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Apoptosis is involved in the disappearance of the
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ABSTRACT Three transient dental primordia (D1, D2 and D3) exist in the upper diastema in
mouse embryos and their regression is associated with the presence of cell death. In order to spec-
ify the type of cell death and its temporo-spatial distribution, staining with hematoxylin, supravi-
tal staining with Nile Blue, TUNEL method, electron microscopic analysis and computer assisted
3-D reconstructions were performed. These data demonstrated that apoptosis is involved in the
disappearance of the diastemal dental rudiments. Apoptosis occurred first with prevalence in the
buccal part of the epithelium of the diastemal dental primordia and extended later to the whole
epithelium of the dental rudiments and the dental lamina interconnecting them with the incisor
and molar epithelia. Cell death occurred only sporadically in the adjacent mesenchyme. The
prospective upper diastema in mouse embryos may provide a model for studies of developmental
determination of toothless areas in the jaw as well as a tool for analyses of regulatory mechanisms

of programmed cell death in morphogenesis.
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Introduction

Cell death occurring during normal morphogenesis has been
recognized for decades (Glicksmann, 1965; Saunders, 1966).
Two types of cell death have been distinguished, necrosis and
apoptosis (Wyllie, 1981), whose morphological and biochemical
characteristics are different (Koseki et al., 1992; Buja et al.,
1993; Martin, 1993; Schwartz and Osborne, 1993).

In necrosis, early changes in mitochondrial shape and func-
tion occur and the plasma membrane loses its integrity. As a
result, dysregulation of osmotic pressure leads to cellular
swelling and rupture. DNA degradation producing a smear pat-
tern is a later event resulting from the activity of proteases and
DNAses. Disintegrated necrotic cells can induce an inflammato-
ry response in adjacent tissue (Wyllie, 1981; Martin, 1993; Ueda
and Shah, 1994).

The apoptotic process is characterized by cell shrinkage, loss
of intercellular junctions and microvilli when present as well as
early changes in the nucleus, which do not exist during necrosis.
Chromatin becomes dense and lines the nuclear membrane.
Later, the nucleus and cytoplasm with partly destroyed mito-
chondria and intact ribosomes are segmented to give rise to the
membrane-bound apoptotic bodies phagocytosed by living cells
in their vicinity. The presence and removal of apoptotic cells
does not induce an inflammatory response (Wyllie, 1981;

Gerschenson and Rotello, 1992; Lockshin and Zakeri, 1992;
Cohen, 1993; Kerr ef al., 1995).

Cell death plays an important role in morphogenesis of vari-
ous organs. Cell death (specified now as apoptosis) is involved
for example in neural and thymic development (Clarke, 1990;
Raff, 1992), formation of digits (Schweichel and Merker, 1973;
Milaire, 1992), kidney organogenesis (Koseki ef al., 1992), heart
development (Krstic and Pexieder, 1973) and secondary palate
formation (Mori et al., 1994) in vertebrates. Cell death has also
been reported during development of functional teeth (Nozue,
1971; Moe and Jessen, 1972; Kindaichi, 1980).

In mouse embryos, a dental lamina and later three distinct
transient epithelial primordia originate in the prospective upper
diastema region between the incisor and molar anlagen. The
diastemal rudiments reach maximally the bud stage before the
regress, which is associated with cell degeneration (Peterkova,
1983; Peterkova et al., 1993, 1995). Phylogenetic and molecular
arguments may support a dental nature for the rudiments
(Peterkova et al., 1993, 1995; Tureckova et al., 1995). In the
mandible, only an inconspicuous epithelial thickening (without
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further differentiation and signs of cell death) extends mesially
from the molar anlage (Peterkova et al., 1995).

In the present study, the type of cell death was identified and
its temporo-spatial distribution analyzed during regression of the
diastemnal primordia in the mouse embryonic upper jaw.

Results

Histology

On histological sections, various morphological signs of cell
degeneration (Fig. 1A) started to be apparent in the diastemal
dental epithelium from embryonic day (E) 12.5, weight class
(wt.c.) 101-125 mg. The affected cells differed from the viable
cells in their smaller size, shrunken appearance, more
eosinophilic cytoplasm and smaller and dark nucleus containing
condensed chromatin. In the area of cell death, a large number
of condensed bodies of various size (always smaller than viable
cells) was present. These contained one or more dark particles
in a small amount of cytoplasm. Some bodies seemed to be
comprised solely of a dark condensed substance. Occasionally,
a translucent area was apparent around them. Large cells
crowded with the bodies were found at the peridermal cell layer,
but were not apparent among the deeper epithelial cells. Their
frequency increased as the regression proceeded leading to
reduction of the diastemal dental epithelium (Fig. 1B).

