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The experimental investigation of odontogenesis

Introduction

I have been given no easy task. The history of the experimenIal
investigation of odontogenesls properly documented would readily
occupy this entire volume, and I doubt whether the reader of this
essay is interested in a detailed chronological account of the many
experimental investigations that have led to our present state of
knowledge. In any event, excellent accounts up to the late eighties
exist (Gaunt and Miles, 1967; Slavkin, 1974; Kollar, 1983; Ruch,
1984; Lumsden, 1987) and the other contributors to this volume
will, I suspect. complete the record to the present time. Instead, I
have elected to analyze the impact of experimental investigation,
coupled with continued technical development, on the evolution of
our ideas concerning odontogenesis.

To begin with, it Is necessary to define what is meant by
odontogenesis. The usual connotation of the term Is that it de-
scribes events relating to the origins and formation of teeth, a
definition that has been expanded by Kollar and Lumsden (1979)
to include the overlapping events of initiation. morphogenesis and
cell differentiation.I wish to expand this definition even furtherso
that it also includes the origins and formation of tooth-supporting
tissues, namely cementum, periodontal ligament and alveolar
bone for, as will be described later, these tissues are also truly
dental.

To analyze how experimental design has influenced the devel-
opment of ideas about odontogenesis, it is also necessary to
understand how ideas are formed and how they may influence
thinking. Any idea is a notion conceived by the mind and is
dependent upon the conscious and sub-conscious analysis of a
myriad of facts accumulated in many different ways including, in the
context of this essay, those derived from direct observation of
normal developmental events and from experimental investiga-
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tion. Chance, imagination, intuition and reason are also involved.
Furthermore, it needs to be recognized that a function of an idea is
to be useful and interesting. even if not correct, for attempts to
determine the truth of an idea form the foundation for experimental
investigation. And while it is true that on occasion an experimental
investigation may reveal or confirm a fundamental truth by testing
and proving a hypothesis, more often than not such investigation
harvestsmore facts which may assumesignificance only when
reason is applied to formulate further hypotheses which, in turn,
demand further experimental investigation. Thus, the cascade of
inquiry and discovery is continued.

It also needs to be recognized that underpinning most experi-
mental investigations is the continued development of technolo-
gies of increasing sophistication, that now permit the dissection of
biological events at the molecular level. But it is important to
understand, and make distinction between, experimental design
and the techniques used to undertake an experiment. Good
experimental design reflects the recognition of the problem, the
need to ask crucial questions and possess knowledge of both the
potential and the limitations of techniques available to answer the
questions posed. As far as odontogenesis is concerned, once the
associated technical underpinning is stripped away, experimental
design has been fairly circumscribed and essentially involves
ablation, transplantation and substitution (recombination) of tis-
sues either in vivo or in vitro.

In assessing how experimental investigation has influenced our
understanding of odontogenesis, and to indicate how such inves-
tigations form an evolving, continuous and expanding inquiry, I
wish to focus on three aspects of odontogenesis, namely the
initiation of the tooth, its morphogenesis, and the pattern of cell
differentiationas related to the development of the tissues associ-
ated with tooth support. Events related to the differentiation of the
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hard tissue forming cells, the odontoblast and the ameloblast, are
covered by other contributors to this volume.

Initiation of the tooth

Experimental investigation of odontogenesis began some sixty
years ago. Before that time most of our ideas concerning the
development and structure of teeth came from facts derived from
direct and detailed observation of histological sections coupled
with increasing improvements in light microscopy and tissue prepa-
ration. We do owe a great deal to classical observations made by
such pioneers as Tomes (father and son), von Ebner, Retzius,
Hertwig and so on, whose names will always be linked with
descriptive dental histology. But it was the experimental investiga-
tion of some of the broader problems in the field of general
embryology that first focused ahention on a specific role for neural
crest tissue inodontogenesis, and initiated the experimental analy-
sis of tooth formation.

The role of neural crest

Amphibian studies
It was the early work of Adams (1924), Stone (1926) and Ch.P.

