaceous, opos-
sum Monodelphis domestica has some rudimen-
tary primary incisors, whilst the teeth erupting in
that location are secondary incisors (Kozawa et
al. 1998).

The problem in reducing tooth positions and
replacements is that when the final dentition is
worn down or lost, the animal will starve.
Hence, adaptations that counteract the effects of
the wear have been repeatedly favored (Janis and
Fortelius 1988). On the other hand, exact occlu-
sion enables efficient mastication. In early
mammals, the development of occlusal surfaces
was not exact, but instead the functional shear-
ing blades developed from wear facets of the
teeth (Jenkins and Crompton 1979, Crompton
1995). Increasing the accuracy of the initial
occlusion by changing the tooth developmental
mechanisms increased the masticatory effi-
ciency. This required that the programs control-
ling the relative tooth locations in the opposing
jaws and their cusp patterns became more inte-
grated. Both the differentiation of the individual
teeth and the reduction of tooth locations depend
on changes in the early development of the teeth,
in the determination of the odontogenic potential
and in the increasingly complex interpretation of
the positional identity of individual teeth. Hence,
the evolution of genetic mechanisms for deter-
mining the numbers, locations, identities and
morphologies of each individual tooth must have
occurred before or during the appearance of the
above mentioned trends in the fossil record.
These innovations in the basic tooth develop-
mental program were prerequisites for other
mammalian adaptations to new diets, the in-
creases in tooth size, lophedness and cusp num-
bers and the durability increasing changes in

cusp shapes (Chaline 1989, Chaline and Sevilla
1989, Hunter and Jernvall 1995, Jernvall 1995,
Jernvall et al. 1996).

The evolution of molar cusp patterns

Both the incisors and the canines of early mam-
mals were probably unicuspid and conical or
spatulate, but the premolars and the molars are
believed to have been primitively trituberculate,
giving rise to tribosphenic teeth. Although some
have proposed that multicusped molars arose by
fusion of several unicuspid teeth (for a classic
review, see Osborn 1907), this view has been
abandoned, and it is recognized that new cusps
evolve by increasing the local growth within
cingulae or lophs or by increasing the size of de
novo created cuspules (for reviews, see Butler
1956, Jernvall 1995). In developmental terms
this means either that the mechanisms for mak-
ing the primary cusp in unicuspid teeth, like
mouse incisors, are applied in new places, or that
new programs for making new cusps evolve.

Synapsids had multicusped molars (Romer 1966,
Carroll 1988), and even the earliest mammals
could have complex molar cusp patterns, and the
molars and premolars of, e.g., the Triassic
haramiyids and Cretaceous multituberculates
were as complex as the teeth found in any mod-
ern mammals (Clemens and Kielan-Jaworowska
1979, Jenkins et al. 1997). Obviously, the
mechanisms for making multiple cusps had
evolved early in the mammalian lineage, and the
evolution of the cusp pattern seems to be more
related to ecological, rather than developmental
constraints (Hunter and Jernvall 1995, Jernvall et
al. 1996). However, the lineages with the most
complex molar types went extinct long before
the present, and even the dominant Cretaceous
order of small mammals, the multituberculates,
disappeared during the Paleocene epoch
(Clemens and Kielan-Jaworowska 1979). Thus,
all the current types of premolars and molars in
marsupial and placental mammals evolved from
tribosphenic molars of small omnivorous
mammals, like those of the modern opossums
(e.g., Osborn 1907, Bown and Kraus 1979).
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The upper tribosphenic molar consists of three
main cusps; the paracone, the metacone and the
protocone, and two cuspules, protoconule and
metaconule, as shown in Figure 7. These three
cusps form a trigon basin and are the oldest in
evolution (e.g., Osborn 1907, Clemens and Lille-
graven 1986). In addition, a new cusp, the hypo-
cone, has evolved independently at least 22
times, indicating that the cuspal homologies in
general may be a rather tenuous long-term
marker in evolution (Hunter and Jernvall 1995).

The lower tribosphenic molar, which is also the
ancestral form to the muroid M1, consists of five
main cusps; protoconid, metaconid, paraconid,
entoconid and hypoconid, and accessory cuspul-
ids such as the hypoconulid, shown in Figure 7.
The evolutionarily oldest cusp in the lower mo-
lars seems to be the protoconid, which together
with two other cusps, the metaconid and paraco-
nid, form the trigonid at the anterior end of the
tooth (Osborn 1907, Clemens and Lillegraven
1986). The posterior cusps, the hypoconid, ento-
conid and hypoconulid, which form the talonid
basin, evolved later to increase the occlusal sur-
face between opposing tooth rows. Again, the
occlusal patterns can evolve quite flexibly, as the
relative heights of the main cusps change and
accessory cuspules and cusps are added or lost.
Hence, cuspal homologies are reliable only dur-
ing short intervals in the fossil record, such as
the record of muroid rodents.

The evolution of specialized rodent dentition

The order Rodentia, with 29 families, 429 genera
and more than 1800 species, is the most specious
extant mammalian order (Nowak 1991). Rodents
make up about 40% of all extant mammalian
species. Rodents have a very specialized dent-
ition adapted for gnawing. Each jaw quadrant
consists of a single, ever growing or rootless
incisor used for gnawing through tough mater-
ials. This incisor probably is the homologue of
the second incisor (I2) of other mammals, and
has enamel only on its buccal surface, whereas
the lingual surface is covered by cementum (e.g.,
Luckett 1985). In place of lateral incisors, ca-
nines and anterior premolars, there is a toothless
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Figure 7. The cusp pattern of upper and lower tribosphenic
molars during occlusion. The numbers beside the cusps of
the lower molar indicate the evolutionary order of appear-
ance according to Osborn (1907) and Clemens and
Lillegraven (1986). Rodents have lost the paraconid and the
hypoconulid, but in muroids the posterolophid or postero-
conid have later evolved in place of the hypoconulid. The
lower molars are in gray and the upper molar, including the
hypocone (whose evolution correlates with the concurrent
loss of the paraconid) is colourless. end entoconid, hyd hypo-
conid, hld hypoconulid, hy hypocone, me metacone, med
metaconid, ml metaconule, pa paracone, pad paraconid, pl
protoconule, pr protocone, prd protoconid.

area, a diastema, which has evolved for waste
disposal during gnawing. The diastema and large
incisors are also seen in other gnawing animals,
like lagomorphs and aye-ayes. The size, com-
plexity and durability of the individual teeth has
increased in many rodent lineages, but the num-
ber of cheek teeth has usually become more re-
duced, so that the dental formulas in different
lineages can vary from the primitive I1/1, - , P

2/1,
M3/3 to the highly reduced I1/1, - , - , M

1/1 or to
the rare increase in tooth numbers in Heliocto-
nius mole rats (Nowak 1991).

Molecular phylogenies suggest that the ancestors
of rodents diverged from lineages leading to
other mammalian families some time during the
latter part of the Cretaceous (O’Brien et al.
1999). The morphological divergence and adapt-
ation for a gnawing lifestyle must have occurred
before or during the Paleocene, when the oldest
known rodents, the Paramyids, appeared in the
fossil record (Carroll 1988). The cheek teeth of
another ancient fossil rodent, Tribosphenomys
minutus, were quite small and simple in shape,
and its upper jaw had two premolars and three
molars, whereas its lower jaw had one premolar
and three molars like paramyids (Carroll 1988,
Meng et al. 1994). The same dental formula is
found in extant squirrels (Luckett 1985, Nowak
1991).
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Remarkably, many rodent species, including
squirrels, have rudimentary tooth germs in loca-
tions where no teeth have existed for tens of
millions of years (Moss-Salentijn 1978, Luckett
1985, Luckett et al. 1989, Peterková et al. 1993).
These rudiments are known to be arrested at any
developmental stage between small epithelial
swellings and dentinal bell stages (Moss-Salen-
tijn 1978, Luckett 1985, Peterková et al. 1998).
Unless mineralized, rudimentary tooth germs do
not fossilize. Hence, rudimentary teeth as found
in rodents can only be studied in extant species.
Even so, they can provide important insights into
the evolution of the rodent dentition and the role
of positional identities in tooth development.

Different rodent species have different diets, and
there is a huge variety of rodent molar crown
types. Although the tribosphenic molar is the
basal molar type for extant mammals, none of
the modern rodents have a paraconid, and even
in the fossil record, it is found only in the cheek
teeth of Tribosphenomys. Later evolution has
produced other main cusps in many lineages,
such as the anteroconid and instead of the hypo-
conulid a posteroconid has evolved in muroid
rodents (Figure 8). Aside from these main cusps,
there can be any number of additional cusps and
cuspules, and the cusp pattern may be obscured
either by extensive lophedness of the crown or
by the prismatism of the cusps. Because rodents
are herbivores or herbivore/insectivores, hypso-
donty is common. In rodents adapted for a
fibrous diet, crown wear is heavy, and conical
cusps are less efficient than prismatic ones as
cutting blades. Therefore, prismatism is associat-
ed with rodent hypsodonty or hypselodonty.

The evolution of muroid teeth

The suborder Muroidea includes about 65% of
all extant rodent species, and the adaptive radiat-
ion of Muroidea has been fast – a new mouse
species may have evolved even in historical
times (see Stanley 1979) and the lifespan of
some vole species is about 300 000 to 400 000,
which, together with their fossil record suggests
that a new species of vole can evolve in a short
time, maybe even within 10 000 years (Chaline

1989, Brunet-Lecomte and Chaline 1991). How-
ever, these estimates are hard to substantiate,
because lineage divergence does not necessarily
equate with morphological divergence (Martin
1993, Rekovets 1994). Nevertheless, new molar
tooth shapes can evolve rapidly, and there is
considerable variation within and between the
populations of extant species, proving that the
developmental mechanisms behind the forma-
tion of the species specific cusp patterns must be
flexible (Martin 1993).

The ancestors of Eurasian muroid rodents, the
cricetids, appear in the fossil record during the
Miocene (Kälin 1999). Their functional dental
formula was I1/1, - , - , M3/3. The same dental
formula is still the most typical one for muroids,
although in some species the reduction has gone
further (Nowak 1991). The rudimentary tooth
germs do not fossilize easily, hence their num-
bers are unknown. The molars of early muroids
resembled those of modern hamsters.

The primitive cricetid M1 consisted of the five
conical main cusps in two rows, together with
possible additional lophs and cuspules (Figure
8). The metaconid has shifted anteriorly relative
to the protoconid into the same relative position
as the lost paraconid. All cusps point directly up-
wards. The posterior end of M1 is defined by the
posterolophid, which extends lingually from the
hypoconid. As in tribosphenic molars, the cusps
are arranged into a diagonal pattern, but the
metaconid occupied the relative position of the
missing paraconid being anterior, not posterior
to the protoconid. The relative positions of the
entoconid and hypoconid mimic the relative
positions of the metaconid and protoconid, and
whenever the anteroconid is split into two cusps,
the main cusps can be arranged into a buccal and
a lingual row. The splitting of the anteroconid is
a common occurrence in muroid evolution, as is
the increase or reduction of new cusps and ac-
cessory cuspules, and in some lineages the pos-
terolophid evolved into a posteroconid (e.g.,
Guthrie 1965, Chaline 1989, Kälin 1999,
Freudenthal and Suárez 1999). The cusps of
upper molars are also  in two rows,  and point
directly downwards. Similar cusp patterns can
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Figure 8. The evolution of muroid M1. The earliest muroids (represented by Democricetodon sp.) had five or six conical main
cusps and additional cuspules or lophids. In the mouse lineage the posteroconid evolved and the relative positions of the cusps
shifted to a more orthogonal orientation. In the vole lineage, the cusps became more prismatic, as the crown height increased
and the increase in tooth length preceeded the appearance of new cusps from the anteroconid. The anteroconid area is indicated
by the vertical bar. a anteroconid, e entoconid, h hypoconid, m metaconid, pa paraconid, po posteroconid or posterolophid pr
protoconid. All teeth are to the same scale, the horizontal bar is 1 mm. Democricetodon was drawn after Kälin (1999) and M.
pliocenicus after Kurtén (1968), whereas A. primitivus was drawn from a photograph in Wessels et al. (1982), Promimomys
cor from a photograph in Kretzoi (1954), and the mouse and sibling vole molars from photographs taken from cleaned skulls.

B

A

Figure 9. The M1 cusp patterns of mouse (A) and sibling
vole (B), shown in occlusal view. These teeth do not
represent the extensive strain and population specific
morphological variation. The scale is 0.5 mm.

still be seen in extant cricetids (Gaunt 1961).

The two main adaptive radiations within the
Muroidea are the evolution of Muridae, which
includes mice and rats, starting during the Late
Miocene, and the evolution of Microtidae, which

includes the voles and lemmings, starting in the
Early Pliocene about 5 million years ago. The
morphological diversification leading to the 121
extant species of modern Microtidae (Nowak
1991) began in the late-middle Pliocene with the
appearance of the genus Promimomys, although
its relationship to some lineages, like Lemmini
(lemmings), is unclear (Chaline 1989, Chaline
and Graf 1988, Gromov and Polyakov 1992).
However, based on the fossil record, the genus
Microtus has been proposed to have descended
from the genus Promimomys (Fejfar and Hein-
rich 1989, Gromov and Polyakov 1992). The
diversification of Murinae at Late Miocene some
11 million years ago from a Megacricetodon-
like ancestor (Freudenthal and Suárez 1999), has
produced   about   460  extant   species   (Nowak
1991),  making the Murinae the largest extant  or
extinct mammalian subfamily. However, accord-
ing to the molecular data, the subfamily Murinae
diverged from the stem cricetids about 20 mil-
lion years ago, and the Microtinae a couple of
million years later (Nikoletopoulos et al. 1992,
Robinson et al. 1997). Hence, the morphological
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evolution seen in the fossil record does not coin-
cide with the lineage splitting events indicated
by the molecular data.

In Murinae, or the lineage leading to the mouse,
the posterior cingulum extending from the hypo-
conid in the cricetid M1 evolved into a hypo-
conulid. The cusp pattern can be either diagonal
or orthogonal. The cusps and possible cuspules
of the lower molars are still in two rows, but in
the upper molars they are arranged in three rows.
The cusps are conical, but in the upper molars
they point in a posteroventral direction, whereas
in the lower molars they point in an anterodorsal
direction. The lingualmost row of upper molars
apparently originates from accessory cuspules.

In Microtinae, the molars have evolved to cope
with a coarser diet containing more cellulose and
silicates. Crown size has increased in both length
and height. After the cusps had become prism-
atic, the increasing hypsodonty became in some
genera hypselodonty, i.e., the molars became
ever growing like the incisors (e.g., Fejfar and
Heinrich 1989). As the molar height increased,
cementum appeared into the re-entrant angles
between the consecutive buccal or lingual prisms
(e.g., Chaline 1989, Fejfar and Heinrich 1989).
The cusp pattern remained more or less diago-
nal, but the number of cusps increased. The fos-
sil record indicates that in the lower molars, the
additional cusps budded off the anterior loop,
which is homologous with the anteroconids of
the other muroids, whereas in the upper molars
the new cusps were added to the posterior end of
the molars (Guthrie 1965). Because of this, the
increase in molar length of voles was greatest in
M1 and M3. The posteriormost prism of the vole
M1 has evolved from the posterolophid.

The lower first molars of the mouse and sibling
vole

The M1 of the house mouse and the sibling vole
represent the morphological extremes of their
evolutionary lineages, and are therefore good
models for a rough comparison of the morpho-
genetic processes. The house mouse appeared in
the fossil record as a species about 0.9 million
years ago (Auffray 1988). Its molars are brachy-
dont and semilophodont, with conical cusps with

a typical Murinae slant. The accessory cuspules
are usually missing (Grüneberg 1965). The
enamel is also thicker on the anterior sides of the
upper molar cusps and on the posterior sides of
the lower molar (Lyngstadaas et al. 1998). The
cusp tips develop to be enamel-free. The molars
are rooted and the roots are anchored to the
alveolar bone by cementum. In mouse molars,
cementum only exists in the roots.

The crown of the mouse M1 is 1.4 mm long and
0.8 mm wide, and consists of seven cusps, which
are arranged into pairs connected by lophs (Fig-
ure 9). The protoconid – metaconid and hypo-
conid – entoconid pairs are arranged orthogo-
nally to the anterior – posterior axis, but the two
anteroconid cups are asymmetrically arranged,
so that the lingual cusp is anterior to the buccal
one, and the posteroconid is central to the poste-
rior end of the crown, as in other Muridae. Un-
like in other Muridae, there are no clear acces-
sory cuspules. Mouse M1 has two roots.

The common vole appeared in the fossil record
in the mid-Pleistocene, but because the sibling
vole dentition and skeleton are morphologically
identical to the dentition and skeleton of its sib-
ling species, the common vole (Microtus ar-
valis), the fossils of this species pair are called
the common vole (MacDonald and Barrett 1993,
Rekovets 1994). Because the sibling vole has
more chromosomes (2n = 56 as compared to 2n
= 46 in the common vole), it is possible that the
sibling vole represents the ancestral species
(Rekovets 1994). The sibling vole molars are
hypselodont and prismatic. The re-entrant angles
between the consecutive buccal or lingual prisms
are filled with cementum. The enamel is stronger
on the posterior sides of the upper molar cusps
and on the anterior sides of the lower molar
cusps, thus forming the main cutting blades (von
Koenigswald 1982). The central anterior and
posterior angles of the cusps are fused together,
forming a central ridge in the molars. The ves-
tigial cusp tips are worn away within one day of
eruption. In the lower molars the anterior edges
of the prisms have thicker enamel that the poste-
rior edges, the opposite to the upper molars.

The sibling vole M1 is 2.5 mm long and 1.0 mm
wide, and consists of nine diagonally arranged
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(Note: Possible rudimentary incisors are not shown in this figure)
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Figure 10. Mouse (A) and vole (B) upper jaw dental formulas. The insets show the rudimentary tooth germs at their maximal
development before their apoptotic removal. Molars and incisors are shown in light gray and the rudimentary diastema tooth
germs in dark gray. Potential rudimentary incisors are not shown. d1 mouse first rudimentary tooth germ, d2 mouse second
rudimentary tooth germ, d3 mouse third rudimentary tooth germ, d vole rudimentary tooth germ, pc primary choana, pr pala-
tal ruga. The scale bar in the insets is 150 µm.

prismatic cusps, that lie at about 30° to each
other, and an anterior loop (Figure 9). The five
lingual prisms are wider than the four buccal
ones, and the anteriormost prisms are the small-
est. This means that the buccal re-entrant angles
are wider than the lingual ones.

Both the mouse and sibling vole have the typical
muroid adult  dental formula I1/1, - , - , M

3/3,  but

the mouse has in its upper diastema region three
rudimentary tooth gems (see also Lesot et al.
1998). These tooth germs obviously antedate the
origin of Muroidea. Because even Tribospheno-
mys had only two premolars in each upper quad-
rant (Meng et al. 1994), some of the mouse
rudimentary tooth germs may antedate the adapt-
ive radiation of the order Rodentia.

The developmental biology of the teeth

Morphogenesis

Tooth morphogenesis has been extensively
studied since the last century (Owen 1840-45),
and the morphogenesis of mouse dentition, espe-
cially M1, is well known. The morphogenesis of
the upper and the lower first molars has been
mapped in detail, because they are the first and
largest multicusped teeth to develop in the
mouse. As its basic morphogenesis was well
described before most molecular biology tech-
niques had been invented, mouse M1 became the
basic model for studying the function of genes
during tooth morphogenesis.

All teeth develop via epithelial-mesenchymal
interactions. In mammals in general, the oral
epithelium thickens to form the dental lamina,
from which the individual tooth germs bud (Fig-
ure 6). The bud stage is followed by the cap
stage, when crown morphogenesis begins. Dur-
ing the bell stage, the cusp patterns of the teeth
are formed and mineralization begins. In mice,
tooth morphogenesis is initiated at E11, when
the oral epithelium begins to thicken in the inci-
sor and molar areas. The identities of the tooth
germs are apparently already determined by un-
known mechanisms (Tucker et al. 1998b). The
dental lamina in mice is very thin, unlike in
other mammals (e.g., opossums). Except for M2
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and M3, which are formed from the posterior
ends of molars anterior to them, the individual
tooth germs, including the rudimentary ones, are
formed as epithelial invaginations, which bud
from the dental lamina. Earlier recombination
experiments have suggested, that prior to the
early bud stage the control of dental identity is in
the epithelium, but during the early bud stage the
control is switched to the newly induced dental
mesenchyme (Mina and Kollar 1987, Kollar and
Mina 1991). The mesenchyme condenses around
the developing molar buds, and later forms the
dental papilla, dental follicle and alveolar bone.

As the teeth grow from the tip down, the differ-
entiation of the cells also progresses in the same
direction (Figure 11). The cervical loops are still
growing when mineralization begins, and in
open rooted teeth the growth never ends. Odon-
toblast differentiation induces ameloblast differ-
entiation, which is followed by the secretion of
dentine and enamel prisms (Smith 1995,
Thesleff 1995). Since the odontoblasts and
ameloblasts are exactly aligned, the resulting
dentine and enamel prisms are also aligned.
Normally, as in mouse molars, the epithelium
closes around the crown, leaving openings for
roots (Butler 1956). The roots of mouse molars
are formed when the crown has mineralized, and
the tooth erupts. In open rooted teeth eruption
begins as the crown height increases, without the
crown ever becoming fully mineralized. Since
the tooth is surrounded by alveolar bone, erup-
tion requires at least bone resorption by osteo-
clast activity (Tiffee et al. 1999).