Fig. 1. The diastemal dental anlage in frontal paraffin section of
head of E13.5 mouse embryo, wr.c. 126-150 mg (A,C) and wt.c. 201-
225 mg (B) stained with alcian blue-hematoxylin-eosin (A,B) and TUNEL
method (C). Narrow arrows point to the apoptotic cells or bodies {A),
phagocytes (B) or the marked DNA fragments (C). Large arrow points
medially. MX, maxilla; D2, the second diastemal dental rudiment; D3, a
remnant of the third diastemal dental rudiment; P periderm cell layer; LF,
lip furrow. Scale bar, 20 urm (A,BJ, 50 um (C).

During the early phase of regression of the diastemal dental
rudiments, cell degeneration was present predominantly in the
buccal part of the dental bud and affected especially the central
and superficial epithelial cells (Fig. 1A). Finally, the area of cell
death extended to the whole diastemal dental epithelium.

TUNEL method

The labeled cells and bodies (Fig. 1C) were similar in their
shape and localization to the affected cells and condensed bod-
ies observed in histological sections (Fig. 1A).

Dying cells were detected only sporadically in the mes-
enchyme adjacent to the diastemal dental epithelium in both his-
tological sections and sections labeled by the TUNEL method.

Electron microscopy

Various stages of degeneration of the epithelial cells were
observed (Fig. 2): the chromatin of affected cells rapidly formed
dense aggregates lining the nuclear membrane. Complex
invaginations developed in the nuclear membrane resulting in
shrunken and lobed nuclei (Fig. 2A) and later, in nuclear seg-
mentation. Mitochondria were irregular in shape and some-
times swollen with their cristae and membranes partly
destroyed. Cisternae of the endoplasmic reticulum were dilat-
ed. Free ribosomes and polysomes were visible until the late
stages of apoptosis. The segmented nucleus and cytoplasm of



the dying cell formed membrane-bound apoptotic bodies
(Wyllie, 1981). Desmosomes were visible until organelles were
disrupted and the cytoplasm began to be more dense. The
apoptotic bodies contained either a dense homogeneous area
and/or a heterogeneous area of moderate density surrounded
by a limiting membrane. The apoptotic bodies were more often
found engulfed in the adjacent living epithelial cells than free in
the intercellular spaces. Cytoplasmic extensions from neigh-
boring cells were found to outgrow the free apoptotic bodies
(Fig. 2B).

On the basis of the analysis of paraffin and ultrathin sections,
the affected cells and condensed bodies apparent in histological
sections could be identified as apoptotic cells and apoptotic bod-
ies, respectively.

3-D reconstructions

In the diastemal epithelium, numerous apoptotic cells/bodies
were present predominantly buccally inside the areas corre-
sponding to the D2 and D3 primordia at E12.5 and E13.0. In non-
dental oral epithelium, the apoptotic cells/bodies occurred only
sporadically (Fig. 3B,C,F,G).

At E13.5, the diastema region elongated as well as the dis-
tance between the D2 and D3 rudiments themselves (Fig. 31,M).
In the developmentally least advanced specimens, the most
mesial D1 rudiment was distinct and the buccal prevalence of
cell death was apparent in it. Distally, a continuous zone of
apoptosis extended to the whole diastemal dental epithelium
(Fig. 3J,K). Later, the diastemal dental lamina disrupted
between the D2 and D3 primordia (Fig. 3M). The dying cells
could still be detected buccally in the D1 primordium. Distally, a
continuous zone of degenerating cells extended through the
regressing D2 and D3 rudiments. At this stage, dying cells were
present also inside the epithelium of the rugae palatinae and lip
furrow (Fig. 3N,Q).

Nile blue staining

Supravital staining with Nile blue (Fig. 3D,H.L,P) confirmed
the pattern of degenerating cells visualized after 3-D reconstruc-
tions at each of the observed embryonic stages.