Raven (1931), which indicated that when neural crest is ablated in
amphibian embryos, first arch cartilage fails to develop. But it was
Sellman (1946) using a combination of extirpation, replantation
and transplantationof neural crest in vivo in amblystoma larvae,
who precisely localized that portion of the neural crest associated
with first arch and dental development, and hinted that the capacity
for proper first arch development depended upon an interaction of
neural crest cells with stomodeal epithelium as they migrated into
the first arch to become ectomesenchyme. Confirmation of Sellman's
findings quickiy followed using two different experimental ap-
proaches. namely in vitro and chimeral studies.

Wilde (1955) combined urodele neural crest in combination
with stomodeal epithelium in vitro to produce fully formed tooth
germs. In retrospect, this proved to be an experimental design
of importance for it was later used by Lumsden (1984) to
demonstrate for the first time that mammalian neural crest was
also involved in odontogenesis. Wagner (1949, 1955) produced
chimerous larvae and teeth by transplanting in vivo various
combinations of frog and newt tissue. In the frog mandible teeth
are simply keratinous appendages with no phylogenetic rela-
tionship to teeth proper (which consist of dentine and enamel)
whereas newts develop true teeth. When frog neurai crest was
transplanted and substituted into the newt, teeth developed
which consisted of newt dental organ and frog papilla, a result
that was taken to indicate the potential of frog neural crest-
derived cells to form not only dental papilla but also to initiate
an epithelial response with the formation of a dental organ. The
possibility that newt epithelium influences frog mesenchyme
was not considered. In the reverse experiment, where newt
neural crest was substituted in the frog, no teeth formed, a
result which was interpreted as showing a lack of competence
on the part of frog epithelium to respond. Again, the possibility
that frog epithelium lacks a capacity to influence
ectomesenchyme was ignored. A counterpoint to these experi-
ments was performed by Henzen (1957) who substituted oral
epithelium of newt into frog and achieved the development of
true teeth in the frog, again strongly suggesting a lead role for
epithelium in odontogenesis, but interpreted in exactly the

opposite way with a lead role for ectomesenchyme claimed.
Thus Gaunt and Miles (1967) summarized,

"Most of the foregoing observations raise questions as to the
source of the primary impetus In tooth development. They appear
to indicate that in amphibians the ectomesoderm (ectomesenchyme)
of the head region is the primary organizer that induces changes in
the mouth ectoderm leading to the differentiation of groups of cells
into epidermal dental caps."

This was a somewhat surprising conclusion as an interaction
between epithelium and mesenchyme in dental development had
already been identified, with epithelium as prime in well-designed
transpiantation experiments involving autografts in the dog where
it was shown for the first time that the dental (enamel) organ was
responsible for the differentiation of odontoblasts (Huggins et al.,
1934). One can only surmise that the conclusions drawn from these
experiments were steered by a wish to determine a role for neural
crest derived cells in odontogenesis.

In sum, by the early sixties, an appreciation had developed from
the resuit of elegant experimental studies, involving ablation,
transplantation and substitution in amphibia (because of the acces-
sibility of the developing larvae), that neural crest-derived tissue
was involved in tooth initiation.

Avian studies
The logical question that followed was whether the events

occurring in amphibian development represented a basic tenet of
facial and dental development in all species. Attention transferred
to the study of neural crest involvement in the facial development
of avian embryos, again largely because of the availability of the
embryo for study. Johnston (1966) was the first to show that neural
crest was involved in the development of first arch structures. He
first labeled neural crest cells in situ with tritiated thymidine, and
then excised and transpianted them into a second embryo. Follow-
ing further development, and with use of autoradiography, he was
able to demonstrate the migration of labeled cells to first arch.
Again, following the sequence of amphibian experiments, chimeral
experiments quickly confirmed Johnson's observations. Quail cells
are distinguished by a distinctive accumulation of heterochromatin
in the nucleolus (Le Douarin, 1982) which thus constitutes a natural
marker and, in substitution experiments between quail and chick
crest, the former cells were easily identified in chick first arch
structures.