At late bud stage, the primary enamel knot be-
gins to develop (Jernvall et al. 1998). The
enamel knots are areas of condensed, quiescent
epithelium, and been found in many mammals
and in crocodiles (Butler 1956, Jernvall 1995,
Westergaard and Ferguson 1987), and their role
in tooth development has been debated (see, e.g.,
Butler 1956, Jernvall 1995, Lesot et al. 1996,
Coin et al. 1999, Lesot et al. 1999, Jernvall and
Thesleff 2000). At the onset of the cap stage, the
cervical loops begin to grow around the primary
enamel knot, surrounding the dental papilla,
which forms the mesenchymal part of the crown.
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Figure 11. Teeth grow and differentiate from the tip down
and the absolute differences in cusp heights on the y-axis
correlate with the time of initiation (adapted from Butler
1956). However, on the x- and z-axes the cusp tips become
more separated as the cusps grow in width as well as in
height. The increasing differentiation is shown by the
darkening color.

During crown morphogenesis, the epithelium
differentiates into inner enamel epithelium and
outer enamel epithelium, and the stellate reti-
culum and stratum intermedium begin to appear
(e.g., Thesleff 1995, Lesot et al. 1999). The
enamel knots consist of inner enamel epithelium
and stratum intermedium cells. Some reports
also distinguish an enamel septum, a chord of
denser stellate reticulum leading from the
enamel knot in the inner enamel epithelium to
the enamel navel in the outer enamel epithelium
(Butler 1956, MacKenzie et al. 1992). After the
cap stage, most of the mouse M1 primary
enamel knot is lost apoptotically (Lesot et al.
1996, Jernvall et al. 1998, Lesot et al. 1999), but
new enamel knots are initiated (Jernvall 1995,
Jernvall and Thesleff 2000). The initiation of
secondary enamel knots marks the beginning of
the bell stage. The locations of these secondary
enamel knots correlate with the locations of the
initiated cusps in both mice and opossums (Jern-
vall 1995), and have been proposed to be
involved in crown morphogenesis (for reviews,
see Butler 1956, Jernvall 1995).

Because the epithelium is essentially two-dimen-
sional tissue, whereas the mesenchyme is essent-
ially three-dimensional, tooth crown morphogen-
esis can be described as remodeling of an epi-
thelial sheet. It has been proposed that unequal
cell division in the different parts of the dental
epithelium and dental papilla, combined with
mechanical pressures inflicted by the swelling
stellate reticulum and condensing dental follicle
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and septa, shape the tooth germs, but exactly
how this happens is unknown (Butler 1956).

In some cases, tooth germ development from
one stage to another is disturbed and the tooth
germ is later resorbed. This evolutionary loss of
teeth often begins with vestigial teeth, which are
either too small to have a function and often do
not even erupt or are shed before they can be
used (e.g., Kurtén 1953, Schwartz 1982, Moss-
Salentijn 1978). The development of rudiment-
ary tooth germs can be arrested at any stage, and
the arrest is often associated with abnormal his-
todifferentiation (Moss-Salentijn 1978, Luckett
1985, Luckett et al. 1989). This suggests a
qualitative inductive failure in during odonto-
genesis. However, some reports indicate, that
between different developmental stages, there
exists size thresholds which must be passed be-
fore transition to next stage (Grewal 1962,
Kurtén 1953). This implies a quantitative genetic
failure. Since tooth shapes and numbers in many
mammals, including humans, vary within the
population (e.g., Grüneberg 1951, Grüneberg
1965, Kurtén 1953, Garn et al. 1964, Berry
1978), and since the last developing teeth are
affected both in many hypodontia mutations in
humans  (e.g., Garn et al. 1964, Vastardis et al.
1996) and in some cases of evolutionary tooth
reduction (Kurtén 1953), it seems that quantita-
tive changes in tooth development are important
means for evolutionary tooth loss. However, it is
unknown whether the disturbances occur at the
molecular level, e.g., as an insufficiency of a
signal, or if they have a mechanistic basis, e.g.,
an insufficient amount of tissue for morphogene-
sis, or a combination of both.

Determination of positional identity and tooth
morphogenesis

Although the morphogenesis of mouse teeth is
well known, the mechanisms regulating it are
largely unknown. All mouse molars have shapes
that differ from those of incisors and recombin-
ation experiments have suggested that the early
epithelium controls the shapes of the individual
tooth germs. If an initiation stage incisor epithel-
ium is recombined with induced molar mesen-

chyme, an incisiform tooth will develop indicat-
ing a reprogramming of the molar mesenchyme
by an early incisor epithelium (Kollar and Mina
1991). In fact, at that stage the oral epithelium
can, when recombined with non-oral cranial
neural crest derived 2nd branchial arch mesen-
chyme or even trunk neural crest mesenchyme,
direct it to a dental fate (Mina and Kollar 1987,
Lumsden 1988). After the initiation stage, the
dental mesenchyme can determine tooth shape,
and even direct odontogenesis in non-oral epi-
thelium, like footpad epidermis (Kollar and
Baird 1970). Thus, the early epithelium contains
the patterning information necessary for induc-
tion of tooth germs, determining their identity
and controlling their morphogenesis, but this
information is somehow transferred into dental
mesenchyme. The exact nature and mechanisms
of this information transfer between epithelium
and mesenchyme is unknown.

The earliest induction in odontogenesis may
actually come from the cephalic neural crest
derived ectomesenchyme, which, according to
the clonal theory, is programmed into three types
of dental fates either prior to or after its migra-
tion to the first branchial arch, forming both the
upper and the lower jaws of vertebrates (Osborn
1978, Osborn 1993, see also Smith 1995). In
such case, the incisors, the canines and the
molars and premolars develop from one of these
clones by growth and division of the tooth
forming tissues. However, as the fate of the
neural crest derived mesenchyme can be repro-
grammed by recombining it at early stages with
heterologous epithelium (Lumsden 1988, Kollar
and Mina 1991), it seems unlikely that the clonal
theory as such is correct. The early neural crest
derived ectomesenchyme may, however, provide
permissive signals to the overlying ectoderm,
inducing it to become odontogenic epithelium.

The field theory maintains that the first branchial
arch is patterned by morphogenetic fields (Butler
1978), and that the relative intensities of the sig-
naling molecules determine the positional iden-
tity of the forming tooth germ. In the positional
homeobox code model the positional identities
of the tooth germs depend on the local combina-
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tions of Msx, Dlx and other homeobox tran-
scription factors (Sharpe 1995, Stock et al. 1997,
Thomas and Sharpe 1998, Thomas et al. 1998,
Weiss et al. 1998b). A combination of these hy-
potheses is that signals from early branchial arch
ectoderm pattern the facial prominences by in-
ducing different local combinations of homeo-
box genes, and that this patterning then deter-
mines the dental positional identities (Weiss et
al. 1998b). This seems quite likely, since it is
possible to change incisors into molariform teeth
by placing a bead soaked in Noggin protein at
the anterior end of an early mandible. Noggin is
an antagonist to the signaling molecule Bmp4,
expressed in early anterior epithelium (Tucker et
al. 1998b), and the morphological change is ac-
companied by an ectopic anterior expression of
Barx1, which is normally associated with the
posterior mandible and molar region mesen-
chyme (Tissier-Seta et al. 1995, Mucchielli et al.
1997, Tucker et al. 1998b). However, early in-
duction of different Dlx-genes in mouse maxilla
and premaxilla by the same signals (Fgf8 or
dental epithelium) indicates that in the ectomes-
enchymes of upper and lower jaws some intrin-
sic differences may exist prior to the induction
of teeth (Ferguson et al. 2000).

Aside from the problem of dental identity, there
is the problem of determination of dental lamina
and the numbers and locations of the individual
tooth germs. Although it has been shown that the
tooth developmental programs have diverged so
much according to the positional identity of the
teeth that removing the function of genes be-
longing to the odontogenic homeobox code
(Sharpe 1995, Thomas and Sharpe 1998, Tho-
mas et al. 1998) may affect some teeth differ-
ently from others. All mammalian teeth, regard-
less of their identity, bud from the dental lamina
or its derivatives (e.g., Luckett 1993, Weiss et al.
1998a; see below). Hence, the processes con-
trolling the number and locations of individual
tooth germs must exert their effect via the dental
lamina. However, the molecular basis of tooth
site determination has been connected with clo-
nal and field theories controlling positional
identity, although it is so far is unknown if the
initiation of tooth germ and the determination of

its positional identity are even controlled by the
same inductive pathways (Weiss et al. 1998a).
One reason for this ambiguity may lie in the
extreme specialization of the mouse dentition.
Although the mouse is the main model in these
studies, at early developmental stages there ex-
ists only one incisor and one molar tooth germ
separated by a diastema in each jaw quadrant.
Hence, it has been difficult to separate the proc-
esses controlling the initiation of the tooth germs
from, e.g., the processes controlling tooth
identity.

More is known about development after the
earliest stages. Targeted gene disruption experi-
ments have shown that the transition from the
bud to the cap stage depends on mesenchymal
signal(s), suggesting mesenchymal control of
crown morphogenesis. Loss of exclusively mes-
enchymally expressed transcription factors Msx1
or Pax9 arrest tooth development at the late bud
stage (Satokata and Maas 1994, Peters et al.
1998). However, epithelial Lef1 must be present
in the tip of the late bud, presumably to initiate
enamel knot development (Kratochwil et al.
1996, Peters and Balling 1999). The genes in-
volved in the development of positional identity,
such as Barx1, Dlx1/2 or ActivinβA, also seem
to act at the initiation stage (Table 1, Tucker et
al. 1998b)

The epithelial-mesenchymal interactions involv-
ed in cusp pattern formation during crown mor-
phogenesis are practically unknown. It is known,
however, that the differentiation of the various
dental cell types requires interaction between the
mesenchyme and the epithelium. For instance,
the "tip down" ameloblast differentiation de-
pends on signals from the odontoblasts, but
odontoblast-like differentiation can be induced
under cell culture conditions by applying ectopic
follistatin, which is normally produced by differ-
entiating ameloblasts (Heikinheimo et al. 1997,
Thesleff et al. 1995a). On the other hand, the
mesenchyme is known to produce many mito-
gens and other signaling molecules, which may
locally affect the adjacent mesenchyme (see, for
example
http://honeybee.helsinki.fi/toothexp/index.htm).
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The mesenchyme also determines the rate of
stem cell division in the cervical loops of inci-
sors (Harada et al. 1999). Since both growth and
differentiation are affected by these signals,
epithelial-mesenchymal interactions are no
doubt important for morphogenesis and evolu-
tion of species specific dental morphologies. To
analyze how the mesenchyme patterns the epi-
thelium or the epithelium the mesenchyme,
cross-species recombinations are needed be-
tween the orthologous teeth of different species.

Molecular interactions in tooth morphogenesis

The role of genes in the inductive interactions
during tooth development has been studied ex-
tensively in mice (see, e.g., Thesleff and Sharpe
1997, Maas and Bei 1997, Weiss et al. 1998a).
At least 170 genes are known to be expressed in
the teeth, and more are being found at a rapid
rate, but the only tooth specific genes so far
found are some of the genes coding the matrix
molecules secreted by ameloblasts and odonto-
blasts
(http://honeybee.helsinki.fi/toothexp/index.htm).
Therefore, the tooth development is controlled
by the same developmental genes as many other
organs (Thesleff et al. 1995b, Weiss et al.
1998a).

Targeted disruptions of mouse genes and in vitro
induction experiments have shown that both
mesenchymal and epithelial genes are important
(Table 1). In many cases, the loss of a gene leads
to the developmental arrest of the tooth germs at
a late bud stage, suggesting that the inductive
interactions required for initiation of the cap
stage are missing. For example, loss of Lef1,
Msx1 and Pax9 leads to this phenotype. In other
cases, only some of the later developing teeth
may be missing, whereas other teeth are smaller
and abnormal in shape, suggesting a quantitative
failure in growth and/or patterning (Grüneberg
1965). Tabby/EDA is an example of such a
gene, as is its putative receptor, Downless
(Headon and Overbeek 1999, Pispa et al. 1999).
In quite a few cases, only one or more tooth
types are affected, suggesting that the gene is
essential only for their development (Table 1).

For example, ActivinβA-/- targeted mutant mice
lack incisors and mandibular molars, whereas
Dlx1-/-/Dlx2-/- double targeted mutants lack up-
per molars (Thomas et al. 1997, Ferguson et al.
1998). Because teeth are believed to be serially
homologous, this indicates that the basic tooth
developmental program has become modified in
teeth with different positional identities, which
in turn may be essential for the evolutionary
divergence of dental morphologies in the same
dentition. Many such genes are only expressed
in parts of the jaw, whereas the others are ex-
pressed in all teeth, but are absolutely essential
for only a few of them.

The effects of individual genes depend on the
genetic background of the population, as shown
by Pax6-/- mutant mice – in certain strains there
are ectopic incisors, whereas in others these do
not occur (Quinn et al. 1997). The severity of the
Tabby mutation also depends on the background
(Grüneberg 1965). This is probably due to the
functional redundancy between different genes
and pathways present in the same tissues. Al-
though exact tooth shapes and the prevalence of
missing teeth varies between different strains of
mice (Grüneberg 1951, Grüneberg 1965), the
development of teeth is strictly regulated and not
very easily disturbed. Redundancy has been
shown, e.g., for Msx1 and Msx2 and for Dlx1
and Dlx2. In the former case, the loss of Msx1
alone causes the developmental arrest of all teeth
at the late bud stage, whereas the loss of Msx2
alone causes abnormal apoptosis in the bell stage
dental epithelium (Satokata and Maas 1994,
Maas and Bei 1997). When both genes are lost,
tooth development is arrested shortly after initat-
ion, suggesting that Msx2 and Msx1 are inter-
changeable during early development (Maas and
Bei 1997). Likewise, though the loss of both
Dlx1 and Dlx2 genes arrests the upper molars at
the lamina stage, the loss of either gene alone
does not cause dental defects (Thomas et al.
1997). Such redundancies are probably common
between all related genes, including growth
factors.

Many growth factors and transcription factors, as
well as molecules involved in processes like cell



37

cycle control are developmentally important.
These genes belong to conserved families, and
are used for the development of several organs.
Although their functions in other organs can give
clues to their effects in tooth morphogenesis,
their role in teeth must be studied separately,
because the combinations or exact morphoge-
netic functions of pathways are not always con-
served (Meyers and Martin 1999). Moreover,
many genes are used repeatedly for different
processes during organogenesis (e.g., Chen et al.
1996, Jernvall et al. 1998, Tucker et al. 1998b).
Also, many genes are expressed in locations
where they do not seem to have any function
(e.g., Kratochwil et al. 1996), either because of
functional redundancy or because correct down-
stream signaling components are missing. Since
gratuituous expression patterns are less likely to
be conserved in different species, the compara-
tive analysis of the expression patterns of the
candidate developmental genes to the developing
morphologies in closely related species, e.g.,
different muroids, would be informative. If,
despite the fast morphological evolution of
muroids, the correlation between expression and
morphogenesis was conserved, this would be
evidence that the developmental pathway was
probably involved in morphogenesis.

As the number of potential morphogenetic con-
trol genes is so high, this analysis was limited to
a few key signaling molecules (Bmp2, Bmp4,
Fgf4, Fgf8, Shh and Wnt10a), transcription fac-
tors (Lef1, Msx1, Msx2, Pax9 and Pitx2) and a
cyclin dependent kinase inhibitor p21CIP1/WAF1.
These genes belong to various pathways known
or believed to function during tooth initiation
and morphogenesis (Table 2), and they have
been shown to be expressed in developing teeth.
Although many of the pathways seem to act in
parallel (Dassule and McMahon 1998), they can
also be interconnected at some level. For exam-
ple, Bmp4 induces the expression of the homeo-
box transcription factor Msx1, which is required
both for induction and maintainance of mesen-
chymal Bmp4 expression and for Shh-inducible
transcription of Shh-signaling receptor/inhibitor-
subunit Ptc (Chen et al. 1996, Zhang et al.
1999). On the other hand, whilst Bmp4 is essen-

tial for Shh expression, excess Bmp4 down-
regulates it (Zhang et al. 2000). Such autoregu-
latory loops are probably involved in regulation
of the epithelial-mesenchymal interactions in
tooth development.

Growth factors Bmp2 and Bmp4 are the mam-
malian orthologues of Drosophila Dpp (Wozney
1998). All three genes belong to Bmp-family of
TGFβ-superfamily of signaling molecules. Inci-
dentally, Bmps are actually a better example of
paralogous genes than Hox-genes, in which the
nomenclature has been complicated by the un-
usually high clustering of the individual genes
and consequent cluster duplication events. Both
Bmp2 and Bmp4 are associated with differentia-
tion, but Bmp4 may also be a natural inducer of
apoptosis (Graham et al. 1994, Winnier et al.
1995, Lough et al. 1996, Marazzi et al. 1997,
Chen and Zhao 1998). The mammalian genes
were first associated with the differentiation of
osteoblasts, but in Drosophila, Dpp has tradi-
tionally been considered to be a pattering mole-
cule (e.g., Sampath et al. 1993, Jiang and Struhl
1996). Because the Bmp2 and –4 sequences are
closely related, they are functionally inter-
changeable (Padgett et al. 1993), and both pro-
teins can induce expression of the homeobox
transcription factors Msx1 and Msx2 and TCF-
transcription factor Lef1 (Vainio et al. 1993,
Chen et al. 1996, Dassule and McMahon 1998,
Tucker et al. 1998a). Bmp4, Lef1, Msx1 and
Msx2 have been experimentally shown to be
essential for normal tooth development (Satokata
and Maas 1994, van Genderen et al. 1994, Chen
et al. 1996, Maas and Bei 1997). The role of
Bmp2 is unknown, because mice lacking Bmp2
die before tooth morphogenesis is initiated
(Zhang and Bradley 1996), and conditional gene
disruption for assessing its role in odontogenesis
has not been done.

Growth factors Fgf4 and Fgf8 are potent mito-
gens for both the epithelium and mesenchyme in
several systems, including teeth (Mahmood et al.
1995, Lee et al. 1997, Kettunen et al. 1998). In
limb buds, they are expressed in the apical
ectodermal ridge (AER), and are most probably
involved in limb growth and/or patterning
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Table 1.  Some genes with known function during odontogenesis and their known roles in developing teeth.

Effects Reference
ActivinβA In ActivinβA-/- mutant mice incisors and mandibular molars arrested

at bud stage, ActivinβA induces Follistatin
Matzuk et al. 1995a,
Matzuk et al. 1995b,
Ferguson et al. 1998

ActivinRcII Some ActRcII-/- mutant mice lack (at least) mandibular incisors Matzuk et al. 1995a
Bmp2 Can mimic the effects of Bmp4 in vitro Vainio et al. 1993,

Jernvall et al. 1998,
Neubüser et al. 1997

Bmp4 Involved in determination of incisor identity, prevents induction of
dental mesenchyme by inhibiting Pax9 expression prior to E11,
essential for cap stage transition, possibly involved in apoptotic
removal of epithelial cells

Chen et al. 1996, Jernvall
et al. 1998, Neubüser et
al. 1997, Tucker et al.
1998b

c-met Hgf-receptor Tabata et al. 1996
c-src c-src-/-  mutant mice have malformed incisors because teeth do not

erupt
Tiffee et al. 1999

Dlx1 Dlx1-/- mutant mouse dentition is normal. In Dlx1-/-/Dlx2-/- mutant
mouse maxillary molars are arrested at epithelial thickening stage,
other teeth are normal

Thomas et al. 1997

Dlx2 Dlx2-/- mutant mouse teeth are normal Thomas et al. 1997
Dlx3 Dlx3+/- mutation causes taurodontism and enamel hypoplasia in

humans
Price et al. 1998

Downless dl-/- mice have small and malformed teeth, lack of third molars
depending on the strain. Downless is probably an EDA receptor

Headon and Overbeek,
1999

EDA EDA-/- mice and humans have small and malformed teeth and
hypodontia

e.g., Srivastava et al. 1997

Egf AS Egf oligonucleotides prevent tooth development in vitro Kronmiller et al. 1991
Fgf3 possible role in maintaining epithelial growth Harada et al. 1999
Fgf4 possible role in pattern formation during crown morphogenesis Jernvall et al. 1994
Fgf8 Induces mesenchymal ActivinβA and Pax9, induces epithelial and

mesenchymal proliferation
Ferguson et al. 1998,
Kettunen and Thesleff
1998, Neubüser et al.
1997

Fgf9 possibly similar in role to Fgf4 and Fgf8 Kettunen et al. 1998
Fgf10 maintains and induces cervical loop growth in incisor explants Harada et al. 1999
Follistatin Missing or delayed (mandibular) incisor development in mutant

mice, Follistatin can induce odontoblast-like differentiation in vitro
Matzuk et al. 1995c,
Heikinheimo et al. 1997.

Gli2 Fused premaxillary incisors in Gli2-/- mutant mice, Gli2-/-/Gli3+/-

mutant mice had smaller than normal mandibular incisors and molars
and maxillary incisors arrest at epithelial thickening stage

Hardcastle et al. 1998

Gli3 Gli3-/- mutant mice have normal teeth, Gli2-/-/Gli3-/- mutant mice had
rudimentary incisor buds and no sign of molars,

Hardcastle et al. 1998

Hgf Hgf AS oligonucleotides cause abnormal “inverted” crown
morphogenesis in vitro.

