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Abstract
Epithelial-mesenchymal interactions guide tooth 
development through its early stages and establish the 
morphology of the dentin surface upon which enamel 
will be deposited. Starting with the onset of amelogen-
esis beneath the future cusp tips, the shape of the 
enamel layer covering the crown is determined by five 
growth parameters: the (1) appositional growth rate, 
(2) duration of appositional growth (at the cusp tip), (3) 
ameloblast extension rate, (4) duration of ameloblast 
extension, and (5) spreading rate of appositional termi-
nation. Appositional growth occurs at a mineralization 
front along the ameloblast distal membrane in which 
amorphous calcium phosphate (ACP) ribbons form 
and lengthen. The ACP ribbons convert into hydroxy-
apatite crystallites as the ribbons elongate. Appositional 
growth involves a secretory cycle that is reflected in a 
series of incremental lines. A potentially important 
function of enamel proteins is to ensure alignment of 
successive mineral increments on the tips of enamel 
ribbons deposited in the previous cycle, causing the 
crystallites to lengthen with each cycle. Enamel hard-
ens in a maturation process that involves mineral 
deposition onto the sides of existing crystallites until 
they interlock with adjacent crystallites. Neutralization 
of acidity generated by hydroxyapatite formation is a 
key part of the mechanism. Here we review the growth 
parameters that determine the shape of the enamel 
crown as well as the mechanisms of enamel apposi-
tional growth and maturation.

KEY WORDS: appositional growth, amelogenin, 
enamelin, ameloblastin, tooth.

Introduction

Early tooth development is regulated by a series of epithelial-mesenchy-
mal interactions between cells that have migrated from the cranial neural 

crest and the oral epithelium along the future alveolar ridge (Lumsden, 1988; 
Chai et al., 2000). The initiation of tooth formation involves the synthesis and 
secretion, by the oral epithelium, of diffusible growth factors (Thesleff and 
Sharpe, 1997; Cobourne and Sharpe, 2003; Tucker and Sharpe, 2004) that 
induce the expression of transcription factors in the underlying mesenchyme 
(Bei, 2009a,b; Tummers and Thesleff, 2009). A series of reciprocal interac-
tions between the two opposing tissues orchestrates the development of tooth 
organs that, even before the onset of mineralization, have established the basic 
shape of the dental crown. Tooth development progresses through initiation, 
bud, cap, and bell histological stages (Nanci, 2008b). Important signaling cen-
ters that guide development are the primary (cap stage) enamel knot (Thesleff 
and Jernvall, 1997) and secondary enamel knots, which are associated with 
the inner enamel epithelium at the developing cusp tips (bell stage) (Thesleff 
et al., 2001; Matalova et al., 2005).

The importance of signaling to the early developmental process is high-
lighted by the types of genetic defects that disturb it. Genetic alterations that 
affect early developmental processes involve transcription factors, signaling 
molecules, and their receptors, and lead to familial tooth agenesis (MSX1, 
PAX9, AXIN2, EDA) or supernumerary teeth (RUNX2, APC) (Kere et al., 
1996; Vastardis et al., 1996; Bayes et al., 1998; Stockton et al., 2000; Lammi 
et al., 2004; Nieminen, 2009; Wang et al., 2009).

The interface between the epithelium and mesenchyme during tooth devel-
opment ultimately specifies the outer dentin surface. In the developing crown, 
the outer dentin surface becomes the dentino-enamel junction (DEJ). The cer-
vical limit of the enamel crown is established at the point where the inner and 
outer enamel epithelia fuse to form Hertwig’s epithelial root sheath (HERS). 
From that point on, the interface between epithelium and mesenchyme 
becomes the outer surface of dentin along the root, which is covered by cemen-
tum. In this review, we focus on the later events in amelogenesis: the formation 
of the enamel crown on the outer dentin surface, starting with the onset of 
biomineralization at the future cusp tips. We discuss five growth parameters 
that determine the shape of the enamel crown, the mechanism of appositional 
growth that establishes the thickness of the enamel layer, and the mechanism 
of enamel maturation that hardens enamel.