These experiments unequivocally established that neural crest-
derived cells are also involved with facial development in the chick
but, as teeth do not develop in avian embryos, a linkage to
odontogenesis can be questioned. This is now a hypothetical
question as tissue recombination experiments in vitro (discussed
in detail later) have shown that first arch mammalian ecto-
mesenchyme can unleash a dormant response from avian epithe-
lium to form teefh (Kollar and Fisher, 1980), an observation that
seemingly supports a dominant role for ectomesenchyme in
odontogenesis.

Mammalian studies
It is now possible to maintain mammalian embryos in a culture

situation, and selectively label neural crest and show migration to
first arch following the protocols established in amphibian and
avian experiments, but this is a recent development. In historical
terms early attempts to maintain mammalian embryos in an exter-
nal environment were only partially successful. Thus Johnston and
Hazleton (1972) achieved some success by exteriorization of



mammalian embryos, labeling neural crest cells with tritiated
thymidine and following their fate for a sufficient time to reveal the
presence of such cells in first arch. Embryos handled in this way did
not. however, survive for a sufficient time to demonstrate the fate
of the labeled cells.

Circumstantial evidence, derived from a series of experiments
designed to prevent or inhibit the migration of neural crest in
mammalian embryos, and observation of the developmental out-
come, supported the general thesis. Thus, treatment of mouse
embryos with teratogens which interfere with cell division
(Bhadinaronk et at., 1974) before crest cell migration results in
mesenchymal deficiencies in the facial processes. A Teacher-
Collins-like malformation (Morriss-Kay, 1972; Poswillo, 1975) re-
sults when rats are treated with excess vitamin A (in vitro excess
vitamin A has the effect of inhibiting the translocation of
mesenchymal cells) before crest migration.

The issue was finally settled by Lumsden (1984) who, borrowing
the experimental design used by Wilde (1955), recombined mouse
neural crest cells directly with mandibularepitheliumin the anterior
chamber of the eye and achieved tooth formation. In sum, not until
1984 was proof definite that mammalian neural crest was involved
in dentinogenesis, although this was generally assumed to be the
case throughout the seventies and dictated experimental design to
a significant degree.

Epithelium or mesenchyme as instructor?
The ability to recombine tissues from different sites and observe

further development has had a tremendous impact upon the whole
field of developmental biology, including odontogenesis. The his-
tory of the development of this technology, while of interest, is not
the subject of this essay other than to indicate that initially it
involved in vitro studies, followed by the use of in vivo locations
such as the chick choria-allantoic membrane, or the anterior
chamber of the eye, both of which provide in essence a biologically
defined culture medium.

While this technology has been most helpful, results have
been, at times. contradictory in terms of determining the roles
of epithelium and ectomesenchyme in odontogenesis. The
emphasis placed on neural crest-derived tissue as prime in
odontogenesis stemmed trom the experimental studies in
amphibia already described, and seemed to be confirmed in a
whole series of experiments conducted with mammalian tissue.
Recombination of first arch ectomesenchyme with embryonic
plantar epithelium changes the developmental direction of the
epithelium so that it forms dental organ (Kollar and Baird,
1970). Conversely, the reciprocal recombination of foot
mesenchyme with dental organ switches the latter's develop-
mental pathway to form keratinized surface epithelium. Recom-
bination of moiar papilla with incisor dental organ results in
molar development, and conversely, recombination of incisor
papilla with molar dental organ results in incisor development
(Kollar and Baird, 1969). The recombination of mammaiian
(mouse) ectomesenchyme with avian (chick) epithelium (Kollar
and Fisher, 1980) results in tooth formation. All these findings
suggest the dominance of ectomesenchyme in odontogenesis.
Only one study (Miller, 1969) contradicted these conclusions.
Miller successfully separated epithelial and mesenchymal tis-
sues and recombined them on the chick cherio-allantoic mem-
brane in various combinations. Thus, incisor ectomesenchyme
was combined with molar ectoderm, and vice-versa, as well
normal recombinations. Miller found that the morphogenetic
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tield for the molars was determined by E1 0 and the incisors by
E1 0.5, and that from then on ectoderm determined tooth type.