Tabata et al. 1996

Lef1 Development of all teeth arrested at bud stage, essential in epithelium van Genderen et al. 1994
M-CSF M-CSF-/-  mutant mice have malformed incisors because teeth do not

erupt
Tiffee et al. 1999

Midkine Midkine is essential for differentiation and morphogenesis Mitsiadis et al. 1995
Msx1 In Msx1-/- mutant mice development of molars arrested at bud stage

and incisors not found in newborns, essential for maintenance of
mesenchymal Bmp4 expression, Msx1 haploinsufficiency causes
selective tooth agenesis in humans

Satokata and Maas 1994,
Chen et al. 1996,
Vastardis et al. 1996, Hu
et al. 1998
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Table 1. (Continued)

Msx2 Msx2-/- mutant mice have brittle and malformed teeth, abnormalities
in stellate reticulum and delayed M3 development. In Msx1-/-/Msx2-/-

mutant mice all teeth are arrested at dental lamina stage

Maas and Bei 1997, Bei
and Maas 1998

Notch1 Notch1 has a possible role in epithelial stem cell maintenance and
differentiation in incisor cervical loops

Harada et al. 1999

Pax6 Pax6-/- mutant mice have supernumerary upper incisors at strain
dependent penetrance

Quinn et al. 1997

Pax9 In Pax9-/- mutants all teeth arrest at late bud stage. Peters et al. 1998
Pdgf-A Ectopic PDGF-A increases tooth germ size and supports its

development in vitro
Chai et al. 1998; Hu et al.
1995

Pdgfrα tooth crown development does not occur in Pdgfrα-/- mutant mice Morrison-Graham et al.
1992

Pitx2/RIEG Haploinsufficiency causes anodontia, microdontia and abnormally
shaped or implanted teeth in humans, maxillary teeth in Pitx2-/-

mutant mice are arrested at placodal and mandibular at bud stage.

Semina et al. 1996, Lin et
al. 1999, Lu et al. 1999.

Shh Ectopic Shh causes ectopic invaginations and malformations in tooth
buds

Hardcastle et al. 1998

Tachykinins
(SP)

AS-oligonucleotides against Tachykinins arrests tooth development
in vitro

Weil et al. 1995

SP-receptor SP-receptor block greatly retarded tooth development in vitro Weil et al. 1995

Table 2.  The analyzed molecules (bold) and their known upstream regulators and some of their targets in the tooth.

Inducer Inhibitor Gene Upregulates Downregulates

Noggin Bmp2 Bmp4, Lef1, Msx1, Msx2,
p21CIP1/WAF1

Pax9

Noggin Bmp4 Egr1, Msx1, Ptc, Msx2, Dlx2,
p21CIP1/WAF1, apoptosis

Barx1, Pax9

Fgf4 proliferation, Syndecan-1 apoptosis
Pitx2 Fgf8 ActivinEA, Barx1, Dlx1, Dlx2,

Fgf3, Msx1, proliferation
Bmp2, Bmp4, Wnt10b Lef1
Bmp2, Bmp4, Fgf8 Msx1 Bmp4, Ptc, Fgf3, Syndecan-1
Bmp2, Bmp4 Msx2
Bmp2, Bmp4 p21CIP1/WAF1

Fgf8, Fgf9 Bmp2,
Bmp4

Pax9 Bmp4

Pitx2 Fgf8
Shh proliferation, Gli1, Ptc Wnt10b, Pax6

Shh Wnt10b Lef1

(Niswander and Martin 1993, Mahmood et al.
1995, Vogel et al. 1996, Ohuchi et al. 1997,
Zúñiga et al. 1999; however, see also Moon et
al. 2000). In the midbrain-hindbrain junction or
isthmus, Fgf8 has a role in the patterning and
growth of the mesencephalon (Crossley et al.
1996, Lee et al. 1997). Both AER and isthmus
are signaling centers that are important for pat-

tern formation and local differentiation. In teeth,
both genes are epithelial (Kettunen and Thesleff
1998). Growth factor Fgf8 has been proposed to
be involved in the early determination of the
dental formula, because it can induce mesen-
chymal expression of Pax9 and Msx1, both of
which are necessary for tooth development
(Satokata and Maas 1994, Neubüser et al. 1997,



40

Bei and Maas 1998, Kettunen and Thesleff 1998,
Peters et al. 1998), and Fgf4 has been proposed
to be involved in crown morphogenesis, because
it is a known mitogen and survival factor for
mouse dental tissues (Vaahtokari et al. 1996,
Kettunen and Thesleff 1998).

The signaling molecule Shh has been shown to
be both a patterning factor and a mitogen present
in many organs (e.g., Bitgood and MacMahon
1995, Bueno et al. 1996, Bellusci et al. 1997a,
Oro et al. 1997, St-Jacques et al. 1998, Fan and
Khavari 1999, Zúñiga et al. 1999). Its Droso-
phila homologue Hh is essential for, e.g., seg-
ment polarity and imaginal disc development
(e.g., Fietz et al. 1994). In mammals it was first
discovered in the central nervous system (CNS),
where it induces floor plate and motor neuron
differentiation (Echelard et al. 1993). During
CNS development it is expressed both in the
mesenchymal notochord and in the epithelial
floor plate. In limb buds it is exclusively mesen-
chymal in the zone of polarizing activity (ZPA).
In teeth it has been shown to be exclusively
epithelial, and involved in the proliferation of
epithelial cells (Iseki et al. 1996, Hardcastle et
al. 1998, see below). It has also been implicated
in the budding of the individual tooth germs
(Hardcastle et al. 1998). Epithelial Shh induces
its own receptor/inhibitor-subunit Ptc, in dental
mesenchyme, but this depends on the presence
of mesenchymal Msx1 (Murone et al. 1999,
Zhang et al. 1999). This is an example of an
interaction between Bmp-, Fgf- and Shh-signal-
ing pathways. Similar interactions probably
occur between these pathways and the Wnt-path-
way, because signal transduction in the Wnt-
pathway requires TCF transcription factor (Kühl
and Wedlich 1997, Orsulic et al. 1999), and Shh
has been shown to inhibit the expression of
Wnt10b (Dassule and McMahon 1998).

Transcription factor Pitx2 is also essential for
tooth development. It is first expressed in the
stomodeal endoderm and then in the future den-
tal lamina and becomes limited to the epithelia
of the developing tooth germs (Mucchielli et al.
1997). In humans, even Pitx2 haploinsufficiency
causes oligodontia, and in Pitx2-/- targeted mu-
tant mice all the teeth are missing (Semina et al.

1996, Flomen et al. 1998, Lin et al. 1999, Lu et
al. 1999).

Cyclin dependent kinase inhibitor p21CIP1/WAF1 is
not essential for tooth development (Deng et al.
1995), but high levels of p21CIP1/WAF1 arrest the
cell cycle (Harper et al. 1995, Harper and El-
ledge 1996), and its expression in teeth has been
associated with quiescent or slowly dividing
cells (Bloch-Zupan et al. 1998). It has been pro-
posed to be involved in the initiation of apopto-
sis (Deng et al. 1995, Harper and Elledge 1996),
but it is possible that it is also involved in the
terminal differentiation of the dental epithelial
cells, where it is expressed, possibly even pro-
tecting them from apoptosis (Parker et al. 1995,
Wang and Walsh 1996, Fan and Khavari 1999).
Expression of p21CIP1/WAF1 can be induced in
teeth by Bmp2 and –4 (Jernvall et al. 1998), and
its expression patterns are regulated spatially and
temporally (Bloch-Zupan et al. 1998, Jernvall et
al. 1998).

Signaling centers in tooth development

Since the shape of the tooth depends on its posi-
tional identity, and since the positional identity
of a tooth germ seems to be determined by mor-
phogenetic fields before tooth development has
been initiated, one way to approach the problem
of patterning is to analyze the role of morphoge-
netic fields during the development of signaling
centers. The dental lamina can be considered as
a tooth field, analogous to the presumptive limb-
forming region in the lateral mesoderm of the
vertebrate body (Vogel et al. 1996). The buds
arise from a continuous lateral plate mesoderm,
but the development of each bud is controlled by
separate signaling centers, which develop from
the border between the dorsal and ventral epi-
thelium and the posterior mesenchyme of each
bud (Tabin 1992, Altabef et al. 1997, Pearse and
Tabin 1998). Signaling centers, like AER or
isthmus, control the local differences in differ-
entiation and growth of tissues by providing
spatially and temporally limited signals. There-
fore, the first signaling centers in teeth ought to
be formed from the dental lamina during the
early bud, or dental lamina stages.
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During tooth crown morphogenesis, the enamel
knots have been proposed to be signaling cen-
ters, because they are associated with the crown
base development and with the tips of each cusp
in many mammalian species (Butler 1956, Jern-
vall 1995). Since the teeth grow from the tip
down, the relative heights of the cusps depend
on the initiation times of each cusp. Likewise,
the relative locations and distances depend both
on the spatial patterning required for cusp devel-
opment and on the growth rates of the intercusp
epithelium. Hence, if enamel knots are essential
for initiation of individual cusps, changes in the
spatiotemporal control of enamel knot initiation
and removal cause evolution of cusp patterns
(Jernvall 1995, Jernvall 2000, Jernvall and
Thesleff 2000). The enamel knots had previously
been shown to express mitogen Fgf4 (Jernvall et
al. 1994.). Hence, the possibility that the enamel
knots could be signaling centers controlling the
species specific crown morphogenesis was
analyzed.

The epithelial growth downwards determines the
depths of the intercusp valleys and the total
height of the crown (Butler 1956). The sharpness
and the distances of the cusps (and the crown)
are determined by the relative growth rates of
the epithelium and the mesenchyme. For exam-
ple, for conical cusps to grow in height, the two-
dimensional epithelium must grow slower rela-
tive to the three-dimensional mesenchyme than
when growing prismatic cusps, which remain
equally wide during growth (Appendix 1). How-
ever, because mouse cusps are more complex
than simple cones (e.g., they are connected by
lophs) and the prisms of sibling vole molars
must also grow laterally, the complex mathe-
matical solutions to cusp morphogenesis, let
alone cusp placement, require spatial mapping
and analysis of morphogenesis as a whole.

The growth rates of the dental tissues depend
both on induction-inhibition cascades and on the
intrinsic rates of cellular maturation. Experi-
ments with primary cell cultures have suggested

that each cell has an internal clock that tells it
when to stop dividing (Gao et al. 1997). After
the last division, the cell withdraws permanently
from the cell cycle for terminal differentiation or
apoptosis, depending on its environment (e.g.,
hematopoiesis in Gilbert 1997). The local induc-
tion-inhibition cascades can modulate the fates
of the cells, and the cells can also retreat into
temporary quiescence, which can be reversed by
later signaling (e.g., Cornelison and Wold 1997,
Seale and Rudnicki 2000). The AER is a signal-
ing center consisting of terminally differentiated
cells, which are removed apoptotically after
AER is no longer necessary, and it has been pro-
posed that apoptosis has an important role in
regulating signaling center function (Vaahtokari
et al. 1996). Primary enamel knots consist of
quiescent cells and are downregulated apoptoti-
cally (Vaahtokari et al. 1996, Jernvall et al.
1998), but some reports claim that they may split
to produce the secondary enamel knots for each
cusp (Coin et al. 1999). This would mean that at
least some of the enamel knot cells are not ter-
minally differentiated but can change their fates
and begin to replicate again, forming the
intercusp valleys.

The exact relationships between the primary and
secondary enamel knots or the enamel knots and
crown morphogenesis are unknown. The enamel
knots’ role as inducers of cusp growth has been
debated (Butler 1956, Jernvall 1995, Lesot et al.
1996, Lesot et al. 1999), and it has also been
proposed that they provide a fixed point for
epithelial folding, although the theory of enamel
knots as a source for new cells for cusp growth
has probably been abandoned (Butler 1956). The
enamel knots seem to appear sequentially, and
the exact rate and order of appearance correlates
with the relative heights of the cusps (Jernvall
1995). Hence, understanding the relationship
between individual enamel knots as well as
between the growth and the enamel knot pattern
formation is crucial for understanding the
evolution of mouse and sibling vole molar
morphogenesis.
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Aims

The ultimate aims of this study are to create a deeper understanding of some of the developmental
and molecular principles behind morphological evolution. The model system, the muroid tooth, was
chosen firstly; because the mouse is the best known mammalian model in experimental develop-
mental biology, secondly; because the tooth is morphologically a complex organ, which develops
deterministically and has great evolutionary diversity, and thirdly; because the molecular biology of
tooth development has been extensively studied. The sibling vole was chosen as a comparison
because its teeth are morphologically very different from mouse teeth, although both animals are
muroid rodents and have similar sizes and gestation times. Since there are many unanswered
questions regarding morphogenesis and the molecular basis of tooth development, even in the mouse,
and because practically nothing was known about the development of the sibling vole dentition, the
proximate aims in this study were:

1#  to map the basic tooth morphogenesis and the expression patterns of several candidate
developmental regulatory genes and pathways and to compare them between mouse and sibling
vole teeth

2#  to analyze the role of early epithelial patterning in tooth morphogenesis and specifically in the
development of the toothless diastema region and disparate molar shapes in the mouse and sibling
vole

3#  to study the development and role of epithelial signaling centers in tooth development and in the
evolution of species specific molar morphologies

4# to analyze epithelial-mesenchymal interactions in the formation of species specific cusp patterns
by growth comparisons and in vitro recombination experiments

5#  to provide a morphological and methodological basis for further comparative work between
mouse and sibling vole teeth and the spatiotemporal analysis of pattern formation and tooth
morphogenesis.
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Results and discussion

The morphogenesis of mouse and vole teeth

The morphogenesis of the mouse and sibling
vole embryonal dentitions, and especially the
morphogenesis of M1 and the rudimentary dias-
tema tooth germs in mouse and sibling vole was
analyzed in this study from histological serial
sections. The differences in morphogenesis were
compared in order to identify the processes on
which evolution may have acted to produce spe-
cies and identity specific morphologies in these
two species. After this, expression patterns of
various candidate developmental regulators can
be correlated with morphogenetic events from
before the initiation stage to the end of differen-
tiation in order to identify the potential signaling
pathways that the heritable changes may have
affected.

The dentitions of the mouse and vole
(Articles II and III, and unpublished
observations)

All mouse and vole tooth germs arise originally
from the temporary dental lamina or from the
epithelium of the previous tooth germs. The
dental lamina begins to form from the thickened
oral epithelium first in molar and then in incisor
regions during the initiation stage. Nevertheless,
the dental laminae of each jaw quadrant are con-
tinuous epithelial structures. The dental lamina is
morphologically visible throughout the upper
diastema region. In the lower diastema region
the dental lamina is not morphologically visible,
but can be visualized with genetic markers.

The M1 is the first tooth germ to become visible
in both species (E11,5), the next being the
incisor (E12). The existence of three small rudi-
mentary upper jaw diastema tooth germs (D1,
D2 and D3) was already known in the mouse
(Turecková et al. 1995), but the sibling vole sur-
prisingly had only one rudimentary tooth germ
(D) in its upper diastema region (Figure 10).
These seem to be remnants of the primitive
placental mammalian dental formula I3/3, C1/1,
P4/4, M3/3. The rudimentary diastema tooth

germs form from anterior to posterior (E12 –
E12,5). The M2 was formed in both species at
E15. The development of M3 or potential
rudimentary incisors was not studied (Moss-
Salentijn 1978, Witter et al. 1996), but in the
common vole (M. arvalis) the M3 has been
reported to develop postnatally, and the same is
likely in the sibling vole (Štorba 1981).

The sibling vole D was in the same relative
location as the anteriormost mouse rudimentary
tooth germ D1. The single upper diastema tooth
germs of E13 bank voles (Clethrionomys rufo-
canus), E13 common voles (Microtus arvalis)
and E13 root voles (Microtus oeconomus) were
in the same relative location and developed into
large buds (not shown). The only diastema tooth
germ that could be certainly identified in E15 rat
(Rattus norvegicus) was much smaller, and
located in the anterior diastema region (not
shown).

Although the other tooth germs are initiated
from separate swellings, the M2s and M3s origi-
nate from the budding epithelium of the poste-
rior end of the molar anterior to them. Moreover,
the initial swellings of the incisors and the rudi-
mentary tooth germs are as wide along the dental
lamina as their final buds, but the M1s are ini-
tially much shorter and the epithelium continues
to invaginate into the mesenchyme posteriorly
for several days. Since M2 and M3 arise from
this posterior budding and since the initial M1
swelling has been reported to disappear apop-
totically, it has been suggested that (at least) the
upper M1 is a composite structure and that the
swelling actually belongs to some rudimentary
posterior premolar (Peterková et al. 1996).

All the tooth germs found are of the primary
dentition, which is not deciduous but permanent.
Although muroid molars would not have any
replacement teeth even according to the basic
placental dental formula during their early bell
stage (E16 in M1), the molars have a swelling in
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Figure 12. Frontal serial sections of mouse and vole M1 development (A) E11 mouse (B) E12 mouse (C) E13 mouse (D) E14
mouse (E) E15 mouse (F) E16 mouse (G) E17 mouse, (H) E11 vole, (I) E12 vole, (J) E13 vole, (K) E14 vole, (L) E15 vole,
(M) E16 vole, (N) E17 vole. The arrow indicates the possible rudimentary secondary lamina in a mouse molar. Lingual is to
the left and buccal to the right. The scale bar is 150 µm.

their lingual outer enamel epithelium, which has
been proposed to correspond to a rudimentary
secondary lamina (Figure 12F; Gaunt 1966).

Rudimentary tooth germs in mouse and sibling
vole upper diastema regions         (Article II)

The mouse D1 and the vole D become visible at
E12, whereas mouse D2 and D3 become distin-
guishable from each other and the palatal rugae
at E12,5 – E13. Morphologically, the mouse D1
and vole D are associated with the primary
choanae, but on the maxillary side, which makes
them the anteriormost teeth in the maxilla.
Because the canines are the anteriormost teeth in

the maxilla in the full placental dental formula,
these rudiments could be the rodent canines. On
the other hand, some reports suggest that the
lateral incisors (I3) may migrate from the max-
illary side of the primary choana (for a review,
see Schwartz 1982), which means that D and D1
could also represent I3, as the single still existing
rodent incisors have been identified as I2 (Luck-
ett 1985). The mouse D2 and D3 develop in
connection with the palatal rugae, at the poste-
rior end of the diastema lamina near the forming
molar buds, and are most likely to be premolars.
The exact identities of D2 and D3 are still
unclear, because some reports state that M1 is
actually a composite structure consisting of M1
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and two premolars (Peterková et al. 1996, Lesot
et al. 1998). The diastema buds do not elongate
along the dental lamina, but this may be normal,
because the incisor bud is approximately as wide
as the original swelling as shown by
wholemount in situ hybridization of the gene
expression patterns in mouse and sibling vole
upper jaws (Figures 2 and 4 in Article III).

The mouse diastema tooth germs are removed
apoptotically one day after their appearance
(E13 – E14). The sibling vole D disappears
apoptotically by E17. The apoptosis is seen only
in the epithelium. In mice the apoptosis is seen
simultaneously through the whole anlagen,
whereas in voles apoptosis begins from the neck
of the bud. The degeneration of the rudiments
can be predicted by their abnormal histodiffer-
entiation. Unlike around the molars or incisors,
the mesenchyme around the tooth germs does
not condense more than under the oral
epithelium (Figure 10).

Morphogenesis of mouse and sibling vole first
lower molars (M1s)           (Articles II and IV,
and unpublished observations)

Figure 12 shows the histological frontal sections
of the embryonic lower first molars of the mouse
and sibling vole from the initiation to the late
bell stage. The lower first molars of the mouse
and sibling vole develop at the same rate through
the same developmental stages. The tooth germs
are histologically similar, but their shapes
become increasingly different from the early bud
stage onwards. This can be seen more clearly
from the separated dental epithelia of E12- to
E13,5 mouse and sibling vole molars (Figure 13)
and in the three-dimensional reconstructions of
the basement membrane drawn from mouse and
sibling vole E14, E14,5, E15, E16 and E17
histological serial sections (Figure 14). As the
basement membrane separates the mesenchyme
and the epithelium, its final shape before the
deposition of the predentin and the enamel
defines the basic shape of the adult tooth (Butler
1956). Hence the folds of the basement mem-
brane are excellent landmarks for studying tooth
morphogenesis.

The development of M1 becomes visible when
the posterior mandibular oral epithelium thick-
ens around E11. Some cells become pseudo-
stratified, whilst cells next to the basement
membrane remain columnar. The maxillary end
of the dental lamina will develop from this
thickening. The small, roundish epithelial swel-
ling invaginates from the dental lamina into the
underlying mesenchyme in both species at E12-,
marking the initiation of molar development (not
shown).

During the early bud stage, the molar buds are
wide and the initial swelling remains in the
anterior lingual end of the E12 M1 tooth germs
(Figures 12 and 13). The posterior elongation of
the buds coincides with their narrowing. During
the bud stage, the sibling vole M1 buds elongate
faster than mouse M1 buds (Figure 13). The
swelling in the anterior lingual epithelium disap-
pears in both species, and the mesenchyme con-
denses around the developing molar bud. In both
species, the buccal mesenchyme condenses more
than the lingual mesenchyme.

The bud to cap stage transition begins in both
species with the formation of the primary enamel
knot. The full length of the primary enamel knot
at E14 is 160 µm in voles and 200 µm in mice.
The initiation of cervical loops around the pri-
mary enamel knot marks the beginning of the
cap stage. The cervical loops define the future
crown base by growing around the condensed
mesenchyme under the tip of the bud (Figure
12). From widening of the separated E13,5 epi-
thelia (Figure 13) it can be seen that the cervical
loops first begin to grow around the anterior end
of the primary enamel knot, which is also the
first part of it to differentiate (see below). The
lingual cervical loop is initiated first. Since the
lingual cervical loop also grows faster than the
buccal cervical loop, the tooth crown base has by
E15 or early bell stage a distinct lingual bias
(Figure 12E, 12L). By E15, most of the primary
enamel knot has in both species been removed
apoptotically (not shown) or downregulated (see
below). The remnant of the primary enamel
knot, which was originally in the middle of the
bud tip, is at E15 on the buccal side of the crown
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Figure 13. Separated epithelia from mouse and vole M1s in temporal order from E12- to E13,5, showing the expression of Shh
in the vole (A), Lef1 in the mouse (B), p21CIP1/WAF1 in the mouse (C) and Shh in the mouse (D). The tissues are arranged from
youngest to oldest according to their morphologies, young up and old down. Though the vole molars are at E12- appr. as long
as mouse molars (not shown), at E13 the vole molars (A) are longer than mouse molars (D). The mouse Shh expression is
divided into two columns. The epithelia are shown from antiocclusal direction. Anterior is to the left and buccal up.
Arrowheads point at the initiating cervical loops during the bud to cap stage transition. The lingual cervical loop begin to grow
first. Arrows indicate the early epithelial signaling center. The scale bar is 200 µm.