Discussion

The complementary approaches we applied allowed us to
identify the type of cell death involved during extinction of the
transient anlage of the dentition in the prospective upper
diastema in mouse and monitor the temporo-spatial distribution
of dying cells.

The histological and electron microscopic data were in agree-
ment with the morphological changes characteristic of apoptotic
cell death (Wyllie, 1981; Gerschenson and Rotello, 1992; Koseki
etal., 1992; Lockshin and Zakeri, 1992; Cohen, 1993; Kerr et al.,
1995). Our electron microscopic data suggested that the apop-
totic bodies may be engulfed by the epithelial cells in their vicin-
ity (Moe and Jessen, 1972; Wyllie, 1981; Kerr et al., 1995).
Occasionally, large phagocytes crowded with apoptotic bodies
(Fig. 1B) seemed to be extruded from the surface of the affect-
ed epithelium into the oral cavity. Phagocytosis has been report-
ed also in the peridermal cells during the process of pro-
grammed cell death (Hinrichsen et al., 1984). With regard to the
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Fig. 2. Electron microscopic views (A,B) of the epithelial cells of D3
primordium at E13.5 (wt.c. 126-150 mg). ap, apoptotic body; ch, con-
densed chromatin; cy, condensed cytoplasm; der, dilated endoplasmic
reticulum; mi, partly destroyed mitochondria; n, nucleus of living cell.
Magnification x5650.

localization of the phagocytes (Fig. 1B), their peridermal origin
cannot be excluded. Determination of the origin of these cells,
however, would need a more detailed study.

It has been suggested that the internucleosomal fragmenta-
tion of DNA by an endogenous endonuclease should not be con-
sidered as a halimark of apoptosis (Gerschenson and Rotello,
1992; Ueda and Shah, 1994). However, Oberhammer et al.
(1993) have reported that in several epithelial cell types under-
going apoptosis, DNA is always cleaved to large 50kbp or
300kbp fragments, independently of the subsequent “laddering”
of DNA. The TUNEL method has proved to be reliable for spe-
cific in situ detection of fragmented DNA in nuclei of various cell
types during apoptosis (Gavrieli et al.,, 1992; Mori et al., 1994).
Our positive results for the TUNEL method confirmed the histo-
logical and electron microscopic findings and allowed classifica-
fion of the cell death in the diastemal dental epithelium as apop-
tosis including the DNA fragmentation.

The Nile blue supravital staining of the upper jaw, including
both epithelium and mesenchyme, showed a temporo-spatial
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Fig. 3. 3-D reconstructions and distribution of apoptoses. Th r right pr t t egion i
mg. A—D'_ E13.0 (wt.c. 101- mg. EH), E 5 (wt.c. 126-150 mg; IL, d wt.c. 151 ). 3-D re J
g viev s mes al surface (A E l M), supplemented by distribution of apoptotic cells/bodies (violet dots) either i oral epitheliu

sen fit en / S
fgreen) and diastema dental epithelium represented by black areas (B,F.J,N), or after suppression of a structural background [G G K 0). (DHL P)
demonstrate the distribution of cell death in an oral iew of the right upper jaw stained supravitally with Nile blue. Note the presence of cell death
also in the epithellum of rugae palatinae and in the epithelium lining of the lip furrow situated buccally to the dental primordia (N,O,P). D1, D2, D3,
transient diastemal dental primordia; M1, the first molar anlage; R1, R2, R3, rugae palatinae; F, mafgm of palatal shelf. Asterisk indicates the primary
choana opening. The anterior/posterior direction corresponds to the top/bottom in all figures. Large arrow points medially. Scale bar, 100 ym (3-D

um (Nile blue)

ructions), s

pattern of degenerating cells very similar to that documented by palatal rugae and the upper lip furrow in the diastema region was
3-D representations of apoptosis in the epithelium solely. The 3- synchronous with culmination of the apoptotic process in the
D reconstructions further documented precise co-localization of diastemal dental epithelium. This finding might be explained by
apoptosis with respect to the spatial arrangement of the upper the developmental relationship of all these structures originating
jaw epithelium. Presence of apoptosis in the epithelia of the from the same thickening of the maxillary oral epithelium



(Peterkovd, 1985). We suggest that the apoptotic process is ini-
tiated in the whole epithelial thickening in the diastema region of
E10-11 embryos. After segmentation of the epithelial thickening
into anlagen of the oral vestibule, dentition and palatal rugae
(Peterkova, 1985; Peterkova et al., 1995), these structures fol-
low their own developmental processes. Accordingly, further
progress and extension of apoptosis is modulated in relation to
its specific localization. The apoptosis reaches its full develop-
ment in the diastemal anlage of the dentition resulting in its
extinction.