Nevertheless, the idea that ectomesenchyme was prime in
odontogenesis raised a series of further questions. For example,
when is this instructive capacity assumed: is it present within neural
crest cells before they migrate, is it assumed as they migrate,
possibly requiring endodermal contact as hinted by Sellman (1946),

or is it assumed atter migration is completed when the cells are
resident in the first arch? If the first proposition is correct, the
specificity of neural crest needs to be determined. A further
question relates to the determination of the migratory pathway to
assure that neural crest cells reach the first arch.

The answer to the last question has been resoived using
heterotrophic transplantation experiments (Noden, 1975) which
showed that migratory pattern for neural crest is not intrinsic to the
migrating cells but is determined by resident factors in the tissues
through which the cells pass. Latex beads injected into crest
migratory routes mimic the normal patterns of dispersal (Bronner-
Fraser, 1982) and there is strong evidence that this pathway is
determined by the local expression of cell surface and extracellular
molecules such as tenascin and syndecan (Mina et at.. 1990).

The answers to the remaining questions came from well-
designed and ingenious experiments conducted by Lumsden
(1984) which have already been referred to. Thus, premigratory
cranial and caudal neural crest cells were dissected out from mice
and combined in the anterior chamber of the eye with either
mandibular or limb-bud epithelium in various combinations. In sum,
it was shown that only when neural crest cells were combined with
mandibular epithelium did teeth develop, indicating that mamma-
lian neural crest only expresses its odontogenic potential when
associated with a regionally appropriate epithelium. As already
indicated, these findings also provided the first direct evidence that
mammalian neural crest. be it cranial or caudal, participates in
tooth formation. They also indicated that neither the process of cell
migration itself. nor itinerant contact with pharyngeal endoderm, is
a requirement. A slight problem here is that Lumsden was unable
to show that mandibular epithelium could induce odontogenic
development from a foreign (limb) mesenchyme, but this begs the
question whether limb mesenchyme is in fact ectomesenchyme.

Thus. a set of questions posed to confirm ideas related to the
dominance of ectomesenchyme provided experimental results to
support epithelial dominance, as suggested by Milier (1969), and
this represents a good example of how useful and interesting ideas,
as indicated at the outset, can be of significance even though not
necessarily correct.

Subsequent and additional evidence that epithelium is crucial
for the initiation of odontogenesis comes from continued descrip-
tive and experimental studies. In mice a diastema exists between
incisor and molar teeth and absence of dental lamina is claimed
(Mina and Kollar, 1987) but disputed (Petrokova, 1983). More
significant. and more exciting, is the identification and experimental
demonstration of the mediating signal within epithelium that initi-
ates tooth deveiopment. Over the past few years there have been
tremendous advances in technologies (immunohistochemistry, in
situ hybridization, transgenic animals) which have enabled the
identification and localization in tissue sections at the molecular
level various growth factors, transcription factors, structural mol-
ecules of the extracellular matrix and cell surface. and gene
expression. In terms of odontogenesis, the emphasis has until
recently been on the identification of the expression and localiza-
tion of these molecules, and inference of their possible roles by
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relating them spatially and temporally to descriptive developmental
events. This is a situation reminiscent of the development of
histochemical techniques in the early 1950s, when the potential of
these techniques was only harnessed to an experimental base
following an intense descriptive phase. On the basis of mapping
studies of BMP-4, a member of the TGFb superfamily, it has been
shown that this soluble growth factor is initially expressed in the
epithelium, followed by expression in the ectomesenchyme sug-
gesting that it may act as a mediator. Thatthis is the case has been
confirmed experimentally (Vainio et al., 1994) by the local applica-
tion in culture of BMP-4 to presumptive dental ectomesenchyme
and demonstrated a response trom the ectomesenchyme similarto
that produced following recombination of first arch epithelium and
ectomesenchyme.