47

 (Figure 12L). These remnants in both species
are associated with the protoconid, which begins
to grow after E15 (Figure 14).

After the bud to cap stage transition, the crown
base mesenchyme differentiates into the dental
papilla and the columnar epithelium next to it
becomes the inner enamel epithelium (Figure
12). The stratum intermedium and outer enamel
epithelium, as well as the stellate reticulum
begin to differentiate. Enamel chords have been
seen both in the mouse and sibling vole
(MacKenzie et al. 1992, not shown), extending
buccally from the primary enamel knot to the
outer enamel epithelium. The condensation of
the dental papilla mesenchyme becomes slightly
unequal at the late cap stage. This inequality
becomes more distinct during the bell stage.
Mesenchymal differentiation, however, follows
the formation of epithelial enamel knots.

Geographic Information System (GIS) -analysis
of three-dimensional reconstructions shows that
at E14 mouse and vole crown bases are equally
large (Figure 14, Table 3). However, between
E14 and E15, the vole molars elongate over
three times as fast as the mouse molars and their
surface area, occlusal area and volume increase
over twice as fast as in mouse molars (Tables 3
and 4). The growth rates then drop to about the
same as in mouse molars (Table 4), but the
length difference seen at E15 (60%) is not the
same as the final difference (92%) in M1 lengths
between the species. This means that the vole
tooth germs grow faster (or longer) than mouse
tooth germs before mineralization.

The ratios of epithelial surface area/occlusal
area, measured from three-dimensional recon-
structions of mouse and sibling vole M1 crowns
at one day intervals, remained constant in both
species (Table 3). However, the species-specific
ratios were different (average 1.27 for mouse
and 1.52 for sibling vole M1). The relationship
between the mouse/vole crown volumes and
occlusal areas are about 0.63±0.03 of the
relationship between mouse/vole surface areas
and occlusal areas at E14, E15 and E16. The
latter values also define the occlusal complexity,

E14

E14,5

E15

E16

E17

E14

E14,5

E15

E16-

E16

E18

Mouse Sibling vole

Figure 14. Three-dimensional reconstructions of mouse and
vole molar crown development at E14, E14,5, E15, E15,1,
E16, E17 and E18 seen from the shape of the basement
membrane. Except for vole E14,25, vole E15,1, mouse
E17,01 values and adult distances, the values in Tables 3, 4
and 5 are from these reconstructions. The arrows point to the
center of the primary enamel knot. Anterior is to the left and
buccal up. The scale bar is 200 µm.

which is a measure of the relative height differ-
ences of the cusp and intercusp areas in the
occlusal area. Because occlusal complexity is
constant, the increase in crown folding can be
predicted by calculating the occlusal complexity
at the cap stage (Table 3). Moreover, it can be
inferred that the shapes of the cusps depend on
the relationship between epithelial and mesen-
chymal growth rates. The degree of folding
cannot, however, be used for predicting the
pattern of folding (Appendix 1). It is notable that
the shapes of the second and third molars of the
mouse or vole more resemble the first molars of
the same species than the second or third molars
of the other species (Figure 1 in Article II). This
might be explained if the constancy of species
specific relationships between epithelial and
mesenhymal growth rates in M1 could also be
applied to the development of other molars.
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Table 3. The surface areas (S) and occlusal areas (Occl.) and occlusal complexity (S/Occl.) in mouse (m) and sibling vole (v)
M1 at different stages from E14 to E18. The average S/Occl. for mouse is 1.27 and the average S/occl. for sibling vole is 1.52.

Species Age Surface area (µm) Occl area (µm) S/Occl. Volume

m 14.00 33480.14 27344.16 1.22 985336

m 14.50 29704.60 25320.48 1.17 574774

m 15.00 66325.93 53982.48 1.23 2856752

m 16.00 117260.65 89817.12 1.31 6382404

m 17.00 188802.01 146867.76 1.29 11029768

m 17.01 208021.92 152184.00 1.37 18342737

v 14.00 40936.61 27776.64 1.47 1821869

v 14.25 54938.29 37099.44 1.48 2727179

v 15.00 138964.62 83431.92 1.67 10890368

v 15.10 134075.51 89237.76 1.50 9244139

v 15.75 169676.55 107357.04 1.58 15522754

v 16.00 225788.28 161878.08 1.39 19514402

v 18.00 416370.97 272282.88 1.53 30966853

_________________________________________________________________________________

Table 4. Differences between the stages in mouse and sibling vole teeth. The size of the later stage from Tables 3 and 5 is
divided by the size of the earlier stage. For surface area, occlusal area and volume, both E15 and E15,1 vole values were used,
thus giving a range between which the actual values may vary.

length growth surface growth occlusal growth volume growth
m14-m15 1.38 1.98 1.97 2.90
m15-m16 1.23 1.76 1.66 2.23
m16-m17 1.07 1.61 1.64 1.73
v14-v15 2.17 3.28 – 3.39 3.00 – 3.21 5.07 – 5.98
v15-v16 1.20 1.62 – 1.68 1.81 – 1.94 1.79 – 2.11

_________________________________________________________________________________

Table 5. The lengths of the crown base (L) and the distances between the approximate center of the protoconid enamel knot
and the anterior edge of the crown (AntP) in E14 – adult mouse (M) and sibling vole (V), and the protoconid – anterior edge
distance divided by the crown length. Note that the tip of the mouse cusp is always a bit posterior to the enamel knot, and this
can distort the adult measurement. The distances are measured in micrometers and the relationships are given as percentages.

L   (µm) AntP   (µm) AntP / L   (%)

M14 265 - -
M15 365 135 37.0
M16 450 150 33.3
M17 485 170 35.0
M(adult) 1480 560 37.8
V14 270 - -
V15 585 400 68.4
V16 700 430 61.4
V18 905 575 64.5
V(adult) 2840 1860 – 1900 65.5 – 66.9
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Figure 15. The evolutionary (in italics) and developmental
(in bold) orders of cusp appearance in mouse and vole mo-
lars. a anteroconid, a anterior, b buccal, e entoconid, h
hypoconid, l lingual, m metaconid, p posterior, pa para-
conid, po posteroconid or posterolophid pr protoconid. The
scale bar is 1 mm.

In adult molars, the cusps form a buccal and a
lingual  row, which extend posteriorly and  ante-
riorly from the protoconid and the metaconid. In
mouse and sibling vole molars, new cusps are
always initiated at the ends of the rows (Figures
15 and 16). Although the mouse anteroconid
seems to consist of two cusps, its mesenchymal
component actually consists of three cuspules,
which partially fuse during mineralization (not
shown). Since the sizes of and distances between
the cusps depend on their growth rates and the
times of cusp development, the last forming
cusps at the ends of the rows are smaller and
closer together than the earlier forming cusps.
Hence, the cusp rows converge at their ends.

The number of cusps in a row depends on the
rate of cusp initiation and on the time window
for initiating new cusps. The rate of cusp initia-
tion is faster in voles than in mice. As seen from
the three-dimensional reconstructions of devel-
oping mouse and vole M1s, all the cusps can be
seen in E17 vole M1 (Figure 16), whereas in
mouse M1 the last cusp begins to grow at E18
(not shown). Cusp sizes seem to be more equal

in vole M1s, where the cusps are initiated closer
to each other (Figures 9 and 15).

Each cusp is associated with its own, histologi-
cally distinct, enamel knot (Figures 12 and 16).
In the forward slanting separate mouse cusps
they are roundish, separate structures on the
anterior side of the cusp tip. In vole cusps, the
initially roundish enamel knots are remodeled.
They become histologically less distinct and
widen laterally with the anterior edges of the
prisms, fusing centrally with each other. The
remodeling of the vole enamel knots correlates
both with the lateral growth of the prisms (see
below), and the development of the central ridge
(Figure 16).

Mouse Sibling vole
A

B

C
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F

Figure 16. Three-dimensional reconstruction of Fgf4 exp-
ression in the enamel knots of the bell stage mouse and vole
M1s. (A) E15 mouse, (B) E16 mouse, (C) E17 mouse, (D)
E15 vole, (E) E16 vole, (F) E17 vole. The scale bar is 100
µm.
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The basic developmental pathways are conserved in the teeth of mouse and sibling vole

The differences between mouse and vole denti-
tions arise either from qualitative differences in
the tooth developmental program, or because the
program is controlled differently in mouse and
sibling vole. To confirm or reject these hypothe-
ses, the expression patterns of several genes
belonging to different signaling pathways were
compared in the embryonic tooth germs of both
species. The selection included the secreted sig-
naling molecules, Bmp2, Bmp4, Fgf4, Fgf8 and
Shh, as well as transcription factors Lef1, Msx1,
Msx2, Pax9 and Pitx2, and a cyclin dependent
kinase inhibitor, p21CIP1/WAF1. Most of these
genes are known to be important for tooth
development in mice (see Tables 1 and 2). How-
ever, it was not certain if these genes have simi-
lar effects in other species. Haploinsufficiency of
Msx1, e.g., leads to missing teeth in humans, but
it has no detectable effect on tooth development
in mice (Satokata and Maas 1994, Vastardis et
al. 1996, Hu et al. 1998). Hence, to understand
the developmental basis for morphological
change it was necessary to assess the degree of
conservation of mouse and vole tooth develop-
mental programs. After this, the evolutionary
importance of the individual genes and pathways
can be further evaluated.

The gene sequences are conserved between
mouse and vole        (Articles II and III,
unpublished observations)

All antisense-RNA probes made from mouse
cDNA sequences hybridized specifically to vole
tissues. The genes were expressed at similar
stages in the same cell types in the mouse and
vole, although the exact morphologies of the
tissues were different. Paralogous genes be-
longing to the same gene family were expressed
differently when compared to each other, but the
differences were similar in both species. Because
the sequences of the orthologous genes in the
two species are closer to each other than the
sequences of the paralogous genes in the same
species, this proves that the probes hybridized
specifically. However, some probes hybridized
less efficiently in vole than in mouse tissues,

probably because of the sequence differences,
whereas Msx2 and Wnt6 (not shown) actually
seemed to hybridize more strongly in vole than
in mouse tissues. It is not known whether this is
an artifact or represents genuinely stronger
expression in voles than in mouse. This question
can be solved by cloning the sibling vole Msx2
and Wnt6 sequences from corresponding areas
and by doing a comparative in situ hybridization
with both mouse and vole probes and tissues. In
contrast, of the probes used only Shh, which at
the protein level is 96% identical between rat
and mouse and 84% between rat and chicken
(Roelink et al. 1994), worked in opossum
tissues. Lowering the hybridization stringency
did not improve the results. One reason for this
was probably that whilst it increased the
hybridization between less identical RNA
sequences, it also increases the unspecific
backgound. Also, it is possible that the treatment
for post-natal opossum tissues might be different
from the treatment of embryonic tissues. This
indicates that the optimization of conditions may
take time, and that although cross-species in situ
hybridization can be a useful method for
comparing closely related species, it does not
necessarily work for more distantly related
species. Hence, it is advisable to test each new
probe even in closely related species.

The hybridization efficiency of the probes also
varied according to their length and general
specificity. Because the digoxygenin molecules
are very large, whereas 35S-UTP molecules are
small, fewer digoxygenin molecules than 35S-
UTP molecules could be incorporated in the
same length of RNA. Since each antisense-RNA
binds into one mRNA molecule, the staining
efficiency is lower with digoxygenin labeled
probes than with the radioactive probes. Hence,
as a rule, shorter probes could only be used for
radioactive in situ hybridization, whereas longer
probes could also be used for wholemount in situ
hybridization. Some probes were associated with
more background signal than others, and this
may reflect either low levels of background
expression or unspecific hybridization into a
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Figure 17. Small time interval comparisons of the expression patterns of Fgf4, Lef1, p21CIP1/WAF1 and Shh during mouse molar
crown development. The growth factor Fgf4 is the last gene to appear and it is only expressed in the enamel knots, which de-
velop on the common overlap areas of the other genes The tissues are arranged from youngest to oldest by shape, the youngest
being above. Tissues of equal developmental stage are at the same level. Anterior is to the left and buccal is up. The scale bar
is 200 µm.
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distantly similar, ubiquitously expressed RNA.
The signal strengths varied from one reaction to
another, which means that in situ hybridization
can only be used as a semiquantitative method
for detecting local patterning and for assessing
the relative strength differences in gene expres-
sion within a sample.

The genes are expressed similarly in mouse and
vole molars        (Articles I, II, III and IV,
unpublished observations)

To see if the usage of the signaling pathways
during tooth development is conserved, the
expression patterns of the studied genes was
matched roughly to the tissues and the develop-
mental stages in the M1s of the two species.
Since the studied genes represent several par-
tially dissociable pathways, it was thus also pos-
sible to see which pathways might be affected
during the morphological divergence of mouse
and sibling vole. The spatiotemporal correlations
between the gene expressions and various
structures in the developing molars of mouse and
sibling vole are shown in Table 1 in Article II.

Although the radioactive in situ hybridization
was more sensitive for detecting weak signals,
the wholemount in situ hybridization was more
useful for visualizing the three-dimensional
relationships of the expression patterns and mor-
phogenesis. Wholemount in situ hybridization
was especially useful for the analysis of early
expression of developmental genes during the
initiation stage. By separating dental epithelia,
wholemount in situ hybridization could be used
for small time interval analysis of the formation
of the enamel knots during the cap and bell
stages. Figures 2 and 4 in Article III show the
expression patterns of Bmp2, Pitx2 and Shh
during the formation of the individual tooth
germs in mouse and vole upper and lower jaws
and Figure 17 shows how the expression patterns
of Lef1, Shh, Fgf4 and p21CIP1/WAF1 change
during the formation of the enamel knots in
mouse molars.

Figure 4 in Article II and Figures 5 and 6 in Ar-
ticle III show the expression patterns of tran-

A B

Figure 18. The frontal section of opossum (Monodelphis
domestica) tooth germ (A) and palatal ruga (B) showing the
expression of Shh. The scale bar is 100 µm.

scription factors Lef1, Msx1, Msx2 and Pax9 and
cyclin dependent kinase inhibitor p21CIP1/WAF1 in
the frontal sections of mouse and vole molars.
All these genes are expressed in similar tissues
and at similar stages in both species. The tran-
scription factors Msx1 and Pax9 are seen only in
the mesenchyme, but Lef1 and Msx2 are
expressed also in the epithelium, whereas
p21CIP1/WAF1 is seen clearly only in the epithe-
lium. Figure 3 in Article II and Figures 4 and 6
in Article III show the expression patterns of the
secreted signaling molecules Bmp2, Bmp4, Fgf4,
Fgf8 and Shh in the frontal sections of mouse
and vole molars. After the initiation stage, Bmp4
is primarily expressed in the dental mesen-
chyme, but the rest of the signaling molecules
are expressed in the epithelium. Since Shh is
expressed in similar locations (enamel knots and
palatal rugae) as in the mouse and vole even in
the opossum (Monodelphis domestica) (Figure
18), the (tooth) developmental programs seem to
be very conserved. On the other hand, the vole
M1 anterior and lingual swellings expressed Fgf4
and Fgf8, whereas mouse swellings did not,
suggesting that the developmental programs can
also change. This was the only qualitative gene
expression difference detected between mouse
and vole molars, and its morphogenetic signifi-
cance remains to be studied.

At all stages, the mesenchymal gene expression
patterns were quite uniform through the dental
mesenchyme in both species. The main mesen-
chymal patterning seen was buccal lingual
asymmetry or dental identity specific differences
(Table 1 in Article II). However, the epithelial
expressions were often localized to distinct parts
of the epithelium (Table 1 in Article II). The
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limitation of gene expression in the epithelium
was often correlated with the differentiation of
ameloblasts and stellate reticulum (Figures 3 and
4 and Table 1 in Article II), but at various devel-
opmental stages there were areas of epithelium,
which co-expressed signaling molecules (e.g.,
Bmp2, Bmp4, Bmp7, Fgf8, Fgf4, Shh and
Wnt10a). This co-expression was associated
with early epithelial swellings of the tooth germs
or in the primary and the secondary enamel
knots (Table 1 in Article II, Figures 13, 17 and
19). The correlation between differentiation or
morphology and gene expression was similar in
both species, but the shapes of the expression
patterns within the epithelium were different.
Thus, the potential patterning controlling the
morphological differences was associated with
the epithelium.

The gene expression patterns are also visible in
the tooth gene expression database
(http://honeybee.helsinki.fi/toothexp/).

E12 E14,5 E16

Figure 19. The expression of Wnt10a in the placodes and
crown areas of the mouse molars. During crown morpho-
genesis Wnt10a is expressed in a wide area overlapping the
enamel knots and in part also the other genes. The scale bar
is 200 µm.

Cross-species recombinations of mouse and vole
tissues can produce a tooth        (Unpublished
results)

Although the studied genes represent several
signaling pathways, many other essential path-
ways may be omitted. However, during recom-
binations each tissue reacts according to its spe-
cies specific genome to the signals expressed by
the other tissue with a different genome, which
means that the analysis of the results is based on
all signals during morphogenesis. Hence, the
most impressive proof of the conservation of
tooth developmental pathways was the teeth
produced by cross-species tissue recombinations.

Initiation stage (E11) or cap stage (E14) mouse
and sibling vole M1 dental epithelia were
recombined with dental mesenchymes of the
same age from the other species. In this way
morphogenesis could be separated from the
question of identity (see below). Four kinds of
recombinations were done in both age groups,
mouse epithelium – mouse mesenchyme, mouse
epithelium – vole mesenchyme, vole epithelium
– mouse mesenchyme and vole epithelium –
vole mesenchyme.

Teeth with conical cusps and roots were identi-
fied as mouse molars, whereas rootless teeth
with prismatic cusps were identified as vole
molars. The exact arrangement of the cusps in
relation to each other was usually abnormal.
However, within these parameters, control
mouse – mouse recombinations always produced
mouse molars and vole – vole recombinations
vole molars. Some of the cross-species recombi-
nations, especially E11 vole epithelium – E11
mouse mesenchyme were unsuccessful, produc-
ing hairs instead of teeth or intermediate
morphologies (not shown). Hairs, like teeth, are
epithelial mesenchymal appendages, and many
of the same genes are involved in the develop-
ment of both teeth and hairs (e.g., Botchkarev et
al. 1999, St-Jacques et al. 1998, Chiang et al.
1999). Hence, it is possible that the early pertur-
bations in the tooth developmental program lead
to hair development instead. It is also possible
that in addition to the dental epithelium, the
early mandibular epithelium included future hair
producing area, and that although teeth failed to
develop, the hairs did not. However, most of the
recombinations produced histologically normal
teeth (Figure 20) with recognizable species
specific cusp morphologies.

The successful recombinations between E11
mouse epithelium and E11 vole mesenchyme
produced mouse molars, and E11 vole epithe-
lium recombined with E11 mouse mesenchyme
produced vole molars (not shown). On the other
hand, the recombinations between E14 mouse
epithelium and E14 vole mesenchyme produced
vole molars (Figure 20), whereas recombinations
between E14 vole epithelium and E14 mouse
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mesenchyme produced mouse molars. Even the
second molar, which was often formed, showed
the mesenchymal identity of shape (not shown).
Because in early recombinations the epithelium
determined the tooth shapes, whereas in late
recombinations the shape was controlled by the
mesenchyme, morphogenesis did not depend on
the species specific sequences of the extracellu-
lar matrix or signaling molecules produced by
the epithelium or mesenchyme. Moreover, since
in late recombinations the control of morpho-
genesis was mesenchymal and the mesenchymal
gene expression is not spatially patterned until
later during morphogenesis, the crown growth
and enamel knot pattern formation is likely to be
controlled by general mesenchymal induction,

which acts on all parts of the epithelium.

Hence, both mouse epithelium recombined with
vole mesenchyme and vice versa produced teeth,
which often have cusp shapes and roots that
recognizably belonged either to a vole or to a
mouse. Even when the teeth were malformed,
the tissues were arranged as in a normal tooth.
This means that, even though the individual
protein sequences have probably diverged
slightly, the genes and signaling pathways used
for tooth development are the same in both spe-
cies. Moreover, because teeth with discernible
morphologies are formed, not only the pathways
essential for histodifferentiation, but also those
for pattern formation are conserved.

B

C

D

E

F

G

H

A

Figure 20. Recombinations between E14 mouse and E14 vole molar tissues cultured in nude mouse kidney capsules. When
E14 mouse epithelium was recombined with E14 vole mesenchyme, vole-like teeth developed (A, B), whereas when E14
mouse epithelium was recombined with E14 vole mesenchyme, mouse-like teeth developed (C, D). Control recombinations
E14 mouse epithelium and mouse mesenchyme produced mouse-like (E, F) and E14 vole epithelium and vole mesenchyme
produced vole like teeth (G, H). The scale bar is 1.5 mm for B and G, and 1.0 mm for A, C – F and H.

Epithelial signaling centers

In both mouse and sibling vole, the areas of
Bmp2, Bmp4, Fgf4, Fgf8, Lef1, Msx2,
p21CIP1/WAF1, Shh or Wnt10a co-expression cor-
relate with the development of dental formulas,
the bud to cap stage transition and the initiation
of individual cusps. Cap and bell stage co-ex-
pression correlates with primary and secondary
enamel knots (Table 1 in Article II), whereas the
early co-expression was seen in the initial
epithelial invaginations of the individual tooth

germs. Because pattern formation depends on
local gene expression differences, and these ar-
eas co-expressed many secreted signaling mole-
cules, it is likely that these areas are signaling
centers controlling tooth morphogenesis. The
enamel knots are histologically visible even
without gene expression data, and hence their
role in tooth morphogenesis has been debated
(Butler 1956). The existence of the early epithe-
lial signaling center, however, had not previ-
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ously been recognized because it is not his-
tologically detectable without gene expression
data (Figures 10, 12 and 13).

