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Enamel has evolved as an epithdlidly derived protective covering
for teeth. The cdls that are responsible for its formation are lost
asthetooth eruptsinto the oral cavity, and hence it cannot renew
itslf. To compensate for this inherent limitation, enamel has
acquired a complex structural organization and a very high
degree of minerdization rendered possible by the dmost total
absence of organic matrix in its mature state. These characteris-
tics reflect the unusual life cycde of the enamel-forming
ameloblasts, and the unique physicochemical characteristics of
the matrix proteins that regulate the formation of its extremely
long crystas. These features have set ename apart and led to
widespread belief that it lacks key dements of the (ecto)mes~
enchymdly derived collagen-based cddified tissues. However,
systematic comparisons of the cdlular and extracdlular matrix
events taking place during development reved fundamental
similarities and common themes in their formation. A compre-
hensive understanding of universa events of cdcification is of
utmost importance for a better understanding of the mecha
nisms of cdcified-tissue formation and development of strate-
gies for preventing their loss, and for their repair.

A halmark of the cdcified tissues is the various extracdlular
matrix proteins that serve to attract and organize cacium and
phosphate ions into a structured mineral phase based on car-
bonated apatite. The formative 'blast’ cdls of cddified tissues
exhibit a polarized organization for the vectorial secretion and
appositional deposition of matrix constituents that will interact
with themineral phase (Figs. 1 through 3). Of great interest isthe
fact that, with 1 exception, the proteins involved are smilar,
comprising a predominant supporting meshwork of type | col-
lagen with various added noncollagenous proteins functioning
primarily as inducers and/or inhibitors of mineralization. Teble
1 provides a comparative anaysis of the characteristics of vari-
ous cddified tissues. This basic similarity of constituents is con-
sigent with the genera role of collagen-based hard tissues in
providing rigid structural support and protection of soft tissues
in avertebrate.

Enamed, on the other hand, serves no scaffolding role; it has
evolved instead to function spedificdly as an abrasion-resistant,
protective coating for blocks of dentin projecting into the ora
cavity as crowns of teeth. This specidized function may, in part,
explain the unique gross structure and chemica composition of
enamel, and the fact that enamel has no cdls or live cdl process
es embedded in it when it is fully mature, thereby making it the
only vertebrate hard tissue that cannot renew or repair itsdf. In
addition, it does not show a distinct mineralization front delin-

eating unmineraized and mineralized areas when it develops?
The ends of forming enamel crystalites instead abut againgt the
plasma membrane of ameloblasts at Stes where enamel proteins
are actively secreted and where some of them undergo very rapid
extracdlular processing during the appositional growth phase.
The eccentricities of enamel as a vertebrate hard tissue relate
in part to its origin from epithelid cdls and to the distinct genet-
ic, chemicdl, and structural nature of the varlous noncollagenous
matrix proteins that ameloblasts express ® Like bone, enamel
undergoes major changes as it ages®® However, in the case of
bone, formative and destructive phases result from the activity of
cdls derived from 2 separate lineages. The osteoblasts, originat-
ing from m@enchyme in the case of long bones, are responsible
for bone formation,” wheress osteoclasts, originating from the
blood (monocyte/ macrophage lineage), d&etroy focd aress of
bone as part of normal maintenance® The multinucleated
osteoclasts are motile and can express their activity along any
bone surface not actively undergoing formation by osteoblasts.

In contrast, there is only one cdl type applied to the surface of
developing enamel. The ameloblasts are immobile, and they
must, therefore, assume a variety of distinct morphologies as
they carry out different functions across their life cyde. All of the
thickness of the enamel layer develops duri ng the secretory stage,
whereas bulk matrix degradation and m| neral accretion teke
place later during the maturation stage ® Both osteoclasts and
maturation-stage ameloblasts function in part by creating sedled
microenvironments conducive to protein degradation and
removal.>#° In the case of osteoclasts, they are applied directly
againgt a"naked" bone surface, and they pump protons to acid-
ify this microenvironment. This action promotes mineral disso-
Iution as well as optimal activity of various digestive enzymes
secreted to help break down the organic matrix of bone extran
cdlularly. This micoenvironment thus functions essentidly as an
enlarged extracdlular lysosomd space.

Maturation stage ameloblasts, on the other hand, are separat-
ed from the enamel surface by a basd lamina to which they
adhere tightly.™ These cdls undergo repeated changes in mor-
phology that &fect leskiness of their apica tight junctions.®*?
This presumably reflects a need to periodicaly flush' the enam-
e fluid space to help neutralize excess acid (H™ ions) generated
by growth of crystdlites in width and thickness as they expand
into the volume of space orlglndly occupied by the organic
matrix that is being broken down.® It has been proposed that the
acidification associated with ongoing mineral accretion during
maturation aso causes ruffle-ended ameloblasts to secrete bicar-
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Fig. 1 Tissue sections (1.5-mm thick) were prepared for examination in the scanning electron microscope by backscattered electron imaging.** Rat incisor
ameloblasts from (A) the secretory (S-Am) and (B and C) maturation stages. Ameloblasts undergo several phenotypic changes throughout their life cycle
including cyclic modulation between (B) ruffle-ended (RE-Am) and (C) smooth-ended (SE-Am) states during the maturation stage. Secretory stage
ameloblasts (inset) have an extensive Golgi apparatus, here stained for acid phosphatase (NADP, nicotinamide adenine dinucleotide phosphate as a sub-
strate), and cell extensions, called Tomes' processes (TP), which interdigitate with enamel. There are no live cell processes projecting into maturation stage
enamel. BV, blood vessel; ly, lysosomal elements; m, mitochondria; N, nucleus; PL, papillary layer; Sl, stratum intermedium.

BEnttin

Fig. 2 Tissue sections (1.5-mm thick) were prepared for examination in the scanning electron microscope by backscattered electron imaging.** A, Rat
incisor; odontoblasts extend arborizing cell processes (cp) into the dentin layer. These processes remain embedded in the mineralized matrix and persist
for the life of the cell. (Inset) acid phosphatase (OMP, orotidine 5' - monophosphate, as substrate) staining reveals the presence of an extensive Golgi
apparatus in their supranuclear compartment. B, Rat molar acellular extrinsic fiber cementum; cementoblasts are apposed to its forming surface but do not
extend cell processes into the mineralized matrix. Coll, collagen fibrils; N, nucleus.