But this now raises the question as to what causes the epithe-
lium to express BMP-4, and a note of caution must be expressed
here. In the long run it really Is not too important to determine which
tissue is prime. It may well be with our appreciation of the Hox
genes and their expression that a further shift may occur as
developmental events are pushed further back in ontogeny. What
is abundantly clear is that a reciprocal relationship of delicate
proportions exists during odontogenesis and that temporal param-
eters are of considerable importance.

Temporal parameters
Recognition of temporal parameters enables reconciliation of

seemingly accurate but conflicting experimental results.
Kollar (1972) has stated: "Perhaps even more interesting is the

possibility of exchanging tissue fragments of differing developmen-
tal stages (Rawles, 1963). Experimentally altering the ages of
reacting tissues emphasizes and capitalizes on the basic, but ohen
overlooked, fact that embryos have temporal as well as spatial
parameters. Tissue capabilities or the effects of inductive proc-
esses at one time result in what we recognize as normally expected
development. But at some earlier (or later) time the experimental
interplayof tissue capabilities and inductive intensities have changed
and are out of phase. These novel confrontations may express
something new, unusual or instructive. Embryo's age and the aging
process may playa decisive role in selecting or limiting develop-
mental expression and determining form".

This point is well exemplified by some critical experiments
undertaken by Mina and Kollar (1987) who dissected out the first
and second branchial arches of mouse embryos of 9-13 days of
gestational age (E9-E13), separated the epithelial and
ectomesenchymal components and then recombined them
heterotypically and grafted them into the anterior chamber of the
eye. The outcome was that when mandibular arch epithelium was
combined with second arch mesenchyme, teeth formed only in E9
through E12 day material, with the highest incidence occurring at
E11 days. No teeth formed in E13 day material. On the other hand,
when mandibular arch ectomesenchyme was recombined with
second arch epithelium, tooth formation resulted only in E12 and
E13 day grafts. These results indicate that first arch epithelium has
odontogenic potential up to E12 days of gestation, and is able to
elicit a reaction from ectomesenchyme of the second arch. There.
after, this odontogenic potential is lost from the epithelium but
interestingly is now assumed by the ectomesenchyme. This finding
not only indicates an epithelial role in odontogenesis, butempha.
sizes the importance of chronology and likely explains some of the
conflicting results and interpretations from other heterotypic re-
combinationexperiments. It is thus becoming clear from the sum

of all the experimental work that in terms of odontogenesis the
initial patterning for tooth development resides in the epithelium,
and that thereafter the induced ectomesenchyme assumes a
dominant role in terms of morphogenesis.
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Tooth morphogenesis

The same techniques of recombination have been used to
address the issue of tooth morphogenesis. It is clear from the now
almost classical studies of Kollar and Baird (1969) that the
ectomesenchymal dental papilla dictates the shape a tooth as-
sumes once initiation has taken place. How this is achieved is not
known exactly, but control of cell division within the internal dental
epithelium seems to be a factor.

Far less is known about the determination of heterodonty in
mammalian dentitions. Two hypothetical models exist, namely the
field model of Butler (1967) and the clone model of Osborn (1973).
In the field model it is proposed that tooth shape is determined by
two independent variables: a series of tooth.forming locations (in
the epithelium?) distributed along the jaw and a continuously
graded internal environment (in the mesenchyme) that constitutes
a morphogenetic field. Thus, a tooth bud forming at a given location
develops according to its position in the field. It was further
supposed that the field was divided into three regions, correspond-
ing to incisors, canine and molar. On the other hand, the clone
model proposes that each tooth class is derived from a clone of
mesenchymal cells programmed (by the epithelium?) to produce
teeth of a given pattern.

As Butler (1978) has stated: "Only by more experimental inves-
tigation of the embryo can we solve the intriguing problem of the
ontogenetic basis of heterodonty. In particular, we need to know
more about the processes that precede tooth initiation in the mouse
between the 8th and 11th days. The differentiation of the migrating
mesenchymal cells needs further investigation and the role of the
perspective dental epithelium needs clarification. Does the epithe-
lium, for example, influence the differentiation of the mesenchyme?
What determines the locations at which tooth germs are initiated?"