The programmed cell death by apoptosis is a normal devel-
opmental process. It is associated with exposure to or withdraw-
al of specific physiological signals (hormones, growth factors,
etc.) and leads to the loss of specific cells in a temporally and
spatially predictable manner (Raff, 1992; Cohen, 1993; Schwartz
and Osborne, 1993). Our previous study demonstrated that in
the diastemal dental epithelium, msx-2 is downregulated from
the stage of epithelial thickening, whereas the BMP-4 gene is
expressed until the rudiments start to regress (Tureckova et al.,
1995). The BMP-4 protein has been reported to induce apopto-
sis and upregulate msx-2 expression in the neural crest cells of
the third and fifth rhombomeres (Graham ef al, 1994).
Therefore, the BMP-4 protein might be involved in the regulation
of apoptosis in the diastemal dental rudiments, which takes
place in the absence of msx-2 expression.

The programmed cell death occurring by apoptosis plays a
key role in normal ontogenesis resulting in the selective elimi-
nation of unnecessary cells in tissues (Martin, 1993; Mori et al.,
1994). This type of cell death also appears to be involved in pre-
natal reduction of the diastemal dental anlagen in the upper jaw
in mouse. In the lower diastema region, only a low epithelial lam-
ina extends anteriorly from the molar epithelium at comparable
stages: neither differentiation of tooth buds nor signs of cell
death appear there (Peterkova et al., 1995). The functional spe-
cialization of the rodent dentition during evolution was associat-
ed with modification of the antemolar teeth. Consequently, only
one continuously-growing incisor separated by the toothless
diasterma from maximally two upper and one lower premolar is
present in the antemolar region of recent and fossil rodents
(Grassé and Dekeyser, 1955; Viret, 1955; Wood, 1962). The
reduction of premolars has been attributed to hypertrophy of the
gnawing incisor (Hershkovitz, 1967). The difference in the
rodent dentition is associated with changes in the jaw bones, the
entire skull and the masticatory musculature (Peyer, 1968). The
advantage of the absence of teeth in the diastema of rodents is
that the sides of the lips can be drawn in during gnawing, pre-
venting retained food from flying back into the mouth (Kershaw,
1983).

Existence of a vestigial tooth may be considered as a mani-
festation of an advanced stage of tooth reduction (Moss-
Salentijn, 1978). From this viewpeint, the diastemal rudiments in
the mouse might represent the last traces of the existence of the
maxillary antemolar dentition (present in ancestors) during its
phyletic reduction (Peterkovd et al, 1995). The difference
between prenatal development of the upper and lower diastema
in mouse, reflecting various degrees of tooth involution, is in
accordance with the trend towards rodent antemolar teeth reduc-
tion, which is always more advanced in the lower jaw (Luckett,
1985).

Apoptosis in mouse diastema 487

The upper jaw in mouse embryos, whose prospective
diastema includes transitory dental anlagen, will represent an
interesting tool to study the molecular mechanisms regulating
development of tooth bearing and toothless areas in dentition.

Materials and Methods

Pregnant female mice (ICR strain) were killed by cervical dislocation
at embryonic days (E) 12.5, 13.0 and 13.5. The midnight before the
morning detection of vaginal plug was considered as E0.0. Embryos
were transferred in phosphate buffer and weighed. As morphological
staging (Gruneberg, 1943; Theiler, 1972; Kaufman, 1994) has proved to
be too crude for detailed study of early odontogenesis, embryos at each
chronological stage were distributed into 25-mg weight classes
(Peterkova et al., 1993). For further processing, representative speci-
mens were selected.

Histology

The embryos were fixed in Bouin-Hollande fluid. Their heads were
then dissected and dehydrated prior to embedding in paraffin. Series of
5 pm thick frontal sections were prepared and stained with alcian blue-
hematoxylin-eosin. The hematoxylin staining appeared to be suitable for
visualization of dying cells in histological sections (Pexieder, 1972;
Koseki et al., 1992; Kerr et al., 1995).