Enamel knots as epithelial signaling centers       
(Articles I and II, unpublished observations)

The in situ hybridization analysis of mouse mo-
lars showed that the enamel knots express most
of the studied secreted growth and differentia-
tion factors. These molecules are also expressed
in other signaling centers, like ZPA and AER in
limbs, suggesting that enamel knots are signaling
centers. The primary enamel knot began to
develop before the bud to cap stage transition, as
the tip of the molar bud epithelium began to
express p21CIP1/WAF1, Lef1 and Shh (Figure 13).
The p21CIP1/WAF1 expression probably correlates
with epithelial quiescence, because in mouse
molars, the p21CIP1/WAF1 expressing area does not
show BrdU labeling, which correlates with
mitotic activity (Figures 1 and 2 in Article I).
The development of the primary enamel knot
began from the anterior end of the bud. This
probably correlates with the later initiation
patterns of cervical loops (see above).

The in situ hybridization comparison of the pri-
mary and secondary enamel knots of the two
species showed that they expressed Bmp2,
Bmp4, Fgf4, Lef1, Msx2, p21CIP1/WAF1, Shh and
Wnt10a (Figures 3 and 4 in Article II, Table 1 in
Article II, Figures 13, 17, 19 and 21). Of these
genes, only Fgf4 was limited to the enamel
knots, whereas the others had wider and partially
overlapping expression areas, which changed
constantly. The expression of Bmp7 in mouse
primary enamel knot was noted, but not further
investigated (Figures 1 and 2, Article I).

Epithelial Lef1 has been shown to be essential
for the cap stage transition, but dispensable for
later morphogenesis (Kratochwil et al. 1996).
Because Lef1 is strongly upregulated in all
enamel knots of both species (Figure 4 in Article
II and Table 1 in Article II, Figure 17), it may be
essential for the differentiation and function of
the primary enamel knot, but not the secondary
enamel knots. Moreover, the primary enamel

knot and the first secondary enamel knots of
both mouse and sibling vole express Bmp2, but
this expression is lost at E15, after the bell stage
transition is over (Table 1 in Article II). Thus, it
is associated mainly with the primary enamel
knot. Hence, the primary and secondary enamel
knots may be quantitatively different, although
the gradual loss of Bmp2 expression from the
primary enamel knot and the presence of Bmp2
in the first secondary enamel knots of both
species suggest that the differences are stage
rather than signaling center specific.

The appearances of Bmp4 and Msx2 have been
associated with the apoptotic removal of enamel
knots (Article I, Jernvall et al. 1998). The
apoptotic remodeling of the primary enamel knot
occurs in both species (not shown). Because
AER is also removed apoptotically (Vaahtokari
et al. 1996), apoptosis may be an important
mechanism for controlling the spatiotemporal
pattern of signaling center function.

Early epithelial signaling centers         (Articles
II and III, unpublished observations)

Whilst the evolution of species specific cusp
patterns is realized by changes in the late
molecular pattern formation, the recombination
experiments (see above) indicate, that also the
early epithelial patterning events are important.
More detailed expression comparison between
the species showed that the initial swellings of
the budding tooth germs co-expressed Bmp2,
Bmp4, Lef1, p21CIP1/WAF1, Shh and Wnt10a (Fig-
ure 13 and 19, Figures 3 and 4 in Article II, Fig-
ures 4, 5 and 8 in Article III). This suggests that
they also consist of quiescent or slowly dividing
cells. It further indicates that it is a local source
of various secreted signals. The expressions of
Bmp4 and Bmp2 have been proposed to be
involved in the apoptotic removal of these struc-
tures (Turecková et al. 1995, Peterková et al.
1998). Although our TUNEL stainings could not
detect any apoptosis in the initial swellings of
molars of either species (not shown), as reported
in mouse molars (Peterková et al. 1998, Viriot et
al. 1998), the signaling area became smaller and
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disappeared in both species, suggesting at least
downregulation of gene expression.

Because all the initial swellings of the tooth
germs budding from the dental lamina expressed
at least a subset of these molecules, these areas
probably are early epithelial signaling centers,
analogous to enamel knots. As the differentiation
of the early epithelial signaling center coincides
with the local invagination of the epithelium, it
is likely that the signaling from the initial
epithelial swellings are involved in the determi-
nation of tooth locations and the budding of the
tooth germs. The same has been proposed on
purely morphological grounds by Westergaard
and Ferguson (1986, 1990) regarding early
alligator tooth germs.

It is interesting to note that in the sibling vole the
M1 (but not the diastema bud) early epithelial
signaling centers expressed Fgf8 and Fgf4,
whereas in the mouse none of the studied early
epithelial signaling centers expressed these
genes (Figure 3 in Article II, Figure 6 in Article
III). This expression continued in the vole (al-
though in a diminishing area) until the primary
enamel knot was induced. Therefore, the early
signaling center of vole M1 seems to be qualita-
tively different from that of mouse M1. In addi-
tion, the early epithelial signaling centers of the
rudimentary diastema tooth germs appear to be
qualitatively different from the molar signaling
centers (Table 6 in Article III). These differences
between the rudimentary tooth germs and
molars, however, may be related to the develop-
mental arrest of the rudimentary tooth germs.

Conservation of signaling center programs
(unpublished observations)

Since the same genes and pathways are used
repeatedly in the signaling centers of different
organs and even in the different signaling centers
during tooth development (Figure 21), it seems
that whenever a few robust modules for a “sig-
naling center” are induced, a new signaling cen-
ter is generated and it can organize development.
The same genes are also involved in the pat-
terning of other epithelial-mesenchymal append-

ages like hair and feather placodes (St. Jacques
et al. 1998, Jung et al. 1998) and the branching
morphogenesis of the lung (Figure 2B; Bellusci
et al. 1997a, b). It has been hypothesized that as
the co-option of conserved autoregulatory cas-
cades is facilitated by their dissociability, the
likelihood that they become significant molecu-
lar mechanisms for controlling organogenesis
increases, whereas the molecular interactions
within the signaling cascades become more con-
served (Gerhard and Kirschner 1997, Kirschner
and Gerhard 1999). Thus, hierarchical modular-
ity (Figure 4) simultaneously increases the
evolvability of morphogenetic mechanisms and
the conservation of developmental signaling
pathways.

Bmp2
Bmp4
(Fgf4)
Fgf8
Lef1
p21
Shh

Bmp2
Bmp4
Fgf4
Lef1
p21
Shh

Bmp4
Fgf4
Lef1
p21
Shh

early epithelial
signaling center

primary
enamel knot

secondary enamel knot(s)

Figure 21. Comparison between the expression profiles of
the analyzed genes in placodes, primary enamel knot and the
secondary enamel knots. The Bmp2 expression is down-
regulated in the secondary enamel knots after E15, whereas
the mouse placodes do not express Fgf4 or Fgf8. The gradual
shift in expression profiles between vole placode and
primary enamel knot and the mouse and vole primary and
secondary enamel knots (not shown) suggests that the
combinations of placodal and enamel knot signals depend on
the current differentiation status of the tissues.

Because multiple signaling pathways often form
autoregulatory loops (Table 2, see Literature
review), the induction of an autoregulatory sig-
naling cascade in a new developmental context
is possible. Thus, interconnectivity has probably
facilitated the developmental co-option of the
same signaling center programs for different
purposes during tooth development. The ob-
served rapid change and variability in cusp pat-
terns (Guthrie 1965, Martin 1993, Jernvall 2000)
suggest that the cusp determination program can
be activated or deactivated easily, which implies
that only a few controls are required at any par-
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ticular location to switch the program on. As an
example of this, because the cusps can evolve
from different morphological features, the local
conditions for secondary enamel knot different-
iation are likely to have arisen from different
initial combinations of signaling pathway
activators. Hence, although the developmental
origin of the cusps is variable, it seems that a
similar signaling center can be easily applied in
different developmental contexts by chance co-
expression of necessary signaling pathways.
Thus, new morphological features can evolve by
an initially random overlap pattern of a few
signaling modules, which create a heterotopic
signaling center. This produces new local signals
which can be interpreted by the target tissues
according to their developmental context.

The autoregulatory interactions mean that once a
signaling center is activated, it is likely to be
self-maintaining. Because the pathways are
interconnected according to similar rules in all
signaling centers, “gratuitous” gene expression
is also possible. The expression of Lef1 is e.g.,
only essential for the transition from the bud to
cap stage, although it is expressed also in the
early epithelia signaling centers and the secon-
dary enamel knots.

Different signaling centers can have similar pat-
terning functions. In both the mouse and the
sibling vole, the M1 primary enamel knot is
induced into the tip of the bud after the early
epithelial signaling center has become com-
pletely downregulated (Figure 13). The correla-
tion between gene expression patterns and mor-
phology in mouse molars (Figure 17) indicate
that the first signaling center found in M2 can be
classified as its primary enamel knot, as it is
associated with the beginning of the cap stage.

The same is also likely in the vole. As M2 does
not have a separate early epithelial signaling
center, both early epithelial signaling centers and
primary enamel knots are hence involved in
determining the dental formulas along the dental
lamina and structures derived from it. Though
not verified with small time interval analysis,
E13 Bmp2 and Shh expression in incisors, but
not in molars, suggests that (at least) in muroid
rodents, the early epithelial signaling centers and
the primary enamel knots form one continuous
signaling center in incisors, unlike the situation
in molars (see, however, Kieffer et al. 1999).

If the first signaling center, which defines the
location of the tooth germ, also induces its
crown base, it is possible that the primary
enamel knots of the mouse and sibling vole M1s
are their first actual signaling centers. If this is
so, the early epithelial signaling centers in the
anterior ends of the molar buds would actually
be signaling centers for rudimentary premolars,
which never develop beyond the early bud stage
(Peterková et al. 1996, Lesot et al. 1998). Like-
wise, since the muroid molar primary enamel
knots develop into the secondary enamel knots
of the protoconid, it is possible that, primitively,
the dental signaling centers of unicuspid teeth
were early epithelial signaling centers, which
later differentiated into enamel knots. Hence, the
early epithelial signaling centers, the primary
enamel knots and the secondary enamel knots
are all likely to be copies of the same primitive
dental signaling center, their morphogenetic
functions only depending on context. The later
evolution of multicusped teeth would then have
been accomplished by evolutionary innovation,
which would have enabled the induction of
additional dental signaling centers in the same
tooth germ.

Early epithelium and dental formulas

Before the actual tooth morphogenesis begins,
the future tooth forming areas can be visualized
with expression of several epithelial genes, first
Bmp4, Fgf8, Lef1, Msx2, Pitx2 and Shh, then
Bmp2 and p21CIP1/WAF1. Of these genes, at least
Bmp4, Fgf8, Msx2, Pitx2 and Shh have been

shown to be involved in initiation of tooth germs
(Table 1). The expression patterns of the rest
also suggest a function in the early development
of teeth (see above). Many of these genes
(Bmp2, Lef1, p21CIP1/WAF1, Pitx2 and Shh) are
initially expressed in the dental lamina or its
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derivatives, whereas others (Bmp4, Fgf8 and
Msx2) may have wider expression areas. By
comparing their expression patterns with tooth
morphogenesis in the molar and diastema
regions, it is possible to assess their possible
roles in development and the evolution of dental
formulas.

Individual tooth germs develop from a
continuous dental lamina       (Article III)

The sites of budding tooth germs are marked by
the early epithelial signaling centers, which
differentiate from the dental lamina after E11.
Although the dental lamina may be morphologi-
cally indistinct (e.g., in the mandibular diastema
region of mouse), it can be visualized with
marker genes like Pitx2 or Shh (Figures 2 and 4
Article III), see also Dassule and McMahon
1998) The first gene to be expressed in the fu-
ture dental lamina is Pitx2, which is seen in the
stomodeal epithelium as early as E8,5 (Muc-
chielli et al. 1997). The expression of Pitx2 is
continuous and soon followed by dynamic
Bmp4, Fgf8, Lef1, Msx2 and Shh expression in
partially overlapping areas. The expressions of
Bmp2 and p21CIP1/WAF1 follow later, when the
individual tooth germs are being formed.

During initiation of individual tooth germs, the
previously continuous dental lamina expression
of genes like Shh (Figure 4 in Article III) and
Lef1 (not shown) becomes limited to small areas
of lamina and is upregulated there. However,
Pitx2, is at least in molars and incisors expressed
in the dental epithelium outside the actual
signaling center area (Figure 2 in Article III).
The gene expression patterns indicate that the
rudimentary diastema tooth germs also have
signaling centers (Figures 4, 5, 8 and 9 in Article
III). The formation of the dental lamina and the
upregulation and complementary downregula-
tion of genes into the early signaling centers of
even rudimentary tooth germs suggest that
induction-inhibition loops define the locations of
individual tooth germs (see below).  Because the
limitation of expression occurs within the
epithelium, the determination of dental formulas
is likely to depend on early epithelial signaling.

However, the phenotypes of ActivinβA-/- or
Msx1-/-/Msx2-/- targeted mutant mice suggest
that early tooth development may also involve
permissive signals from (epithelially induced)
dental mesenchyme.

Early epithelium controls the positional
identities of the tooth germs      (Article III,
unpublished results)

To see if the epithelium controls the identity of
the tooth germs, the E11 incisor-molar recom-
bination experiments of Kollar and Mina (1991)
were repeated. The recombinations between
incisor epithelium and molar mesenchyme
produced incisiform teeth, whereas reciprocal
recombinations produced molariform teeth (not
shown). These results support reports, which
suggest that the early oral epithelium determined
the tooth type (Lumsden 1988, Kollar and Mina
1991). Therefore, it can be concluded that the
positional identities of the tooth germs are
determined before their initiation by epithelial
signals.

Pax9
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Bmp4

Msx2
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Figure 22. The likely disturbance mechanism of mesen-
chymal Bmp4-signaling pathway in the vole diastema
region. The Bmp4 expression is relatively stronger in the
anterior maxilla than in the posterior maxilla or premaxilla
in both species. The inhibition of Pax9 expression by Bmp4
leads to the downregulation of mesenchymal Bmp4 sig-
naling and subsequent loss of Bmp4-dependent transcription
factors The schematic diagram has been adapted from Chen
et al. (1996), Neubüser et al. (1997) and Peters and Balling
(1999).
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Table 6 Comparison between expression of the analyzed developmental genes in epithelia and the mesenchymes in develop-
ing diastema tooth germs (upper rows) and molars (lower rows) of sibling vole. ++ indicates strong expression, + moderate,
(+) weak but detectable, – indistinguishable from the basal expression or background, NA not analyzed. Note that the correla-
tions with the morphological features were not analyzed, because the diastema tooth germs are so simple.

Epithelial expressions:
E11 E12 E13 E14 E15

Bmp-2 db + -(+) + - NA
molar + ++ (+) +(+) +

Bmp-4 db + - (+) (+) NA
molar + + - ++ ++

Fgf-4 db NA - - - -
molar NA (+) + ++ ++

Fgf-8 db +(+) + - NA NA
molar ++ ++ (+) NA NA

Shh db +(+) ++ ++ (+) -
molar ++ ++ (+) ++ ++

Lef-1 db ++ ++ ++ (+) (+)
molar ++ ++ ++ ++ ++

Msx-2 db NA + + + NA
molar NA + ++ ++ NA

p21CIP1/WAF1 db NA (+) + (+) (+)
molar NA + (+) ++ ++

Mesenchymal expressions:
E11 E12 E13 E14 E15

Bmp-4 db + + (+) (+) -
molar + ++ ++ ++ ++

Lef-1 db + + (+) - -
molar + ++ ++ ++ ++

Msx-1 db ++ + (+) - (+)
molar ++ ++ ++ ++ ++

Msx-2 db NA (+) - - NA
molar NA + ++ ++ NA

Pax-9 db + (-) (-) NA NA
molar ++ +(+) (+) NA NA

The first gene expression difference that was
noted between the molars and the diastema
region was the stronger expression of Bmp4 and
weaker Fgf8 in the future diastema area than in
the future molar or incisor areas at E10 in both
species (Figure 7 in Article III). This was in the
vole diastema region followed by downregula-
tion of the mesenchymal Bmp4, Lef1, Msx1,
Msx2 and Pax9 gene expressions (Table 6, Fig-
ure 22). In the mouse diastema region, Msx1
expression remained relatively strong (Figure 5
in Article III), as reported by Turecková et al.
(1995), but Bmp4, (not shown), Lef1 and Pax9
were downregulated (Figures 5 and 6 in Article
III). The downregulation of mesenchymal genes
appears to be associated with the inhibition of

mesenchymal condensation around the diastema
tooth germs, since only the rudimentary con-
densed diastema mesenchyme expresses Bmp4
in either species (Figure 8 in Article III, not
shown). This may be connected with the down-
regulation of Pax9, because Pax9 is essential for
Bmp4 expression whilst Bmp4 and Msx1 form a
positive feedback loop (Chen et al. 1996, Peters
et al. 1998). Because the vole diastema tooth
germs advance into middle (late) bud stage like
the molars of Pax9-/- or Msx1-/- mice, this
suggests a failure of mesenchymal specification
(Satokata and Maas 1994, Peters et al. 1998).
However, Pax9 is not essential for initiation of
tooth germs, because the diastema tooth germs
exist, and because in Pax9-/- targeted mutant
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mice the tooth development is arrested only at
the middle bud stage (Peters et al. 1998).

Regional specification of the mesenchyme
depends on positional identity, but positional
identity is not only a mesenchymal property. The
transcription factor, Msx1, is expressed epithel-
ially in incisors and anterior diastema tooth
germs but not in molars. Moreover, although the
vole diastema buds arrest at the late bud stage,
the mouse diastema tooth germs degenerate at
the early bud stage, suggesting that some addi-
tional early epithelial failure occurs in the devel-
opment of the mouse diastema buds as compared
to the vole diastema buds. In addition, the devel-
opment of the vole diastema buds was not
“rescued” with BMP4, even when combined to
FGF4 (data not shown), which suggests that in
the sibling vole, diastema region more signaling
pathway(s) than the Bmp4-pathway are also
affected.

Positional identity and tooth morphogenesis
(Article III, unpublished results)

The morphological differences between mouse
and vole molar shapes prove that positional
identity does not equate with the morphogenetic
program. The E11 mouse-vole and vole-mouse
recombinations, however, showed that the early
epithelium controls the specific morphogenesis
of the individual tooth germs. Hence, teeth with
the same positional identity, like mouse and vole
M1, can have different morphologies depending
on the early epithelial signals.

The mouse incisor – mouse molar recombin-
ations always produced always mouse, not vole
teeth (not shown), however. This means that
positional morphological differences determined
by the positional identities are not the same as
the morphological differences between species.
To create the species-specific morphologies, the
positional identities are hence either translated
by species-specific morphogenetic programs
differently or the positional identity-determining
program as a part of the tooth developmental
program has changed between the species. In the
former option, the tooth morphogenetic pro-

grams are epithelial and only controlled by the
positional identity programs, whereas in the lat-
ter option the signals determining the positional
identity of the tooth germ participate directly in
morphogenesis, e.g., by inducing local differ-
ences in the mesenchymal tooth developmental
potential. The known effects (Neubüser et al.
1997) and the expression patterns of Bmp4 and
Fgf8 (see above) support the latter possibility.
Moreover, the existence of the diastema tooth
germs indicates that not all tooth developmental
pathways are affected similarly by the positional
identities. In addition, the vole, but not the
mouse, molar early epithelial signaling centers
expressed Fgf4 and Fgf8 (Figure 3 in Article II,
Figure 6 in Article III), showing that regardless
of dental identity, the Fgf-pathway can be
controlled separately from the Shh- or Bmp-
pathways. Hence, the morphological divergence
of both paralogous and orthologous teeth is
likely to result from changes in the patterning of
one or more dissociable early epithelial signals
relative to others.

Evolution of muroid dental formulas       (Article
III, unpublished results)

The comparison between mouse and vole molar
and diastema tooth germ gene expression pat-
terns indicated that mesenchymal specification
and other processes involving epithelial Fgf8
and Bmp4 are parallel and separate from the
initiation of the early epithelial signaling centers
and individual tooth germs. Therefore, these
processes are probably controlled by different
patterning events. The positional identities
control the initiation of the tooth germs, as seen
from the numerical and developmental differ-
ences between mouse and vole diastema tooth
germs and between the diastema regions of the
upper and the lower jaws. Hence, aside from the
positional identities, the numbers and locations
of the tooth germs also depend on the early
epithelial signaling. In contrast, the formation of
the dental lamina appears not to depend on
positional identity, because it occurs in the dias-
tema region as well, and some genes (e.g. Bmp4,
Fgf8 (Figure 7 in Article III) and Shh (not
shown) are even expressed in the nasal pits.
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Co-expression of dissociable Bmp-, Fgf- and
Shh-signaling pathways correlates with the loca-
tions of the tooth germs and their developmental
fates. This may explain the recombination re-
sults, which indicated that the epithelium defines
the areas of mesenchymal odontogenic potential
and determines the identity of the paralogous
tooth germs (Lumsden 1988, Kollar and Mina
1991, see above). However, the expression pat-
terns and results from cross-species recombina-
tions suggest that the epithelium also controls
the placing, numbers and early budding of the
individual tooth germs, and that it determines the
species specific differences in the morphogene-
sis of orthologous tooth germs. Because the
epithelial patterning controlling the identities
and morphologies of the tooth germs are at least
partially dissociable from patterning controlling
the tooth numbers and locations, heterotopic
shifts in different signaling patterns relative to
each other may also provide a molecular expla-
nation for the observed homeotic shifts in the
morphologies of paralogous tooth germs in
various mammalian lineages (Butler 1978,
Osborn 1978, Schwartz 1982).