We know in part the answer to the first question - yes, the
epithelium does initiate a response from the ectomesenchyme to
initiate tooth formation. Whether the epithelium also imparts to the
ectomesenchyme the responsibility for determining tooth shape
and locations, are questions that have been answered in a series
of experiments by Lumsden and his co-workers (Lumsden, 1979,
1984; Lumsden and Buchanan, 1986) involving recombination and
intraocular grafting.

Before providing the results of these experiments, it is neces-
sary to mention the work of Glasstone, a pioneer of in vitro studies
of tooth development, and Main (1966). In one set of experiments
Glasstone (1967) bisected 20-day rabbit tooth germs buccolingually
at a time before cusp outlines developed, and found that each half
continued development to form an entire tooth-albeit somewhat
smaller than the original. She also demonstrated that this ability
was lost when the experiment was repeated, using 22-day old tooth
germs. These observations indicate that, for a time at least, the
tissues of the early tooth germ have the capacity for self regulatory
development. This observation was confirmed and extended by
Slavkin and Bavetta (1968), who showed that this capacity exists
as soon as the dental lamina appears. Also germane to the
discussion that follows is the work of Main (1966) who showed that
when tooth germs were cultured on gelatin sponges for an ex-
tended period, regression occurred. All that remained of a once



organizedtooth germ were a few ectodermal cells, the remnants of
the dental organ, and a few ectomesenchymal cells, the remnants
of the dental papilla, scallered amongst the interstices of the
sponge. Significantly, when these few cells were harvested and
implanted subcutaneously, they reformed their anatomical rela-
lionships and produced a looth with both dentine and cementum
tissues present. At that time these findings were used to indicate
the retention of a potential to form teeth in disassociated cells, so
that not only has the early tooth germ the capacity for self-
regulatory development, but seemingly it can retain this for ex-
tended periods of time.

In his first series of experiments Lumsden (1979) showed that
isolated presumptive first molar tissue of E12 day old and later
embryos gave rise to all three molar teeth in their normal sequence
with normal shapes and relative sizes. As the second and third
molar primordium were totally absent from the ex planted tissue,
this result, taken with Glasstone's (1967) demonstration of self-
regulatory development and Main's demonstration of retention,
provides support for the clone theory. At that time, when the
dominance of epithelium in the initiation of tooth development was
not established, Lumsden referred to the work of Miller (1969) and
speculated that a region of epithelium might specify beneath it a
zone of ectomesenchymal stem cells that would subsequenlly
grow to layout the pallern of the molar dentition and, in the mouse
at least, that there would be two such areas of epithelium in each
jaw quadrant, one specific to an incisor clone and the other specific
for three molars.

The tooth forming potentials along the mesiodistal (antero-
posterior) axis of the E9-10 mandibular arch (Lumsden, 1984;
Lumsden and Buchanan, 1986) were established by sub-dividing
the arches into regions or sectors. Whereas both incisor and molar
teeth with near normal crown shapes developed in intraocular
homograffs of complete mandibular arches explanted at E9 and
E1 0, arches that had been divided in the midline gave rise only to
molars. The ventral midline region of the arch produced incisors at
El0 but not at E9. These results enabled Lumsden to deduce the
following. Firsl of all, the development of both molars and incisors
in whole mandibular arch grafts indicates that sufficient
ectomesenchyme for complete odontogenesis has entered the
mandibular arch by E9. Second, the induction of incisor develop-
ment only in E10 midlinegrafts, indicates an insufficiency in the
amount of ectomesenchyme available at E9. Third, the failure to
produce incisors in hemisected mandibular arches can be attrib-
uted to the destruction of the epithelial isthmus during the prepa-
ration of the grafts. Inthis instance, the ectomesenchyme is unable
to pursue its normal developmental fate in the absence of an
initiating signal from the appropriately specified area of epithelium.

Taken together, this means that at E9 during normal develop-
ment, ectomesenchyme has yet to complete its migration into
proximity with the ectoderm in the presumptive incisor region
although it has already allained proximity with the ectoderm in the
molar region and indicates that ectomesenchyme is equipotential.