3-D reconstructions

From the series of 5 pm histological sections, drawings of the right
upper jaw oral epithelium situated between the incisor and molar anla-
gen were made using a Wild-Leitz Orthoplan microscope equipped with
a drawing chamber under magnification 240x. The position of the apop-
totic cells and bodies (Kerr et al., 1995) inside the epithelia was indicat-
ed in the drawings. It was not always possible to precisely determine
how many apoptotic bodies did represent a cluster of dark particles. In
order to standardize the method, a condensed substance larger than
nucleoli and smaller than interphase nuclei was indicated as the apop-
totic body. Where possible, margins of the diastemal dental rudiments
were also marked as the lowest point of the lingual and buccal feet of the
diastemal dental lamina or bud on frontal sections.

For digitalization of the serial drawings, a Hamamatsu C2400 camera
with a digital imaging system (series 151 Imaging Technology) was used.
Correlation of successive images was performed by real time superim-
position method (Olivo et al., 1993). Softwares allowing image acquisi-
tion and treatment were developed in Strasbourg. 3-D images were gen-
erated using a volume rendering program (Sun Voxel, Sun
Microsystems).

Supravital staining

Heads of embryos were stained with Nile blue sulphate solution
(Merck) for 30 min at room temperature (1:40,000 in physiological
Locke's buffer; Milaire, 1992). After a 4 h wash in Locke's solution the
upper jaws were dissected, put on hollowed slides and observed under
a Docuval (Zeiss) microscope.

Electron microscopy

The upper jaws of representative embryos were dissected after glu-
taraldehyde fixation (2.5% glutaraldehyde in phosphate buffer, pH 7.4,
for 1.5 h). After washing in phosphate buffer (pH 7.4), the jaws were
post-fixed in 1% OsQ, in buffer for 2 h. The tissues were passed through
graded series of ethanol with uranyl acetate and through propylene
oxide, embedded in Durcupan-Epon medium (Fluka), and polymerized
at 60°C for 3 days.

Ultrathin sections made by Reichert microtome were put on copper
grids and stained with uranyl-acetate and lead citrate. An Opton EM109
transmission electron microscope was used for observation.
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TUNEL method

Embryonic heads were fixed for up to 24 h at 4°C in freshly prepared
4% formaldehyde buffered with 0.05 M sodium phosphate and 0.2 M
NaCl (pH 7.4). The heads were dehydrated and embedded in paraffin
according to standard procedures. Serial frontal sections (7 pm) were
placed on silanized slides and stored at +4°C until further processing. in
sifu detection of DNA fragmentation was performed according to a pro-
tocol provided by Oncor Inc. (Gaithesburg, MD, USA) for TUNEL method
using the Apoptosis detection kit designated for visualization with perox-
idase label. Deparaffinized sections were treated with Proteinase K (20
pg/ml) for 15 min at room temperature (RT), and with 0.2% hydrogen
peroxide in PBS for 5 min at RT. Equilibration buffer (Oncor) was applied
to sections under a plastic coverslip for 15 sec at RT. After this pretreat-
ment, the sections were incubated with TdT enzyme (Oncor} in a humid-
ified chamber at 37°C for 1 h. The reaction was stopped with Stop/wash
buffer (Oncor) applied for 30 min at 37°C. For color detection of the DNA
fragments, anti-digoxigenin-peroxidase (Oncor) and 0.05% DAB were
used (for 30 min and 20 min at RT, respectively). After counterstaining
with methyl green, the sections were dehydrated and mounted in xylene
containing medium.

Acknowledgments

The technical assistance of Mrs. D. Rosenauerovd is gratefully
acknowledged. We thank Dr. A.J. Smith for critical reading of the manu-
script. This work was supported by the Grant Agency of the Academy of
Sciences of the Czech Republic (grant A-7039503), by the Grant Agency
of the Czech Republic (grant 304/93/0594) and by HSFPO grant RG-
558/95M. Stays of R.P and M.P. in Strasbourg were funded by INSERM,
France, and by Ministry of Education, Youth and Sports of the Czech
Republic (COST-B8.10).