Regulation of Dental Enamel 
Shape and Hardness
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Part I. Growth Parameters 
that Determine the Shape 
of the Enamel Crown

Incremental Lines in Teeth

Enamel and dentin form by accretionary 
modes of growth that preserve within the 
hard tissues short- and long-period lines 
of incremental growth. Dental structures 
are not remodeled by cycles of resorp-
tion and deposition, so growth lines 
formed during tooth development are 
permanent. In dental enamel, there are 
two regularly occurring incremental 
markers: daily cross-striations and long-
period striae of Retzius (SR lines). These 
lines correspond to what was the enamel 
surface at precise points in time during 
the secretory stage of amelogenesis. 
Striae of Retzius are prominent cross-
striations that occur every 7 to 11 days in 
humans (Reid and Ferrell, 2006). In a 
given individual, the striae of Retzius 
are the same number of days apart, but 
the interval between striae varies in dif-
ferent people. One hypothesis suggests 
that striae of Retzius are caused by the 
imperfect synchronization of two circa-
dian rhythms. Periodically, an incremen-
tal deposit is delayed for the remainder 
of the daily cycle to restore synchrony 
between the two rhythms (Newman and 
Poole, 1974). Systemic disturbances 
(fever) and birth (neonatal line) cause 
highly accentuated striae of Retzius in 
addition to those caused by body rhythms 
(Kodaka et al., 1996). The striae of 
Retzius terminate at the enamel surface 
in shallow furrows, called perikymata, 
that run horizontally around the enamel crown (Fig. 1A) (Risnes, 
1985, 1998). The distance between perikymata decreases near 
the cervical margin (CM) (Fig. 1B). Between the striae of 
Retzius are less distinct lines known as cross-striations. Cross-
striations demarcate the amount of enamel deposited by amelo-
blasts in a single day (FitzGerald, 1998). Measuring the distance 
between adjacent cross-striations can be used to calculate the 
daily rate of enamel deposition by ameloblasts. The average rate 
is approximately 4 µm/day in humans (Risnes, 1986), 6 µm/day 
in mice, and 12-13 µm/day in rats (Smith, 1998). In primates, 
the distance between adjacent cross-striations tends to increase 
from the DEJ toward the outer enamel surface and to decrease 
from the cusp tip to the CM (Beynon et al., 1991; Lacruz and 
Bromage, 2006). The physical basis for cross-striations is 

unknown. Explanations include variations in prism thickness 
secondary to changes in the proportion of the matrix secreted at 
the walls vs. the tips of the Tomes’ processes, and variations in 
carbonate content and crystallinity of the mineral (Shellis, 
1998).

Incremental lines are also observed in dentin (Fig. 1C). The 
daily short-period lines in dentin are termed von Ebner’s lines. 
The spacing of short-period lines increases from about 2 µm 
early in dentin formation to a maximum of 4 µm (Risnes, 1986; 
Dean, 1998). Long-period lines in dentin are called contour lines 
of Owen, and are analogous to the striae of Retzius in enamel. 
There is a 1:1 relationship between long-period lines in enamel 
and dentin, so it appears that the same disturbance causes both 
(Dean and Scandrett, 1996).

Figure 1.   Incremental lines in teeth. (A) Ground section of enamel showing how perikymata (P) 
are surface manifestations of the striae of Retzius (SR) (Nanci, 2008a). (B) Line drawing showing 
the striae of Retzius in a molar (Nanci, 2008a). The striae of Retzius are long-period (6- to 
11-day) growth lines that extend from the DEJ to the enamel surface. They show where the 
enamel surface was at one day during development. There are no perikymata at the cusp tip, 
because the Retzius lines run continuously in an elliptical arc from the DEJ on one side of the 
cusp tip to the DEJ on the other side of the cusp tip without breaking the surface. (C) Ground 
section of dentin (Dean, 1998) showing short-period growth lines (von Ebner’s lines: the curved, 
periodically repeating, inverted V’s in image). (D) Autoradiograph of rat dentin section showing 
9 densely labeled circumpulpal bands (Z) after infusion with labeled proline for 10 days, 
suggesting daily fluctuations in the secretion of collagen (Ohtsuka et al., 1998).
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The numbers of cross-striations in enamel and von Ebner’s 
lines in dentin correspond to the number of days between 
sequentially administered dyes and suggest that circadian 
rhythms are important in their formation (Dean, 1989, 1998; 
Shellis, 1998). Dentin collagen is deposited in a daily cycle (Fig. 1D). 
Twice as much collagen is secreted by rat odontoblasts during 
the daylight 12 hrs as during the nighttime 12 hrs (Ohtsuka 
et al., 1998). In rat incisors, variations in the rate of production 
and secretion of enamel proteins between early morning and late 
afternoon suggest that enamel protein secretion is under circa-
dian control (Fig. 2).