Thus, the further experimental work called for by Butler (1978)
increasingly supplies support forthe clone theory in the determina-
tion of heterodonty in mammals.

Cell differentiation - the tissues of tooth support

In terms of cell differentiation, and in particular the differentiation
of odontoblasts (and ameloblasts), a voluminous literature based
on experimental investigation exists and is dealt with by other
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contributors to this volume. Overlooked in most reviews dealing
with odontogenesis is any account of the initiation and develop-
ment of the tooth supporting tissues, largely because of a sense
that these tissues are not truly dental. This is erroneous, for
experimental investigation has now clearly established that tooth
supporting tissues also differentiate from the neural crest derived
cells.

It is worthwhile describing these investigations in some detail for
several reasons. First, they represent another example of a cas-
cade of scientific enquiry involving experimental investigation built
around chance, hypothesis, imagination, intuition and reason;
second, there is personal involvement; third, the issue is not dealt
with elsewhere in this volume and fourth, the findings have consid-
erable clinical significance.

Twenty-five years ago I was asked to write a chapter on the
development of the periodontium. At that time information on this
subject was limited, imprecise and based almost entirely on
descriptive studies. The definition of the term "dental follicle" from
which the tooth supporting tissues supposedly derived, was impre-
cise but generally was considered to describe that tissue between

the tooth germ and the forming bone of the jaw and was subdivided
into eithertwocompartments (bone and tooth) orthree (bone, tooth
and intermediate). Nor was the contribution of these varying zones
to the development of tooth support understood. As to the origin of
the follicle, Scoll (1953) indicated that itwas derived from the dental
papilla although the evidence for this was not presented. On the
basis of further careful descriptive analysis of histological sections
and some histochemical observations, I argued (Ten Cate, 1969)
that the term dental follicle should be reserved for the inner or
investing layer (the tooth related compartment) as there seemed to
be sufficient evidence to indicate that this layer gave origin to both
the cementum and periodontal ligament. It was pointed outthatthis
compartment was continuous with the dental papilla, but no com-
ment was made as to its possible origin from the papilla as claimed
by Scoll (1953). Rather, it was assumed that just as dental organ
initiates the formation of the dental papilla, it also initiated the
formation of the investing layer. The only experimental evidence
available atthattime (Hoffman, 1960) contradicted the conclusions
Iwas trying to draw from a descriptive analysis. Hoffman success-
fully transplanted developing molar teeth, removed from their
follicles, from newborn hamsters into a subcutaneous site in adult
animals. Development continued in this ectopic location with the
formation of cementum, periodontal ligament and "alveolar" bone,
and it was argued therefore that the dental organ and dental papilla
had the ability to differentiate the tissues of tooth support from any
connective tissue, and that the formation of tooth supporting tissue
was the "effort of a morphogenetic field to complete itself". How-
ever, Hoffman properly noted that"...additional evidence should be
obtained to establish conclusively that no transplanted cells were
the precursor to the periodontal tissues formed. Without doubt, a
certain few cells adhered to the outer enamel epithelium and were
transplanted. It seems improbable that these cells could have been
responsible for the extensive formation of the periodontium rou-
tinely seen around transplanted teeth after 28 days in the host
subcutaneous tissues."

To my mind this caution was more than appropriate, for my
previous experience in the dissection of tooth germs suggested
that the presence of follicle was key to maintaining the integrity of
the tooth germ and at that time I commented that,"...it is possible
that in removing the tooth germs from their dental sacs Hoffman
obtained the same results as removal of human tooth germs, and
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that the 'certain few cells' represented the ectomesenchymal cells
of the investing layer."