The conserved expression of Bmp4, Fgf8 and
Pax9 (Figures 6 and 7 in Article III) in the dias-
tema region suggests that the early determination
of the positional identities is conserved between
the mouse and vole. In situ hybridization showed
that both mouse and vole molar and diastema
regions, but not the incisor regions, also express
Barx1 (not shown). Barx1 is a mesenchymally
expressed transcription factor associated with the
development of molars (Tissier-Seta et al. 1995,
Mucchielli et al. 1997, Tucker et al. 1998b).
Signaling molecules Bmp4 and Fgf8 have been
associated with the development of facial proc-
esses in mouse and chicken (Heikinheimo et al.
1994, Wall and Hogan 1995, Barlow and
Francis-West 1997, Tucker et al. 1999), and they
control the expression of mesenchymal Barx1
similarly in mouse and chicken (Barlow et al.
1999). The early epithelial Fgf- and Bmp-
signaling has also been shown to affect the shape
of the skull bones (Barlow and Francis-West
1997, Richman et al. 1997). Hence, it is likely
that the evolutionarily conserved expression

patterns of Bmp4 and Fgf8 has in mammals been
co-opted to control the positional identities and
morphogenesis of the teeth, e.g., by controlling
the mesenchymal Bmp4-pathway.

The determination of tooth locations is probably
connected with the evolution of other cranial
features. The morphological connection of
mouse D1 and vole D with the maxillary edge of
the primary choana is, e.g., repeated in their
common expression areas with genes Shh and
Lef1 (Figures 4 and 5 in Article III). The mouse
D2 and D3 Shh expression continues similarly in
the palatal rugae they are connected with (Figure
4 in Article III). If signaling molecules involved
in early development of the primary choanae and
the palatal rugae can initiate tooth development,
co-evolution with orofacial features might
explain why the dental formulas tend to be less
reduced in the upper than in the lower jaws of
the studied rodents (see above, Moss-Salentijn
1978, Peterková 1985, Peterková et al. 1993,
Luckett 1985, however, see also Luckett et al.
1989). Since palatal rugae and primary choanae
do not exist in the lower jaw, the retention of the
tooth germ initiation program would not be as
favored in the lower jaw. It is noteworthy that
the rudimentary tooth germs of other studied
voles also associate with the primary choanae. If
not for the report that field vole (M. agrestis) has
three small epithelial swellings in its upper di-
astema region similar to the mouse (Witter et al.
1996), this could have been interpreted as a sign
of the dental formulas having been determined at
the subfamily level. Nevertheless, our results
suggest that the connection to primary choanae
favors the initiation of tooth germs.

In the mouse, epithelial Bmp4 inhibits mesen-
chymal Pax9 expression at E10,5 but not at
E11,5 (Neubüser et al. 1997), and it also acti-
vates mesenchymal Msx1 expression, thus being
essential for molar development (Vainio et al.
1993, Chen et al. 1996, Tucker et al. 1998a).
Even earlier, Bmp4 is essential for the determi-
nation of incisor identity (Tucker et al. 1998b).
Hence, the toothlessness in the rodent diastema
region may have originally been caused by
changing the time window when Pax9 needs to
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be initiated in the anterior dental mesenchyme as
compared to the inhibitory expression of Bmp4.
The roles of Fgf8 and Bmp4 in inhibiting tooth
development in the early anterior maxillae have
not been fully elucidated, however, because in
human Pax9 haploinsufficiency, the molars and
central incisors seem to be affected, but not the
canines and anterior premolars, which are miss-
ing in the muroid diastema areas (Stockton et al.
2000). Moreover, the differences in tooth initia-

tion and degeneration suggest that the loss of
diastema teeth may also have been caused by
positional control of other patterning processes.
Hence, instead of heterochronic changes in
Bmp4, Fgf8 and Pax9 expression, there may
have been qualitative changes, which have made
the tooth development in the anterior maxilla
vulnerable to local positional signals and/or
inhibition of Pax9 expression.

Enamel knots and crown morphogenesis   (Articles I, III and IV)

Because the enamel knots express several secret-
ed signaling molecules (Figure 21), including
known mitogens like Fgf4 and Shh (Jernvall et
al. 1994, Kettunen and Thesleff 1998, Hardcastle
et al. 1998) and because the development of the
primary enamel knot precedes the initiation of
crown base development (see above, Jernvall et
al. 1998) whilst the tips of individual cusps in
the mouse and opossum (Monodelphis domes-
tica) are associated with a secondary enamel
knot (Jernvall 1995), the enamel knots have been
proposed to be signaling centers which control
crown morphogenesis, e.g., by inducing local
growth (Jernvall et al. 1994, Jernvall 1995,
Thesleff and Jernvall 1997).

The size of the primary enamel knot has been
proposed to control the size of the crown base
during cusp initiation (Jernvall 1995), whereas
the timing and spacing of the initiation of the
secondary enamel knots, together with cusp
growth, has been proposed to control the specific
cusp patterns (Jernvall 1995, Jernvall 2000). The
enamel knots have been hypothesized to control
the development of subsequent enamel knots,
thus controlling not only the physical morpho-
genetic processes, like growth and differentia-
tion, but also the actual spatiotemporal pattern-
ing governing morphogenesis (Jernvall 1995,
Jernvall 2000, Jernvall and Thesleff 2000). In
the molars and premolars of the Ladoga ringed
seal (Phoca hispida ladogensis), the relative
height difference between any three neighboring
cusps is constant and correlates with the angle
formed by the main cusps. This suggests that the
sharpness of the angle determines the number of

cusps/tooth, which can vary between individual
teeth. If the timing of enamel knot initiation
determines the heights of the cusps, then the
angle between individual cusps depends on the
constancy of the rate of enamel knot initiation
and of growth rate. Regular initiation can be
accomplished with iteration of the same
induction-inhibition program for each enamel
knot (Figure 23). In this model, the previous
enamel knot produces an inhibition field, which
prevents the formation of another enamel knot
near it, whereas new enamel knots are induced in
the growing epithelium beyond the inhibition
field(s) of the previous enamel knot(s) (Jernvall
2000). However, all these hypotheses, as well as
the molecular and developmental mechanisms of
enamel knot function, have been speculative,
because the initiation dynamics and morphologi-
cal associations of the individual enamel knots
are so far largely unknown.

To analyze the development and relationships
between the individual enamel knots, the expres-
sion patterns of four marker genes, Fgf4, Lef1,
p21CIP1/WAF1 and Shh were mapped in developing
mouse and sibling M1s. These genes are ex-
pressed in all enamel knots in both species
(Table 1 in Article II), and in situ hybridization
results suggested that they appear at different
times during enamel knot development. Their
inductive relationships are unknown, however.
Because Fgf4 is expressed in mouse and sibling
vole teeth exclusively in the differentiated
epithelial signaling centers (Table 1 in Article II,
see below), it was used as a molecular marker
for mature enamel knots.
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By comparing the expression patterns of Fgf4,
Lef1, p21CIP1/WAF1 and Shh to each other and to
digital elevation models (DEMs) made from
three-dimensional GIS-reconstructions of base-
ment membranes each day during crown
morphogenesis, it is possible to correlate their
signaling pathways with morphogenesis. On the
other hand, small time interval analysis of the
spatiotemporal expression changes in the
separated mouse and sibling vole molar epithelia
was used to analyze the development of the
individual enamel knots. By combining these ap-
proaches with the comparative morphometry of
mouse and sibling vole crown growth patterns, it
was possible to generate hypotheses using both
the molecular basis of the enamel knot function,
and its role in the development of specific crown
morphologies.

The development of individual enamel knots
(Articles I and IV, unpublished observations)

Earlier sectional in situ hybridization in both
species (data not shown) suggested that Fgf4,
Lef1, p21CIP1/WAF1 and Shh expressions appear at
different stages during enamel knot develop-
ment. Small time interval analysis of Fgf4, Lef1,
p21CIP1/WAF1 and Shh expression in separated
mouse molar epithelia confirmed this hypothe-
sis; Lef1 was the first gene to appear in the
enamel knot area, p21CIP1/WAF1 the next, while
Fgf4 was the last following Shh expression
(Figures 13 and 17). Lef1, p21CIP1/WAF1 and Shh
were expressed in wide and partially overlapping
patterns which changed rapidly between time
points in both mouse (Figures 17, 24, 25, 26 and
27) and vole molars (Figures 24, 25, 26 and 27).
The differences in the expression patterns
suggest that Lef1, p21CIP1/WAF1 and Shh are
controlled by separate signaling combinations.
Hence, the enamel knot/epithelial signaling
center program actually consists of several,
potentially dissociable signaling pathways.

The partial overlap of the expression patterns
was not readily apparent during the development
of the primary enamel knot (Figure 13). When
the cervical loops appear, however, the growing
inner enamel epithelium around  the enamel knot

A B

Figure 23. A comparison between the iterative induction-
inhibition cycle (A) and lateral inhibition (B) as a
mechanism for enamel knot development. In the iterative
model, the enamel knots develop into maturing epithelium
(medium gray), which therefore induces enamel knot
development (arrow). In the next stage, the mature enamel
knot (dark gray) produces an inhibitory signal (blunt head),
which prevents enamel knot development in its radius (light
gray). The mature enamel knot itself does not respond to
this inhibitory signal, either because it is incompetent or
because it produces a local activating signal, which does not
have as wide a range as the inhibitory signal. In the case of
lateral inhibition, the cells begin to simultaneously produce
inducing and inhibitory signal(s), which increase the enamel
knot maturation within the cells themselves and inhibit the
maturation of nearby cells. The enamel knots are thus self
maintaining and their sizes and distances are determined by
the diffusion/relay distances of the inductory and inhibitory
signal(s). In both cases, the end result looks similar, but the
intermediate stages are different. The size of the mature
epithelium is assumed to increase regardless of the enamel
knot signals.

begins to express Lef1, p21CIP1/WAF1 and/or Shh
in clearly distinct patterns both in the mouse
(Figures 17, 24 and 25, Figures 3 and 4 in
Article II) and in the vole (Figures 24 and 25,
Figures 3 and 4 in Article II). The expression
areas of Lef1 (Figures 17), p21CIP1/WAF1 (Figures
17 and 24) and Shh (Figures 17, 25 and 26) often
appear to spread from the enamel knots of both
species. However, as the size of the inner enamel
epithelium increased, Lef1 and p21CIP1/WAF1
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expression areas unconnected to the enamel
knots can appear, as seen, e.g., in the small time
interval analysis of mouse M1 talonid region
(Figure 17). Therefore, the enamel knots are not
the local inducers of epithelial maturation.

Mesenchymal signals have been shown to be
able to induce epithelial p21CIP1/WAF1 expression
(Jernvall et al. 1998). Because the expression
areas seem to associate with older epithelium,
the patterns of epithelial maturation may be
depend the age of the epithelium, which in turn
depends on its growth patterns. Thus, the mesen-
chyme may provide permissive signals for matu-
ration and initiation of new enamel knots. Be-
cause all mouse and sibling vole enamel knots
are induced within the common overlap areas of
larger Lef1, p21CIP1/WAF1 and Shh expression
areas (Figures 17 and 27), and because they are
induced consecutively on the later developing
ends of the cusp rows in both species (Figures 26
and 27), it appears that the pattern of enamel
knot initiation depends on the rates and patterns
of epithelial maturation. By inference, the actual
growth rates may determine the enamel knot
patterns, which then determine the folding pat-
terns of the crown. These, in turn, are dependent
on the specific relationship between epithelial
and mesenchymal growth rates (see above).
Hence, at the level of morphogenetic processes,
the patterns of enamel knot initiation are insepa-
rable from the epithelial and mesenchymal
growth rates.

Small time interval analysis (Figures 13, 17, 25
and 26) showed that expression of each gene
was stabilized and upregulated where new
enamel knots were forming, whereas it could be
lost from the epithelium between enamel knots.
All new enamel knots are formed in areas
expressing p21CIP1/WAF1 and Lef1 (Figures 17, 27
and 28), and in mouse M1, these seem to corre-
spond to the mapped quiescent areas (see Coin
et al. 1999). The initiation of isolated Lef1 and
p21CIP1/WAF1 expression in the mouse talonid
region  (Figure 17) suggests that quiescent areas
can also be induced de novo, without being in
direct contact with a previous enamel knot. Be-
cause  in mouse molars  the quiescence appears

E14

E14,5

MouseVole  p21

Figure 24. The p21CIP1/WAF1 expression during bell stage
transition in mouse and vole molar epithelium. The expres-
sion is lost around the primary enamel knot and the E14
expression is split into several compartments. The first sec-
ondary enamel knot is later induced in the lingual compart-
ment. Anterior is to the left and buccal up. The scale bar is
200 µm.

before Fgf4 expression (Figures 1 and 2 in Arti-
cle I, Coin et al. 1999), the quiescence is proba-
bly essential for enamel knot differentiation.
Although the expression areas of Lef1 (Figure
17, not shown), p21CIP1/WAF1 (Figures 17 and 24)
or Shh (Figures 17, not shown) may have been
continuous before the appearance of the neigh-
boring enamel knot, in M1s, the common local
stabilization points of these genes were separate
(Figures 17 and 27), and Fgf4 was always initi-
ated within these areas (Figures 16, 17 and 27).
Hence, the M1 mature enamel knots, as visual-
ized with small time interval Fgf4 expression
analysis, e.g., in mouse, did not split into multi-
ple enamel knots (Figure 17). Therefore, despite
an earlier report (Coin et al. 1999), the M1 sec-
ondary enamel knots do not develop by directly
dividing from the primary enamel knot. The
division hypothesis was based on cell labeling
studies, which clearly showed the secondary
enamel knots splitting away from the quiescent
area corresponding roughly to the primary
enamel knot. The early expansion of the
p21CIP1/WAF1 expression area around the primary
enamel knot may explain the results, because
p21CIP1/WAF1 arrests cells in the G1-phase, and
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Figure 25. Anterior downregulation of the primary enamel knot and induction of the first secondary enamel knot in vole and
mouse molars, as shown with small time interval changes Shh expression. In both species, the secondary enamel knot begins to
be induced directly lingual to the primary enamel knot, but in the vole the anterior downregulation continues further. The
simultaneous folding of the crown base is also visible. Anterior is to the left and buccal up. The scale bar is 200 µm.

the anterior secondary enamel knots in mouse
molars form in the p21CIP1/WAF1 expressing area
around the primary enamel knot when it splits
(Figures 17 and 24). Unlike in mouse and vole
M1, however, according to preliminary data, the
mature primary enamel knot in mouse M2

appears after widening to split to form the first
secondary enamel knot (Figure 17). It is not
known, how the other M2 enamel knots form, as
M2 development was not further analyzed.

In the mouse talonid region, the de novo expres-
sion area of Lef1 and p21CIP1/WAF1 splits to form
two enamel knots corresponding to the entoco-
nid and hypoconid. The splitting occurs before
detectable Fgf4 expression in either of the knots.
Because the separation of these enamel knots
occurs before their differentiation, the locations
of the individual enamel knots and the intercusp
epithelia between them are determined before
the maturation of the previous enamel knots.
Together with the apparent splitting of the M2

primary enamel knot, these results suggest that
the locations of the individual enamel knots
within the epithelium are determined by lateral
inhibition within mature epithelium rather than
by inhibitory signals from prior neighboring
mature enamel knots.

Molecular and mechanical models for enamel
knot induction and function

Although epithelial maturation appears to be
controlled by signals from the mesenchyme
(Kratochwil et al. 1996, Jernvall et al. 1998),
the  expression  patterns   of  the  marker  genes
were used for visualizing how epithelial genes
may control the enamel knot patterns by lateral

Mouse E16 Shh Mouse E17 Shh

Vole E16 Shh

Figure 26. Late Shh expression in E16 mouse, E16 sibling
vole and E17 mouse molars. The expression spreads away
from the enamel knots. Anterior is to the left and buccal up.
The scale bar is 200 µm.

inhibition. Very little is known about the
inductive interactions between the analyzed
marker genes in teeth (Table 2), but they are
unlikely to belong to a common signaling
pathway (see above, Dassule and McMahon
1998). However, the common association
between Fgf4, Lef1, p21CIP1/WAF1 and Shh
expression and predictable morphogenetic
events (Figure 28) suggests that the signaling
pathways, in which they belong to, are involved
in the same morphogenetic processes.  The
model in Figure 29 was created by combining
the expression data with what was previously
known about the inductive interactions.

Lateral inhibition can be created by differential
diffusion or cell-to-cell relay and decay of in-
ducing and inhibitory signals (reaction-diffusion
model) (Collier et al. 1996, Hammer 1998, Asai
et al. 1999). However, because the distances
between the activation peaks and their sizes and
shapes depend on the rates of signal production,
diffusion/relay and decay (Collier et al. 1996,
Hammer 1998, Asai et al. 1999), there may be
minimum and maximum sizes and distances for
each enamel knot. This means that the molecular
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mechanisms behind lateral inhibition may be
important both for the initiation of new cusps
and for the remodeling of the enamel knot
shapes. Since epithelial-mesenchymal interac-
tions are important for determining the cusp
shapes, it is possible that lateral inhibition in the
case of enamel knot development requires the
presence of permissive mesenchymal signals or
competent mesenchyme to relay the epithelial
inhibitory signals.

The enamel knot does not respond to the mito-
genic signals it produces, suggesting that lateral
inhibition includes local downregulation of
receptivity to the mitogenic signals within the
developing enamel knot, whilst the production of
these signals is upregulated. The stabilization of
quiescence occurs only within regions that co-
express Lef1, p21CIP1/WAF1 and Shh. Because Shh
is known to increase epithelial growth and to
inhibit differentiation despite p21CIP1/WAF1

expression (Oro et al. 1997, Hardcastle et al.
1998, Fan and Khavari 1999), the stabilization
requires local prevention of mitogenic effects of
Shh-signaling, whereas upregulation of Shh
expression apparently requires epithelial differ-
entiation and/or quiescence. Because Fgf4
expression does not necessarily precede the
separation of neighboring secondary enamel
knots, Fgf4 is not likely to be involved in the
initial lateral inhibition process.

It is notable that the enamel knots do not express
any of the known Fgfrs, which are receptor tyro-
sine kinases required for transduction of Fgf-
signal, or Smo, Gli1, Gli2, Gli3 or Ptc, which are
involved in Shh-signaling (Hardcastle et al.
1998, Kettunen et al. 1998, Murone et al. 1999).
Whilst the primary enamel knot expresses a
mitogen and survival factor Fgf4 (Jernvall et al.
1994, Vaahtokari et al. 1996, Kettunen and
Thesleff 1998), it cannot respond to FGF4,
probably because it lacks Fgfrs (Kettunen et al.
1998). However, both the mesenchymally ex-
pressed Bmp4 and epithelially expressed Bmp2
proteins can promote epithelial Msx2 expression
and  thus apoptosis in teeth  (Jernvall et al. 1998,
Marazzi et al. 1997), as well as the expression of
p21CIP1/WAF1 and Lef1  (Chen et al. 1996, Dassule

mouse E14 vole E14

mouse E15

vole E15mouse E16

vole E14,5

vole E16mouse E17

Figure 27. The spatial relationships of averaged expression
of Fgf4, Lef, p21CIP1/WAF1 and Shh projected on digital
elevation models of E14, E15, E16 and E17 mouse molars
and E14, E14,5, E15 and E16 vole molars. The degree of
co-expression is shown as the intensity of the shade in the
expression areas. The areas with only one expressed gene
are shown in darkest gray, the areas with two genes in
medium gray, the areas with three genes in light gray and
the areas with all four genes expressed are in white. The
non-expressing areas are black. Fgf4 was not analysed in
E14,5 vole molars, which develop faster than mouse molars.
Although the degree of overlap increased centripetally
towards the enamel knots, the development of which pre-
ceded cusp development, the exact combinations of genes
were not the same (not shown). Anterior is to the left and
buccal up. The teeth are not to scale.

and MacMahon 1998, Jernvall et al. 1998).
Hence, the primary enamel knot cannot grow by
cell division, but it can promote the growth and
differentiation of the surrounding epithelium and
its own apoptotic removal.

Both the apparent splitting of the M2 primary
enamel knot (Figure 17) and the initial spread-
ing patterns of Lef1 (Figures 13 and 17, not
shown) and p21CIP1/WAF1 (Figures 13, 17 and 24)
expression areas around the mature M1 primary
enamel knot suggest that the lateral inhibition of
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p21CIP1/WAF1 and Lef1 does not occur simultane-
ously with primary enamel knot differentiation,
but begins during the bell stage transition. Be-
cause in secondary enamel knots the induction
of intercusp epithelium and lateral inhibition is
simultaneous with their differentiation, the mo-
lecular patterning and morphogenetic functions
of the enamel knots may change over time (see
also Jernvall 1995). However, the confinement
of the Fgf4 expression to the M1 primary
enamel knot suggests some level of lateral inhi-
bition in them already at the cap stage, although
the growth of the intercusp epithelium is not
induced at that stage.

Later, the spreading of Lef1, p21CIP1/WAF1 and
Shh from the secondary enamel knots to the
surrounding epithelium (Figures 17, 24 and 26)
suggests that the lateral inhibition of these genes
is lost. The fusion of vole secondary enamel
knots (Figure 16) implies that even lateral inhi-
bition of Fgf4 can disappear. It is possible that
the number of cusps depends on the time win-
dow when the lateral inhibition is finally lost.
Although the vole cusp pattern is finished by
E17, however, three-dimensional reconstructions
show that the vole molar germ continues to grow
from 1030 µm (measured from reconstruction in
Figure 16) to about 2840 µm (measured from the
adult molar). Hence, the ability to initiate new
enamel knots does not equate with an ability to
grow. Nevertheless, the cusp shapes are also
similar to the shapes of the secondary enamel
knots associated with them (Figure 16). It there-
fore seems that whilst the initiation of the
enamel knots may depend on lateral inhibition,
the development of epithelial patterning cannot
be dissociated from the epithelial and mesen-
chymal growth rates.