References

BUJA, L.M., EIGENBRODT, M.L., and EIGENBRODT, E.H. (1993). Apoptosis and
necrosis. Basic types and mechanisms of cell death. Arch. Pathol. Lab. Med.
117: 1208-1214.

CLARKE, P.G.H. (1990). Developmental cell death: morphological diversity and
multiple mechanisms. Anat. Embryol. 181: 195-213.

COHEN, J.J. (1993). Apoptosis. Immunel. Today 14: 126-130.

GAVRIELI, Y., SHERMAN, Y. and BEN-SASSON, S.A. (1992). Identification of pro-
grammed cell death in situ via labeling of nuclear DNA fragmentation. J. Cell
Biol. 119 433-501.

GERSCHENSON, L.E. and ROTELLO, R.J. (1992). Apoptosis: a different type ot
cell death. FASEB J. 6: 2450-2455.

GLUCKSMANN, A. (1965). Cell death in normal development. Arch. Biol. 76: 419-437.

GRAHAM, A., FRANCIS-WEST, P., BRICKELL, P. and LUMSDEN, A. (1994). The
signalling molecule BMP-4 mediates apoptosis in the rhombencephalic neural
crest. Nature 372: 684-686.

GRASSE, P.P. and DEKEYSER, P.L. (1955). Ordre des rongeurs. In Traité de
Zoologie, XVII - Mammiferes (Ed. P.P. Grassé). Masson et Cie Editeurs, Paris,
pp. 1321-1525.

GRUNEBERG, H. (1943). The development of some external features in mouse
embryos. J. Hered. 34: 89-92.

HERSHKOVITZ, P. (1967). Dynamics of rodent molar evolution: a study based on
New World Cricetinae, family Muridae. J. Dent. Res. 46 (Suppl. 5): 829-842.

HINRICHSEN, K., JACOB, M., and JACOB, H.J. (1984). Epi-epidermale Zellen.
Verh. Anat. Ges. 78, S: 255-256.

KAUFMAN, M.H. (1994). The Atlas of Mouse Development. Academic Press,
Londen.

KERR, J.FR., GOBE, G.C., WINTERFORD, C.M. and HARMON, B.V. (1995).
Anatomical methods In cell death. In Methods in Cell Biology (Eds. L.M.
Schwartz and B.A. Osborne). Academic Press, London, pp. 1-27.

KERSHAW, D.R. (1983). Animal Diversity. Unwin Hyman, London.

KINDAICHI, K. (1980). An electron microscopic study of cell death in molar tooth
germ epithelia of mouse embryos. Arch. Histol. Jpn. 43: 289-304.

KOSEKI, C., HERZLINGER, D. and AL-AWQATI, Q. (1992). Apoptosis in
metanephric development. J. Cell Biol. 118: 1327-1333.

KRSTIC, R. and PEXIEDER, T. (1973). Ultrastructure of cell death in bulbar cush-
ions of chick embryo heart. Z. Anat. Entw.-Gesch. 140: 337-350.

LOCKSHIN, R.A. and ZAKERI, Z.F. (1992). Physiclogy and protein synthesis in
programmed cell death . Early synthesis and DNA degradation. Ann. NY Acad.
Sci. 663: 234-249.

LUCKETT, W.P. (1985). Superordinal and intraordinal affinities of rodents: devel-
opmental evidence from the dentition and placentation. In Evolutionary
Relationships among Rodents (Eds. W.P. Luckett and J-L. Hartenberger).
Plenum Press, New York, pp. 227-276.

MARTIN, S.J. (1993). Apoptosis: suicide, execution or murder? Trends Cell Biol. 3:
141-144.

MILAIRE, J. (1992). A new interpretation of the necrotic changes occurring in the
developing limb bud paddle of mouse embryos based upon recent observations
in four difterent phenotypes. Int. J. Dev. Biol. 36: 169-178.

MQE, H. and JESSEN, H. (1972). Phagocytosis and elimination of amelocyte
debris by stratum intermedium cells in the transitional zone of the enamel organ
of the rat incisor. Z. Zellforsch. 131: 63-75.

MORI, C., NAKAMURA, N., OKAMOTQ, Y., OSAWA, M. and SHIOTA, K. (1994).
Cytochemical identification of programmed cell death in the fusing fetal
mouse palate by specific labelling of DNA fragmentation. Anat. Embryol. 190
21-28.