Growth Parameters that Determine 
the Enamel Crown Shape

Once early developmental processes, based upon epithelial-
mesenchymal interactions, establish the position of the DEJ, the 
shape of the enamel crown is determined by five growth param-
eters, which are potentially important points of biological con-
trol. The five growth parameters are: the (1) appositional growth 
rate, (2) duration of appositional growth (at the cusp tip), (3) 
ameloblast extension rate, (4) duration of ameloblast extension, 
and (5) spreading rate of appositional termination (Fig. 3). 
Incremental lines in enamel facilitate the measurement of these 
growth parameters.

Appositional Growth Rate

The final thickness of the enamel layer is determined by the 
amount of appositional growth (Smith, 1998; Smith et al., 
2005). “Appositional growth” has varied meanings in different 
contexts. The appositional growth rate is the increase in thick-
ness of the enamel layer perpendicular to the DEJ per day. 
Appositional growth rate varies with location, so this parameter 
is a function rather than a constant. Enamel rods and the ori-
ented crystallites in them are deposited at an angle to the DEJ, 
so the actual daily increase in the total length of enamel rods (as 
determined by measuring the spacing between adjacent cross-
striations) is roughly 15% greater than the appositional growth 
rate perpendicular to the DEJ (Risnes, 1986). The final enamel 
surface area is larger than the dentin surface it covers, and the 
enamel rods (each deposited by a single ameloblast) do not 
thicken. Depositing enamel rods at oblique angles to the perpen-
dicular along with the net movement of secretory ameloblasts in 
the cuspal direction accommodates coverage of the expanding 
enamel surface (Radlanski and Renz, 2004).

Appositional growth is the product of pre-ameloblasts and 
secretory ameloblasts. (A secretory ameloblast has a Tomes’ 
process that organizes enamel crystallites into rods; pre-amelo-
blasts are secretory ameloblasts that have not yet formed a 
Tomes’ process.) On the dentin horn (the dentin surface beneath 
the future cusp tip), the first epithelial cells differentiate into 
pre-ameloblasts, which initiate enamel formation and form a 
thin layer of aprismatic enamel on the dentin surface. The sig-
nals driving this differentiation come from the enamel knot and 
the underlying odontoblasts (Thesleff and Jernvall, 1997; 
Thesleff et al., 2001). Enamel mineral deposition takes place in 
the extracellular space along the ameloblast (distal) cell mem-
brane, and is associated with the secretion of enamel matrix 
proteins (amelogenin, ameloblastin, enamelin) and enamelysin, 
a proteolytic enzyme that cleaves enamel matrix proteins 
(Fincham et al., 1999). Enamel proteins form a mineralization 
front and induce the simultaneous production of thousands of 
oriented enamel ribbons near the plasma membrane of each 
ameloblast. As ameloblasts secrete enamel proteins and extend 
the mineral ribbons, they retreat from the existing enamel sur-
face, thus increasing the thickness of the enamel extracellular 
space. Unlike collagen-based mineralization processes, which 
are two-step processes (secretion of an organic matrix followed 
later by mineralization of the matrix), secretory-stage enamel 
formation occurs in a single step, with secretion of the organic 
matrix and mineralization of the matrix being coupled.