Because the early epithelial signaling centers can
be first visualised by the local upregulation and
complementary downregulation of Shh and Lef1
expressing areas within Pitx2 expressing dental
lamina (Figures 2 and 4 in Article III, not
shown), it appears that, like enamel knots, early
epithelial signaling centers are also formed by
lateral  inhibition  process.  Therefore  the induc-

Figure 28. The expression patterns of Fgf4, Lef1,
p21CIP1/WAF1 and Shh at each time point (arrow) correlate
best with the morphology of the next time point in both the
mouse and vole until E17. The lower correlation in the vole
results from a faster rate of pattern formation in vole
molars, which means that the sampling intervals were not
short enough for higher resolution.

tion and lateral inhibition models (without speci-
fying the actual signaling molecules) may func-
tion in differentiation of all epithelial signaling
centers of teeth, although different mouse muta-
tions show clear stage and dental identity spe-
cific differences in the developmental arrest of
teeth (Table 1). Permissive signaling from the
underlying neural crest derived ectomesenchyme
has, however, been shown to be involved in
early budding and in the transition from bud to
cap stage, as well as being implicated in enamel
knot differentiation (Chen et al. 1996, Jernvall et
al. 1998, Ferguson et al. 1998, Thomas et al.
1998, Peters and Balling 1999). Hence, the role
of epithelial-mesenchymal interactions in epi-
thelial pattern formation still remains to be
analyzed.
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Enamel knots and cusp patterns       (Articles II
and IV, unpublished observations)

As seen from three-dimensional reconstructions
of Fgf4 expression in developing mouse and
sibling vole molar crowns (Figure 16), the first
two enamel knots show the orthogonal or diago-
nal arrangement of cusps as early as E15. The
next enamel knots are always initiated at the
ends of two rows extending anteriorly and poste-
riorly from these enamel knots. The buccal
enamel knot corresponds to the future protoco-
nid and the lingual enamel knot to the future
metaconid. Because the distances between the
individual cusps are determined by their growth
rates and periods (see above), the first two cusps
and the rate and period of cusp initiation appar-
ently determine the relative locations of the
buccal and lingual cusps.

Small time interval analysis showed that the
relationship between the protoconid and metaco-
nid, and the relative location of the protoconid
on the crown, base depend on the patterns of
primary enamel knot downregulation and first
secondary enamel knot initiation. As in mouse
M1 (Jernvall et al. 1998), in sibling vole M1 most
of the primary enamel knot is removed apoptoti-
cally (not shown) or its gene expression is down-
regulated (Figures 25 and 27). In both species,
however, the enamel knot associated with the
protoconid is actually a remnant of the primary
enamel knot, not a newly induced secondary
enamel knot (Figures 12, 25 and 27).

Moreover, in both species at E15, the relative
distance from the remnants of the primary
enamel knot to the anterior edge of the crown
base was approximately the same as the relative
distance from the protoconid tip to the anterior
edge of the adult molar (Table 5). This relation-
ship did not vary much, although the species and
stage specific absolute growth rates could differ
greatly  (Table 4).  This  indicates  that  the
posterior  and anterior parts of the crown grow at
the same rate. Hence, the differences in the
relative lengths of the anteroconid regions of
mouse and sibling vole M1s are not caused by
allometric growth in different parts of the crown.

differentiation

proliferation

loss of receptorsLef1

p21

Fgf4

Shh

other signals?

Figure 29. The potential developmental roles of the studied
marker genes and signaling pathways in the enamel knots.
Since only a few of the gene functions and interactions are
known, the marker genes merely represent examples of the
kinds of genetic interactions known to be present and
required for the function of the enamel knots. An enamel
knot may either induce proliferation around itself or at least
pattern it by remaining quiescent. The enamel knots do not
express Fgfrs or Gli1, Gli2, Gli3, Ptc or Smo, which
suggests that an inability to respond to their own mitogenic
signals is essential for their differentiation. However, by
upregulating cell cycle elsewhere, the enamel knots prevent
differentiation. This suggests that the development of the
enamel knots depends on lateral inhibition, but the
patterning signals, which promote the loss of receptors at
the sites of the future enamel knots, are unknown. Because
placodes express many of the same genes, the induction-
inhibition loops may be similar. Certain aspects of lateral
inhibition are repressed around the primary enamel knot
during the cap stage, but the expression analysis of the
secondary enamel knots shows that full differentiation of
the enamel knots as manifested by Fgf4 expression is not
essential for lateral inhibition.

Correlating the enamel knot marker gene expres-
sion patterns with a GIS-program onto DEMs of
the developing mouse and sibling vole crowns at
different developmental times showed that the
expression patterns correlated best with the mor-
phologies of the following developmental stages
(Figures 27 and 28). In other words, the enamel
knots appeared before the actual growth of the
cusps. Because all genes “predict” the morpho-
genesis similarly, even the expression of the
earliest enamel knot markers, p21CIP1/WAF1 and
Lef1, can be used to predict the locations of new
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enamel knots, or cusps. In vole molars, the cor-
relation was lower than in mouse molars (Figure
28). Because the tempo of morphogenesis as
measured in growth and initiation of new cusps
was greater in vole than in mouse molars, the
lower correlation is likely to result from too long
sampling intervals in vole molars.

The correlation between the genes and the de-
veloping morphology (Figure 28) also illustrated
how the species-specific cusp angles appeared.
In both species, the location of the first secon-
dary enamel knot had by E14,5 been determined
to be directly lingual to the primary enamel knot
(Figures 24, 25 and 27). In vole M1, the anterior
downregulation of the primary enamel knot
expression transformed the initial orthogonal
enamel knot arrangement into a diagonal one
(Figures 25 and 27). Hence, the species specific
arrangements of the buccal and lingual cusps
depend on the remodeling/downregulation of the
primary enamel knot as compared to the timing
of the initiation of the first secondary enamel
knot.

Because the primary enamel knot is associated
with the protoconid and the development of each
cusp can be predicted from the expression pat-
terns of the enamel knot marker genes, the role
of the enamel knots is not to shape the intercusp

valleys by creating enamel grooves, as previ-
ously proposed (Lesot et al. 1996, Lesot et al.
1999). Since enamel knots are areas of quiescent
epithelium, all epithelial growth occurs outside
them. The enamel knots have been proposed to
generate cusps by locally increasing the growth
rates around themselves through the secretion of
mitogens like Fgf4 (Jernvall et al. 1994). As the
crown grows older, however, the growth occurs
more distantly from the enamel knots. Moreover,
BrdU-labeling studies of Coin et al. (1999) indi-
cated a local lack of cell division within the epi-
thelia of enamel knot and cusp tip areas, which
combined to the p21CIP1/WAF1 and Lef1 expression
patterns (Figures 17, 24 and 27) suggests that the
enamel knots are actually centers for spreading
quiescence. This supports the view that “cusps
are centers of precocious maturation in inner
enamel epithelium” (Butler 1956). Finally, the
growth rates determining the future shape are
already visible at the cap stage, when the enamel
knots are not yet associated with individual
cusps. Hence, it is more likely that the enamel
knots define the spatiotemporal relationships of
the tips of the individual cusps by acting as local
foci of differentiation. Remodeling of enamel
knot shapes would thus affect the cusp shapes by
changing the crown differentiation and growth
patterns.

The evolution of mouse and sibling vole molar cusp patterns

To be useful for evolutionary research, devel-
opmental models must be able to explain evolu-
tionary changes. The cusp pattern in mouse M1

consists of seven forward slanting conical cusps
in two rows, forming pairs orthogonal to the
anterior-posterior axis of the tooth germ (Figures
9 and 15). The sibling vole M1 crown, on the
other hand, consists of an anterior loop and nine
diagonally alternating prisms in two rows, which
are fused in the middle, forming a central ridge
(Figures 9 and 15). The primitive muroid M1

cusp pattern consisted of five or six conical,
nonslanting cusps paired in two rows, probably
with a diagonal arrangement, and a posterolo-
phid (Figure 8). In the mouse lineage, the main
changes in M1 have been the evolution of the

posteroconid from the posterolophid and the
orthogonal pairing of the cusps. In the lineage
leading to the sibling vole, the cusps became
increasingly prismatic and crown height
increased, until the crowns became rootless, and
new cusps have budded from the anteroconid, as
crown length increased.

As revealed by the recombinations, all aspects of
molar morphogenesis are controlled by the early
epithelium. The specific growth rates and pattern
formation are controlled by subsequent epithe-
lial-mesenchymal interactions. The comparisons
between mouse and sibling vole molar crown
development revealed that the apparently mosaic
evolution of different parts of the crown and
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features such as cusp shapes and crown heights
could theoretically be derived from a few metric
growth processes and inductive and inhibitory
interactions controlling cusp pattern and
morphology. If the developmental rules inferred
from mouse and sibling vole are valid, they
should explain also the morphologies of the teeth
of extinct muroids, represented by Democriceto-
don sp., Antemus chinjiensis, Promimomys cor
sp. and Microtus (Allophaiomys) pliocenicus
(Figure 8).

Crown size and cusp numbers

In mouse and sibling vole, the relative lengths of
the anterior and posterior parts of the crown are
determined by the location of the primary
enamel knot during the bell stage transition be-
tween E14 and E15. In Democricetodon, which
represents an ancestral muroid, the relative
distance from the protoconid tip to the anterior
edge of the crown was 0.45, in Antemus 0.44 and
in mouse 0.46, whereas the relative distances in
Promimomys, M. pliocenicus and in sibling vole
were 0.63. Hence, though the location of the
protoconid does not directly correlate with the
evolutionary increase in the number of anteroco-
nid cusps, it can be quite conserved within the
subfamily level.

Because the growth rates are constant through
the whole crown, the increase of specifically
anteroconid cusps in the genus Microtus has not
been caused by allometric growth of different
parts of the crown during the initiation time
window, but rather has been a result of the spe-
cific patterns of elongation and subsequent
downregulation of the primary enamel knot. The
downregulation patterns seen in sibling vole
apparently were present already in the genus
Promimomys. As the number of cusps increased,
the crown length remained the same, whilst the
sizes of the individual cusps decreased. The
anteroconid region, which makes up about 63%
of the crown length in the analyzed M1s in
Microtine-lineage. Hence, relatively more cusps
could be initiated into the anteroconid than in the
talonid region.

The elongation and downregulation of the pri-
mary enamel knot of mouse M1 have been pro-
posed to be an adaptation for early initiation of
new cusps. The early growth burst during the
development of the sibling vole M1 crown indi-
cates that other kinds of adaptations are possible.
The relative sizes of cusps depend on the time
difference between their initiation and the crown
growth rates and periods, whereas the numbers
of the cusps depend on the length of the cusp
initiation period and the growth and maturation
rates of the crown base. The cusp sizes are quite
unequal in Democricetodon, Antemus and
mouse, and accessory cuspules or lophids can be
seen in Democricetodon and Antemus. In the
mouse, the accessory cuspules have been lost,
but the number of main cusps is the same as in
Antemus chinjiensis (~ 11 million years ago).
Hence, it appears that primitively the time win-
dow for initiating new cusps was quite long as
compared to the total crown growth time, even
allowing for the initiation of accessory cuspules
or lophids between or beside the main cusps.

The number of cusps has increased in the lineage
leading to the sibling vole, although the length of
the M1 crown is practically the same in Promi-
momys, M. pliocenicus and the sibling vole. The
relative sizes of the cusps are almost equal in
Promimomys molars, whereas in M. pliocenicus,
and to a lesser extent, sibling vole molars, the
anteriormost cusps are smaller than the rest. This
suggests that in the Microtine lineage, the total
growth has remained the same, but the period of
cusp initiation has changed. In Promimomys, the
time window for initiating new cusps probably
was quite short and early relative to the total
growth time of the crown base, because the
number of main cusps is small, while the cusps
are large. In Microtus pliocenicus, there were
more and smaller cusps, but they were of une-
qual size. Hence, it seems that the time window
for cusp initiation was apparently lengthened
and postponed relative to the total crown growth
period, or the early crown growth rates were
increased in M. pliocenicus. In sibling vole, the
cusps are smaller and more equal in size. This
correlates with the early growth burst, which
suggests that more cusps could be initiated dur-
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ing the initiation window than in Promimomys.
Because the individual cusps are smaller than in
Promimomys, the actual crown growth time after
cusp initiation is likely to be shorter or the
growth rates slower. Hence, it appears that in the
lineage leading to sibling vole, the number of
cusps was increased by increasing the early
crown growth rates during the period of cusp
initiation.

In adult molars of both mouse and vole, the
distance between consecutive large main cusps
in the anterior-posterior direction is about 0.5
mm (Figure 9). The rate of cusp initiation is,
however, faster in vole than in mouse molars,
and the later growth rates are slower in mouse
molars (Table 4). This suggests that the early
cusp pattern formation for several (equally) large
cusps has been favored in the lineage leading to
the sibling vole. The greater inequality in prism
sizes in M. pliocenicus indicates that there are no
developmental constraints on making unequal
cusps in sibling vole molars, either. Thus, the
more than doubled growth rate of the vole M1 as
compared to the mouse M1 between E14 and
E15 (Table 4), when most of the vole secondary
enamel knots are initiated, may have been a so-
lution to ecological pressures requiring many
equally (large) cusps from about 0.5 mm apart.

Orthogonal and diagonal cusp positions

In mouse and sibling vole molars, the relative
positions of the protoconid and the metaconid
together with the crown growth rates and the
enamel knot initiation periods effectively deter-
mine the relative positions of buccal and lingual
cusps. The enormous variation in the relative
arrangement of buccal and lingual cusps in ex-
tant and extinct muroid species suggests that the
relative positions of the protoconid and metaco-
nid have changed numerous times during evolu-
tion (Gromov and Polyakov 1992, Freudenthal
and Suárez 1999, Kälin 1999). Anterior
displacement seems to be the ancestral condition
in muroid lineage (Figure 8), but it is derived
relative to mammals in general (Figure 7). This
suggests that the heterochronic (and possibly
heterotopic) shifts between the initiation of the

first secondary enamel knot and the down-
regulation of the primary enamel knot are
common, i.e., developmentally easy to generate.

The gene expression patterns tentatively suggest
that the initiation of the first secondary enamel
knot is prevented by the early repression of the
lateral inhibition around the primary enamel
knot (see above). If this is so, the relative loca-
tions of the protoconid and metaconid depend on
the time when the lateral inhibition is derepress-
ed as compared to the primary enamel knot
downregulation. Hence, the shifts in the relative
positions of the buccal and lingual cusps may
best be explained by heterochronic changes in
the timing of the repressive signal and the down-
regulation of the primary enamel knot. If the
early elongation of the primary enamel knot has
initially evolved to facilitate more rapid early
development of the tooth crown in primitive
muroids, its side effects, the anterior and poste-
rior elongation and downregulation of the
primary enamel knot, hence also seem to have
increased the evolvability of the cusp arrange-
ment in the muroid molar crown.

The evolution of prismatism and hypselodonty in
Microtinae

The constant relationship between the epithelial
surface area and the occlusal area in the mouse
and sibling vole indicates that the relationship
can be used for predicting the degree of folding
during crown morphogenesis (Figure 14; Table
3). However, the pattern of folding apparently
depends on the signaling, which controls the
development of the enamel knots. The lateral
growth of the prisms, which creates the re-
entrant angles, contributes to the folding of the
occlusal surface (Figure 14). It also correlates
with the remodeling of the enamel knots shown
in Figure 16. Because the signaling pathways
involved in enamel knot development and
specific growth rates are likely to be dissociable,
the evolution of hypsodonty is not necessarily
controlled by the same molecular mechanisms
that control the shapes and locations of the
cusps. Moreover, because the numbers and
locations of the prisms can vary between
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hypselodont or rootless vole species (Figure 8),
it is unlikely that the growth mechanisms behind
hypselodonty directly affect the patterning of the
enamel knots. Thus, although the evolution of
the molars in the Microtine lineage has been
characterized by an increase in prismatism and
by an increase in hypsodonty (e.g., Chaline
1989, Fejfar and Heinrich 1989), it is likely that
these properties have evolved by concerted
changes in separate processes.

The most likely reason for this “co-evolution” is
ecological. The hypselodont molars of sibling
vole can sustain the increased wear from a
coarse diet longer that the brachydont mouse
molars. The transition to hypselodonty requires
that the growth of the cervical loops does not
terminate. Because this growth is maintained by
local epithelial-mesenchymal interactions in the
rodent incisor cervical loops (Harada et al.
1999), it is possible that the evolution of open
rooted molars in Microtinae has been caused by
heterotopic co-option of incisor specific signals
under molar positional information. However,
the fossil record, as well as, extant variability in
the degree of hypsodonty and hypselodonty in
Microtinae suggests that the evolution of hyp-
selodonty has been caused by gradual quantita-

tive and temporal shifts in the epithelial-mesen-
chymal ability of the molar region to maintain
cervical loop growth.

Whilst hypsodonty is an evolutionary response
to crown wear, conical cusps cannot be hypselo-
dont (Appendix 1). Moreover, prismatic cusps’
alternating with re-entrant angles has increased
the number and size of the shearing blades. The
remodeling of the vole enamel knots suggests
that prismatism depends on enamel knot shapes,
not on crown growth. In the sibling vole, the
cusps grow initially in the lateral direction,
creating re-entrant angles between consecutive
cusps. After mineralization, the cusps grow only
in height. In the primitive microtoid cricetid
Bjornkurtenia, the crown was mesodont and
narrower near the top than near the root,
suggesting similar growth rates as in conical
cusps, but even then, re-entrant angles were
generated by folds between the consecutive
cusps (Kowalski 1992). Hence, whilst the
relationships between epithelial and mesenhymal
growth rates apparently determines the degree of
folding within a tooth crown, the creation of the
re-entrant angles is probably connected with the
evolution of folding patterns, which is likely to
depend on the evolution of enamel knots.

Concluding remarks
  
As the deep conservation of molecular function
and patterning principles in all metazoans has
become increasingly apparent, a major problem
in morphological evolution turns out to be how
the conserved signals and patterning mecha-
nisms create disparate morphologies even in
closely related species.

Thus far, the role of molecules during morpho-
genesis has been largely studied with rough loss-
of-function or gain-of-function mutants or
experimental induction-inhibition analysis.
However, since the development of specific
morphologies depends on local spatiotemporal
differences in gene expression, future develop-
mental research will require more spatial and
temporal expression data and their correlation

with morphogenesis. This problem was
approached by using GIS programs for studying
the spatial correlation between gene expression
and morphological features. Unlike previous in
situ hybridization methods, this has enabled
quantitative correlations between gene expres-
sion and future morphologies to be determined.
Such correlations can reveal signaling pathways,
which are potential targets for morphological
evolution.

Mammalian teeth are excellent models for ana-
lyzing the relationship between growth and pat-
tern formation, because they are histologically
simple and their morphogenesis is deterministic.
The morphogenesis and expression patterns of
several candidate developmental regulatory
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genes were mapped in both mouse and vole
molars from initiation to the late bell stage and
the upper diastema rudimentary tooth germs
from initiation to degeneration. The first finding
was that mouse molar morphogenesis may be
regulated by epithelial signaling centers, the
enamel knots. Rough qualitative gene expression
comparisons, together with cross-species tissue
recombinations, showed that the tooth develop-
ment programs are conserved between the spe-
cies. In both species, the development of dental
formulas and cusp patterns was similarly associ-
ated with epithelial signaling centers. Although
the early development of mouse and vole molars
occurs at the same rate via same developmental
stages, the actual growth patterns and spatiotem-
poral arrangement of the signaling centers dur-
ing the morphogenesis are nonetheless different.
Sibling vole and mouse molars do not recapitu-
late common morphogenetic patterns.

As revealed by molar-incisor and mouse-vole
recombinations and early epithelial expression
patterns, all tooth morphogenetic processes are
controlled by the early epithelium. The numeri-
cal and developmental differences between
mouse and sibling vole rudimentary tooth germs
and the different morphogenetic associations
between the studied developmental genes sug-
gest that the hierarchy of pattern formation be-
gins with several parallel and dissociable induc-
tive events (Figure 30). The early patterning
defines the local odontogenic potential and
hence the development of dental formulas. At
the following levels, the shape of each individual
tooth germ is determined by subsequent epithe-
lial-mesenchymal interactions, which control the
specific growth rates and pattern formation.

Unlike the entire tooth, individual cusps do not
have positional identity. Instead, the evolution of
cusp patterns apparently depends on hetero-
chrony between dissociable pathways controll-
ing growth and lateral inhibition. The apparently
mosaic evolution of  different parts  of the crown
as well as features like cusp shapes and crown
heights could, actually, be derived from a few
metric processes controlling the meristic
patterning.
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Figure 30. The hierarchy of minimum developmental
processes in teeth. The number of signaling pathways
involved in each of these processes, as well as the extent of
their co-option in parallel or consecutive events, is
unknown. The initial patterning processes establish the jaw
axis, and the positional information is then interpreted
according to the species specific rates of signaling into
dental formulas and epithelial and mesenchymal growth
rates. The latter, together with the intrinsic pattern form-
ation dynamics, will determine the specific cusp patterns of
each individual tooth germ, unless development is arrested
because one or more of the underlined early patterning
events fails.

The budding of the individual tooth germs began
with the differentiation of the early epithelial
signaling center from the dental lamina. The
primary enamel knots appear to control crown
development in general, whereas the initiation of
secondary enamel knots predicts the develop-
ment of individual cusps. The signaling centers
had similar but not identical gene expression
profiles. Because the expression profiles could
change as the signaling centers matured, the
differences between the signaling centers may
depend on the developmental stage of the tooth
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rather than intrinsic differences between the
signaling centers.

The development and morphogenetic roles of
both primary and secondary enamel knots were
analyzed using molecular markers. The results
above indicate that the timing of enamel knot
separation and initiation and the growth rates of
the intercusp areas determine the cusp patterns.
In mouse and sibling vole molars, the actual
cusp patterns appear at the molecular level
earlier than at the morphological level, and this
pattern apparently depends on the molecular
signaling interactions, as well as the crown
growth.