To determine the correctness of the matter, Hoffman's experi.
mental approach was modified (Ten Cate et al., 1972). Murine
tooth germs were first dissected out and flash labeled with tritiated
thymidine in culture medium. Control sections assured that the
follicular cells had captured the label. The tooth germs were then
transplanted to a subcutaneous location where development con-
tinued with the formation of cementum, periodontal ligament and
alveolar bone. The demonstration at labeled cementoblasts and
ligament fibroblasts clearly established their derivation trom donor
material, namely the tooth germ. The origin of bone was not
established with certainty as labeling was minimal and could be
attributed to background, althoug h the demonstration of lymphocytes
on the surface of this bone did suggest the initiation of a rejection
response (Ten Cate and Mills, 1972). To support the idea that bone
was derived from follicle I reasoned that in Main's (1966) experi-
ment supporting tissues, including bone, should have formed in
relation to his ectopic teeth (his published photograph only exhib-
ited pulp, dentine and cementum). Access to Main's material
confirmed that indeed bone formed in relation to the teeth.

The issue of whether bone derives from follicle was seemingly
nicely settled by altering the experimental design so as to grow teeth
in an intraocular location rather than subcutaneously (Yoshikawa
and Koller, 1981). A problem with the subcutaneous location is that
it is known that a number at foreign agents can induce bone in this
location by marshalling osteoblasts from presumably undifferentiated

mesenchymal cells. In the anterior chamber of the eye, such potential

osteogenic precursor cells are absent. When various recombinations
of dental follicle, dental papilla and dental organ were transplanted
intraocularly, teeth formed with associated supporting tissues, in-
cluding bone. Significantly, with this experimental design Yoshikawa
and Kollar (1981) were able to show that a recombination of dental
organ and dental papilla alone produced all the diverse, fully differ-
entiated structures of tooth support, including bone, implying that
follicle derives from papilla.

Palmer and Lumsden (1987) extended the experimental design
employed by Yoshika and Kollar (1981) to investigate temporal
influence, and obtained conflicting results in that when various
recombinations of dental organ and papilla from E16 and newborn,
which specifically excluded the investing layer were made, only
cementum and periodontal ligament formed. Bone formation oniy
occurred when follicle was included in the recombinations, raising
the question once more whether, when dissecting out the tooth
germ, contamination of the follicle from the perifollicular
mesenchyme is a factor. It is difficult to explain this finding of
Palmer and Lumsden (1987) wifh respect to the absence of bone
when tollicle is also absent, especially when it is remembered that
in Main's experiment bone formed from a recombination of disas-
sociated dental organ and dental papillal cells.

Both studies, however, demonstrated that the dental papilla has
the ability to regenerate dental follicle and implies that, in normal
development, this structure also develops from dental papilla. That
this is the case has been demonstrated using an entirely different
approach. Osborn (1984) attempted to analyze the evolution of the
gomphosis in mammals based on the different types of attachment
found in vertebrate dentitions. Central to his argument was the
proposition that trom the original ectomesenchyme various clades
(differentiation compartments) occur, with one being the primitive
attachment ectomesenchyme which has to migrate out from the
dental pulp to form attachment tissue. In explaining the evolution

of the gomphosis, Osborn (1984) concluded that during normal
development the dental papilla would have to provide cells that
migrate out and are primarily responsible for the development of
the attachment tissues. This hypothesis was tested experimentally
by Osborn and Price (1988) using tritiated thymidine labeling and
measuring changes in the labeling index with time in defined areas
of the papilla and follicle in the developing third molar of the mouse.
They were able fa show that indeed during normal development
cells do move from the dental papilla to the follicle, and concluded
that the papilla, rather than the investing layer, is the source of tooth
attachment tissue.

Thus, a series of experiments designed to determine the origin
of the supporting tissue of the tooth have clearly demonstrated that
these tissues are indeed dental, but have raised further questions
as to the precise origin of alveolar bone and the significance of the
early dental follicie. Is the follicle formed entirely as a result of cell
migration from the dental papilla. or is it originally the investing layer
formed to define the tooth germ which secondariiy becomes
reinforced with cells possessing the potenfial to form the tissues of
tooth support? Seeking the answers to these questions ensures
that the flow of enquiry will continue, but what is certain is that the
developmentof tooth support must be considered as an essential
part of odontogenesis.
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