MOSS-SALENTIJN, L. (1978). Vestigial teeth in rabbit, rat and mouse; their rela-
tionship to the problem of lacteal dentitions. In Development, Function and
Evolution of Teeth (Eds. P.M. Butler and K.A. Joysey). Academic Press,
London, pp. 13-29.

NOZUE, T. (1971). Specific spindle cells and globular substances in enamel knot.
Okafimas Fol. Anat. Jpn. 48: 139-152.

OBERHAMMER, F., WILSON, J.W., DIVE, C., MORRIS, I.D., HICKMAN, J.A.,
WAKELING, A.E., WALKER, P.R. and SIKORSKA, M. (1993). Apoptotic
death in epithelial cells: cleavage of DNA tc 300 and/or 50 fragments prior to
or in the absence of internucleosomal fragmentation. EMBO J. 12: 3679-
3684,

OLIVO, J.C., IZPISUA-BELMONTE, J.C., TICKLE, C., BOULIN, C. and DUBOULE,
D. (1993). Reconstruction from serial sections: a tool for developmental biolo-
gy. Application to Hox genes expression in chicken wing buds. Bioimaging 1:
151-158.

PETERKOVA, R. (1983). Dental lamina develops even within the mouse diasterna.
J. Craniofac. Genet. Dev. Biol. 3: 133-142.

PETERKOVA, R. (1985). The common developmental origin and phylogenetic
aspects of teeth, rugae palatinae and fornix vestibuli oris in the mouse. J.
Cranfofac. Genet. Dev. Biol. 5: 89-104.

PETERKOVA, R., PETERKA, M. and RUCH, J.V. (1993). Morphometric analysis of
potential maxillary diastemal dental anlagen in three strains of mice. J.
Craniofac. Genet. Dev. Biol. 13 213-222.

PETERKOVA, R., PETERKA, M., VONESCH, J-L. and RUCH, J.V. (1995).
Contribution of 3-D computer assisted reconstructions to initial steps of mouse
odontogenesis. Int. J. Dev. Biol. 39: 239-247.

PEXIEDER, T. (1972). The tissue dynamics of heart morphogenesis. I. The phe-
nomena of cell death. A. Identification and morphology. Z. Anat. Entw.-Gesch.
137: 270-284.

PEYER, B. (1968). Comparative Odontology (Ed. R. Zangerl). The University
Press, Chicago.

RAFF, M.C. (1992). Social controls on cell survival and cell death. Nature 356: 397-
400.

SAUNDERS, J.W. (1966). Death in embryonic systems. Science 154: 604-612.

SCHWARTZ, L.M. and OSBORNE, B.A. (1993). Programmed cell death, apopto-
sis and killer genes. Immunol. Today 14: 582-590.

SCHWEICHEL, J.U. and MERKER, H.J. (1973). The morphology of various types
of cell death in prenatal tissues. Teratology 7: 253-266.

THEILER, K. (1972). The House Mouse. Springer-Verlag, New York, pp. 53-
108.

TURECKOVA, J., SAHLBERG, C., ABERG, T.. RUCH, J.V., THESLEFF, I. and
PETERKOVA, R. (1995). Comparison of expression of the msx-1, msx-2, BMP-
2 and BMP-4 genes in the mouse upper diastemal and molar tooth primordia.
Int. J. Dev. Biol. 39: 459-468.



UEDA, N. and SHAH, S.V. (1994). Apoptosis. J. Lab. Clin. Med. 124: 169-177.

VIRET, J. (1955). Redentia fossiles. La denture des rongeurs actuels et fossiles. In
Traité de Zoologie, Vol. 17 (Ed. P.P. Grassé). Masson et Cie Editeurs, Paris, pp.
1526-1573.

WOOD, A.E. (1962). The early tertiary rodents of the family Paramyldae. Trans.

Am. Phil. Soc. N.S. 52:1-261.

Apoptosis in mouse diastema 489

WYLLIE, A.H. (1981). Cell death: a new classification separating apoptosis from
necrosis. In Cell Death in Biology and Pathology (Eds 1.D. Bowen and R.A.
Lockshin). Chapman and Hall, London, pp. 9-34.

Recetved: November 1995
Accepted for publication: December 1995