The likely involvement of lateral inhibition in
the development of signaling centers suggests
that there may be a minimum size for an enamel
knot, and a minimum distance between two
enamel knots. Their calculation, however,
requires more knowledge about the molecular
basis for enamel knot formation and interactions
between growth and patterning. The constant
relationship between the epithelial and mesen-
chymal growth rates appears to determine the
degree of crown folding (Figure 14, Table 3), as
also indicated by the cross-species recombin-
ation experiments (Figure 20). However, the
cusp shapes are similar to the shapes of the
secondary enamel knots associated with them
(Figure 16). Hence, it seems that the develop-
ment of enamel knot patterns cannot be dissoci-
ated from the crown growth rates at the morpho-
logical level. At the molecular level, however,
the individual signaling pathways appear to be
dissociable, which probably has been the basis
both for extensive heterochronic and heterotopic
variation in cusp pattern development, and (on a
higher level of the information hierarchy) for the
evolution of positional control of tooth morpho-
genesis.

To fully understand the molecular basis under-
lying the evolution of tooth morphologies, sev-
eral levels of information must be integrated. To

identify the potential pathways actually involved
in morphogenesis, in situ hybridization and spa-
tial autocorrelation analysis between the markers
for candidate pathways and morphogenesis are
needed, whereas to understand the pattern
formation at the molecular level, the signaling
interactions between individual proteins must be
understood. Hence, experimental data from, e.g.,
induction or gene transfection experiments, are
essential. The number of potential candidate
genes and pathways to be analyzed can be
limited by pinpointing the exact developmental
events and processes, which define the future
morphogenesis, e.g., by recombination experi-
ments. In the future, as the genomic data be-
comes available, the analysis of temporal (if not
spatial) co-expression profiles of the thousands
of genes potentially involved in morphogenesis
will provide information on interconnectivity
between signaling networks. Conversely, instead
of comparing individual genes and pathways, the
effects of the whole genome (or a proteome)
during a specific time window can be analyzed
by heterologous tissue recombinations. The task
ahead is enormous, but once the molecular rules
for morphogenesis are elucidated, these can be
used for predicting the favored directions of
morphological change and, if necessary, for gen-
erating transgenic phenocopies of extant mor-
phologies or even novel morphologies from the
unexplored parts of the possible morphospace.

In conclusion: by elucidating the developmental
processes behind the pattern formation in mouse
and vole teeth, the processes can be tentatively
applied to extrapolate the potential mechanisms
for the evolution of the mammalian dentition,
and even to predict the potential directions of
morphological evolution. If enough comparative
research is carried out on a wide range of model
systems, including Drosophilidae and plants,
ultimately even the basic mathematical princi-
ples behind the genomic basis for the evolution
of patterning processes may be identified and
analyzed
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Materials and methods

Tissues of the mouse and sibling vole

Mouse (Mus musculus) teeth and jaws (from E10 to
E17) were obtained from crosses between inbred CBA
male and outbred NMRI female or NMRI male and
NMRI female. The morning of the plug day was
considered to be E0. Sibling vole (Microtus rossiae-
meridionalis), bank vole (Clethrionomys rufocanus),
common vole (Microtus arvalis) and root vole
(Microtus oeconomus) tissues of similar age were
obtained from an inbred colony kept in the Dept. of
Animal Physiology (University of Helsinki, Finland).
The animals were allowed to get used to each other in
separate cages overnight and then mated overnight.
The following morning was considered to be E0. The
rat (Rattus norvegicus) tissues were obtained from
Sprague-Dawley crosses. The animals were mated
overnight and the following morning was considered
as E0.  The postnatal opossum heads were a kind gift
from Dr. Kathleen Smith. The morning when the
opossum pups were first seen was considered as PN0.

The tissues were dissected with scissors and needles
in Dulbecco’s PBS. The tissues for sectional in situ
hybridization were fixed overnight in 4% PFA, and, if
necessary, decalcified for two weeks in 2.5%PFA/
12.5% EDTA, after which they were dehydrated in
ascending ethanol xylene series before paraffin
embedding. The lengths of the washes depended on
the age and size of the tissues and could vary between
5’ and 60’ or longer. The opossum heads were
skinned before embedding. The tissues for
wholemount in situ hybridization were fixed similarly
and dehydrated either in ascending ethanol series or in
ascending methanol series and stored in 100%
methanol in –20°C or in 70% ethanol in +4°C until
used. To analyse the development of epithelial
patterning, epithelia separated with 0.75% pancreatin
and 2.25% trypsin in Tyrode’s solution were fixed for
wholemount in situ hybridization.

Probes for in situ hybridization

Probe Length Reference Article

Barx1  (murine cDNA fragment) 0.98 kb in pKSII(+) from Dr. Mitsiadis Unpublished
Bmp2  (murine cDNA fragment) 240 bp in pGEM3 Vainio et al. (1993) I, II, III
Bmp2  (murine cDNA fragment) 1.2 kb in pBS(II)SK Dickinson et al. (1990) III
Bmp4  (murine cDNA fragment) 285 bp in pGEM3 Vainio et al. (1993) I, II, III
Bmp4  (murine cDNA fragment) 1 kb in pSP72 Jones et al. (1991) III
Bmp7  (murine cDNA fragment) 220 bp in pGEM3 I
Fgf4   (full length  murine cDNA) 620 bp in pBS(II)KS+/- Hébert et al. (1990) I, II, III, IV,

unpublished
Fgf8   (full length murine cDNA) 997 bp in pBKCMV Heikinheimo et al. (1994) III
Lef1   (murine cDNA(?) fragment) 660 bp in pBS Travis et al. (1991) II, III, IV,

unpublished
Msx1  (murine cDNA fragment) 600 bp in pSP72 MacKenzie et al. (1991) I, II, III
Msx2  (murine cDNA fragments in

tandem)
 850+850 bp in pSP72 Monaghan et al. (1991) II, III

p21CIP1/WAF1CIP1/WAF1

(murine cDNA fragment)
740 bp in pBS SK(+/-) Jernvall et al. (1998) II, III, IV,

unpublished
Pax9  (murine cDNA fragment) III
Pitx2  (murine cDNA fragment) 1.8 kb in pKSII(+) Mucchielli et al. (1997) III
Shh  (rat cDNA fragment)  2.6 kb in pBS SK(+) from Dr T. Edlund I, II, III, IV,

unpublished
Wnt10a  (murine cDNA fragment) 1.93 kb in pJ32 from Dr. McMahon unpublished
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In situ hybridization of sections     (Articles I, II and
III, unpublished results)

Radioactive in situ hybridization is a more sensitive
method for expression analysis than wholemount in
situ hybridization, and therefore suitable for testing
unknown probes in new kinds of tissues. Tissues
stored in paraffin blocks were cut into 7µm or 10 µm
sections and transferred onto triethoxysilane and
acetone treated slides, dried overnight and stored at
+4°C until used. Plasmids containing cDNA were
linearised and in vitro RNA transcription was carried
out in presence of 35S-rUTP (Sigma-Aldrich) and
RNAse inhibitor. The labeled riboprobes were ethanol
precipitated, air dried and dissolved into Wilkinson’s
hybridization buffer containing 0.1M dithiothreitol
(Sigma-Aldrich) as in Wilkinson and Green (1990).
At the beginning, the slides were deparaffinated and
rehydrated in descending xylene-ethanol-PBS series,
washed twice in TE pH8.0 (50mM Tris-HCl, 5mM
EDTA) treated with proteinase K (7 µg/ml TE pH8.0,
RT, 15’), washed with PBST, fixed with 4% PFA (20’
at RT), washed with PBST and treated with acetic
anhydride to improve the penetration and specificity
of binding of the probes. The sections were
dehydrated and the probes (40 000 – 60 000 cpm/µl)
were hybridized overnight in +52°C in 15 – 90 µl of
hybridization buffer. All pre hybridization treatments
were done with RNAse free solutions and instruments.
After  hybridization, the sections were washed, first in
low stringency conditions (5x SSC pH4.5 [0.75M
NaCl, 75mM Na-citrate], 10mM dithiothreitol at
+50°C), then in high stringency conditions (20 mM
dithithreitol in 50% formamide and 2x SSC at +65°C),
washed three times in NTE (500mM NaCl, 10 mM
Tris-HCl pH8.0, 5 mM EDTA pH8.0 at +37°C) and
treated with RNAse A in NTE to remove unbound
RNA probe, after which the high stringency wash was
repeated. Finally, the sections were dehydrated and
coated with NTB2 autoradiographic emulsion
(Kodak), dried and exposed for 10 to 16 days. After
the exposure, the sections were developed with Kodak
D19, fixed with Unifix (Kodak), and counterstained
with hematoxylin (Shandon, Pittsburgh, PA). Finally
the sections were mounted with DePex (BDH) and
washed clean of excess emulsion. The results were
digitized using an Olympus BX-50 microscope
(Olympus, Tokyo, Japan), a black and white CCD
video camera (Cohu, San Diego, CA) and NIH-image
1.61 public domain program (U.S. National Institutes
of Health), and the bright and dark field images were
processed with Adobe Photoshop 4.0 (Adobe
Systems, San Jose, CA).

Three-dimensional analysis of epithelial
expression patterns       (Article IV, unpublished
results)

Many of the Fgf4 expression patterns were obtained
with three-dimensional reconstructions of sections
hybridized with more sensitive radioactive probes,
because we could not make the short probe work well
in vole tissues for wholemount in situ hybridization.
The teeth were sectioned serially and the bright and
dark field images of the sections were digitized,
aligned and stacked with the NIH image 1.61 program
(US National Institutes of Health, public domain
program available via the Internet by anonymous FTP
zippy.nimh.nih.gov). Basement membranes were
marked with a few selected points for rendering in the
Extreme 3D (Macromedia) program to produce the
three-dimensional morphology of the tooth germs,
whereas the silver grains indicating the expression in
dark field images were inverted and stacked in NIH-
image 1.61. The rendered basement membrane and
the expression grains were oriented in the same
position, and the expression was projected on the
morphology according to the digital co-ordinates in
Photoshop 4.0 (Adobe).

When the gene expression was strong, the patterning
analysis could be done with epithelial wholemount in
situ hybridization, which can be used for rapid
analysis of several samples for statistical or short time
interval developmental studies. The separated epi-
thelia were digitized with a Kodak Digital Science
Dcm120 Zoom digital camera (Kodak) mounted on a
Nikon SMZ-U stereomicroscope (Nikon) in antiocclu-
sal direction after the color reaction. The color
produced by the reaction was filtered apart from the
shadows caused by epithelial folding in Adobe
Photoshop 4.0 (Adobe Systems, Inc.), and the
expression patterns were aligned to each other and the
DEMs of type serial sections of corresponding
developmental stages according to their
morphological features. DEMs were generated from
horizontal sections of tooth germs using the 3Dview
version (public domain by Iain Huxley) of National
Institute of Health (NIH) Image software
(http://www.physics.usyd.edu.au/physopt/3dview/)
as described in Jernvall and Selänne (1999). The tips
of the cusps, the dental lamina and the length of the
tooth germ, which were clearly visible in the separat-
ed epithelia were used as alingment points. Because
the epithelia were fixed and stored similarly to the
sectioned tissues, shrinkage was equal, and did not
affect the measurements, but to diminish the effects of
epithelial distortion and variable hybridization
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reactions, the expression was averaged both between
different epithelia and within 30 µm x 30 µm grid
squares. The surface areas, volume areas and occlusal
areas were obtained using the 3Dview version of NIH
Image and MFWorks GIS package (Thinkspace).
Averages of gene expression patterns were super-
imposed using the combine-operation (MFWorks,
Thinkspace, Tomlin 1992) which allow for the
separation of all the possible combinations of gene
expressions. The expression areas were correlated
using Spearman rank correlation to the morphologies
of the occlusal areas of different time points (divided
into 30 µm x 30 µm grid squares) and by adjusting the
expression area to the size of the occlusal area at each
developmental time point. To avoid circular logic, the
cusps were defined in the GIS program as isolated
convex areas.

Wholemount in situ hybridization

The riboprobes were transcribed in the presence of
digoxygenin labeled rUTP (Boehringer-Mannheim)
and 25U RNAse inhibitor/10µl reaction (Promega),
ethanol precipitated, air dried and dissolved in DEPC-
H2O. The prehybridization washes began with dehyd-
ration of tissues in either descending methanol series
(if stored in methanol) or in descending ethanol series
(if stored in ethanol), washed 3x in DEPC-PBST (1%
Tween 20 in Dulbecco’s PBS), treated with proteinase
K (10 µg/ml in +37°C), washed and refixed with 4%
PFA for 20’ in RT, washed and transferred into
hybridization buffer (50% formamide, 1.3x SSC
pH4.5, 5mM EDTA pH8.0, 0.5% CHAPS, 0.1%
Tween 20, 1% BBR, 100 µg/ml yeast tRNA and 50
µg/ml heparin, ad DEPC-H2O) for prehybridization in
+55°C for 1 to 2 hours. The probes were hybridized in
the same buffer (concentration 0.2 – 1.5 µg/ml) in
+55°C overnight. All the solutions and instruments
during prehybridization were RNAse free. The excess
probes were washed away in high-stringency post-
hybridization washes (50% formamide, 2x SSC, 1%
Tween 20, 0.5% CHAPS; 25% formamide, 1x SSC,
0.5% Tween 20, 0.25% CHAPS, 0.5x MABT pH7.5
[0.1M maleic acid, 0.15M NaCl, 0.1% Tween 20] in
+55°C). The tissues were then gradually taken into
antibody blocking solution [20% normal goat serum
(Gibco BRL), 2% BBR (Boehringer-Mannheim) in
MABT at RT. After 1 – 5 hour preblocking without
antibody at RT, the tissues were hybridized with
1/2000 anti-digoxygenin-AP-FAB-fragments
(Boehringer-Mannheim) in +4°C overnight. Excess
antibody was washed away the next day with long
MABT washes in RT and these washes were usually
extented overnight at +4°C. The color reaction with

0.168 mg/ml NTB (Boehringer-Mannheim) and 0.087
mg/ml BCIP (Boehringer-Mannheim) was performed
in NMT (0.1M Tris-HCl pH9.5, 1% Tween 20, 50mM
MgCl2,  0.1M NaCl, 2mM levamisole), into which the
tissues were taken via three washes. The reaction was
stopped with PBST and the tissues were fixed with
4% PFA overnight in +4°C, washed three times and
stored in 50% glycerol in PBST.

Apoptosis detection by TUNEL-staining       (Articles
II and III)

Paraffin stored tissues were sectioned, deparaffinated
in xylene and ethanol, and treated with 66% ethanol +
33% acetic acid and 100% methanol + 0.5% H2O2.
Then they were rehydrated in descending methanol
series, and washed with PBST before proteinase K
treatment as in sectional in situ hybridization. The
tissues were washed again with PBST and fixed with
4% PFA for 20’ at RT. The positive controls were
also treated DNAse (0.2 U/ml for 15’ at +37°C) and
washed with PBST before fixation. After the PFA had
been washed away with PBST, the sections were
labeled with 20 U TdT (Promega) in 75 µl of labeling
mix (1 pmol/µl Digoxygenin-11-dUTP, 1 pmol/µl
dATP and 0.5% CHAPS in 1x TdT buffer) for 1 h at
+37°C. The negative controls were treated similarly
but without TdT. When the slides were slightly
overstained the reaction was stopped in 300 mM
NaCl, 30 mM Na-citrate, 0.1% CHAPS. The sections
were washed in TBT (50 mM Tris-HCl pH7.5, 150
mM NaCl, 0.1% Triton X-100) before preblocking in
2% BSA (Sigma-Aldrich) and 10% normal goat
serum in TBT for 2-3 h. The sections were hybridized
with anti-digoxygenin-AP-FAB-fragments in 1:2000
in TBT overnight in +4°C. After that, the sections
were washed in TBT and NMT. The colour reaction
was done as in wholemount in situ hybridization.
After stopping the reaction with PBST, the sections
were washed with MQ-H2O and mounted with
Aquamount (Danbrit).

In vitro tissue culture        (unpublished results)

The NMRI mouse and sibling vole tissues (E14 tooth
germs and E11 jaws) were microdissected in sterile
conditions under a stereomicroscope. The tissues were
separated from each other with 3’ – 6’ incubation in
0.75 % pancreatin (Gibco BRL) and 2.25% trypsin
(Difco laboratories) in Tyrode´s solution. The tissues
were allowed to recover for 30’ in culture medium
(Dulbecco’s modified Eagle’s medium, supplemented
with 0.2% glutamax (GibcoBRL), 20% fetal bovine
serum (GibcoBRL) and 10 IU/ml penicillin/10 µg/ml
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streptomycin (GibcoBRL)) before their final separat-
ion with fine needles. Epithelia and mesenchymes
were recombined in the  combinations indicated in the
results and discussion and transferred onto Nuclepore
filters, poresize 0.1 µm (Corning). The filters were
placed on Trowell-type grids in humidified incubators
at +37°C, 95% humidity, 5% CO2 and cultured with
the same medium overnight to attach the tissues to
each other. Next morning, the recombinations were
carefully detached from the filter with needles, and
transplanted into the kidney capsules of male NMRI
nude mice (Jackson Laboratories) anesthesised with
freshly made Avertin. Only one kidney was treated in
any animal, but several recombinant tooth germs were
placed into each treated kidney as in Kratochwil et al.
(1996). The kidneys were harvested after two or three
weeks culture and the tooth germs were dissected
away. The soft tissues of the tooth germs were either
digested away with 2.25% trypsin to reveal the shape
of the mineralized crown or dissected carefully for
PCR-genotyping

PCR-genotyping        (Unpublished results)

To ensure that the mouse and vole tissues remained
reasonably uncontaminated in the kidney capsules and
that the recombinations were correctly made, DNA
was isolated from the dissected epithelia and mesen-
chymes of the cultured tooth germs with 10 hour
incubation in 17.5 µg proteinase K in 20 µl of PCR
digestion buffer (100 mM Tris-HCl pH 8.3, 2.5 mM

EDTA pH 8.0, 100 mM NaCl, 0.2% SDS in H2O) at
50°C. The proteinase was inactivated at 94°C for 20’.
The PCR reactions were done in 50 µl volume, with
0.36 mM dNTP (Promega) and 2U Dynazyme
(Promega). For each PCR reaction, 1 µl of template
was used. The cycles used were 20’ in 94°C, 36 times
1’ +94°C, 1’ +59°C, 2’ +72°C, and final elongation
10’ +72°C. The primers were

5’GGCCATCTACAAGAAGTCACAG for the S

and

5’CCATGCAGGAGCTATTACACA for the AS

direction for partial genomic p53 sequences of mouse
and sibling vole. Since the primer areas are 100%
identical and the PCR products are approximately
equally long in the two species, there is no inherent
bias for faster amplification of either mouse or vole
product, which makes the PCR product reliable for
semiquantitative analysis of relative amounts of
mouse and vole cells in the analysed tissue. The PCR
products were purified using the Qiaquick PCR-
purification kit (Qiagen) and dissolved in 60 µl of
MQ-H2O, before their restriction fragment analysis by
digesting part of the product with SphI and another
part with NdeI. The mouse sequence contains a NdeI
site, which the vole sequence does not, whereas the
vole sequence contains a SphI site, which the mouse
does not, enabling easy restriction fragment analysis.
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Appendix 1

The relative growth rates of the mesenchyme
and epithelium determine the sharpness of the
cusps. In prismatic growth the change between t2

and t1 is the same as the change between t3 and
t2, whereas in conical cusps the change between
t3 and t2 is greater than the change between t2

and t1. The difference depends on the slope of
the cusp. The prismatic cusp is represented by a
prism with a triangular base in Figure 31A and
the conical cusp by a straight cone with a
circular base in Figure 31B.

If the downwards growth rate ∆t = x, then the
increase in the surface area of a prismatic cusp is
∆A0-1 between t0 and t1 and ∆A1-2 between t1 and
t2 and the increase in volume is ∆V0-1 between t0
and t1 and ∆V1-2 between t1 and t2.

Because A0-1 = xa + xb + xc = A1-2,

and because V0-1 = (½ab/cosα)x = V1-2,

in prismatic cusps the ratio of A0-1 and A1-2 is the
same as the ratio of V0-1 and V1-2. Hence, the
growth rates of the two-dimensional epithelium
and three-dimensional mesenchyme are the
same.

However, in conical cusps  A0-1 = πs(r1 + r0),
whereas A1-2 = πs(r1 + r2),
where s = xcosαsinα.

Since  r1 = r0 + xcosα   and   r2 = r0 + 2xcosα,

the difference is   A0-1  =   2ro + xcosα
                             A1-2      2ro + 2xcosα

The increase in volume between  t0 and t1 is
V0-1  = x/3(πr0

2 + πr0πr1 + πr1
2),

whereas the increase between  t1 and t2 is
V1-2 = x/3(πr1

2 + πr1πr2 + πr2
2).

Hence, the difference is

V0-1   =    3ro2 + 3roxcosα +x2cos2α
V1-2         3ro2 + 3roxcosα +x2cos2α

A1-2 is greater than A0-1, and V1-2 is greater than
V0-1. The differences in volume and area growth
depend on the sizes of α and x, i.e., on the
sharpness of the cusp and the downward growth
rates. The differences between the surface areas
at consecutive stages are always the same
(2xcosα). The differences between the volumes
at consecutive stages increase rapidly, however,
with the increase depending on x and α. Hence,
in conical cusps the volume (mesenchyme)
grows faster than the surface area (epithelium).
Thus, by controlling the mesenchymal and
epithelial growth rates, it is possible to adjust the
shape of the cusps.

Figure 31.
A simplistic
geometric model of
downwards growth
in prismatic (A) and
conical cusp (B).
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