Duration of Appositional Growth

The duration of appositional growth is the number of days dur-
ing which ameloblasts are engaged in appositional growth. Near 
the end of the secretory stage (starting at the cusp tips), amelo-
blasts retract their Tomes’ processes, lay down a final layer of 
aprismatic enamel, and then undergo a transition that ends the 
secretory stage, and with it, appositional growth. The final 
enamel thickness is the product of the appositional growth rate 
times the duration of appositional growth. The important regula-
tory points for the duration of appositional growth are at the 

Figure 2.  Daily variation in ameloblast secretion of proteins containing 
methionine. Graph of means ± 95% confidence interval illustrating the 
total amount of newly synthesized proteins released into developing 
enamel on rat mandibular incisors by 1 hr after a single intravenous 
injection of 3H-methionine administered at different times of the day. 
Substantially greater amounts of secretory activity for enamel proteins 
occur in the late afternoon (4:00 p.m., diamonds) compared with early 
morning (8:00 a.m., circles) throughout the secretory stage. These 
differences are noticeably larger (up to 40%) for inner enamel 
formation (distance, 0.5-3.0 mm) than for outer enamel formation 
(20%). Each datapoint represents mean counts of sections from 6 
incisors per time-point. Technical information about how animals were 
injected, tissues were processed, and quantitative data were obtained 
by computerized image analysis has been described previously (Smith 
and Nanci, 1996).
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cusp tips, where the secretory 
stage first concludes and the tran-
sition to maturation begins.

Ameloblast Extension Rate

From its starting point on the den-
tin horn where the enamel knot 
stimulates differentiation of inner 
enamel epithelia into the first pre-
ameloblasts, the differentiation of 
adjacent epithelial cells into pre-
ameloblasts spreads down the 
slopes of the crown in all direc-
tions (Shellis, 1998). This “wave” 
of ameloblast differentiation con-
tinues until it stops at the CM, 
where the crown ends and the 
root begins. Ameloblasts are 
about 5 to 6 microns in diameter, 
and the rate at which successive 
rows of epithelial cells become 
pre-ameloblasts corresponds to 
the ameloblast extension rate. The 
extension rate slows substantially 
from 20 to 30 µm/day at the cusp 
tip to 3 to 6 µm/day near the CM 
(Birch and Dean, 2009), so the 
striae of Retzius (which are sepa-
rated by a constant number of 
days) are closer together at the 
DEJ nearer to the CM than they 
are at the cusp tip (Fig. 1B).

Duration of Ameloblast Extension

Expansion of the ameloblast layer along the dentin surface con-
cludes at the CM, where the wave of ameloblast extension ceases. 
The CM coincides with the locus where the inner and outer 
enamel organ epithelia fuse to form HERS. How far the enamel 
crown extends along the dentin surface is a function of the rate  
at which inner enamel epithelia differentiate into pre-ameloblasts 
(the extension rate) times the amount of time this “wave” of  
differentiation (duration of ameloblast extension) continues to 
spread down the dentin surface toward what will become the cervi-
cal margin, which is at or near the cemento-enamel junction or CEJ.

Spreading Rate of Appositional Termination

This is analogous to the ameloblast extension rate, but instead of 
starting, the ameloblasts are ending the appositional growth 
phase of amelogenesis. We hypothesize that at a cusp tip the 
same cohort of ameloblasts that was previously induced to 
become the first pre-ameloblasts on the dentin horn, after having 
deposited enamel for a set period of time, terminates apposi-
tional enamel growth. Then a “wave” of ameloblast transition to 
maturation stage spreads from this cohort down the cusp slope 
in all directions. Whereas the ameloblast extension rate is the 
rate at which the wave of pre-ameloblast differentiation spreads 
along the DEJ, the spreading rate of appositional termination (for 

simplicity, the termination rate) is the rate at which the wave of 
ameloblast transition (secretory-stage termination) spreads along 
the outer enamel surface (OES) to the CM.

Regulation of Enamel Crown Morphogenesis

Early tooth development maps out the shape of the dentin sur-
face (in a process driven by epithelial-mesenchymal interac-
tions), and then the five growth parameters listed above 
determine the shape of the enamel crown. The five growth 
parameters are not constants, but can vary from crown to crown 
and during the formation of a single crown. Little is known 
about how these parameters are regulated, but it is certain to be 
complex, since altering one parameter affects others (more on 
this in the next section). The thickness of enamel at the cusp tip 
is equal to the rate of appositional growth times its duration. 
The rate of appositional growth is a function of the daily increment 
of mineral deposition that lengthens the enamel rod and the 
angle that the long axis of the rod deviates from perpendicular 
to the DEJ. The average distances between cross-striations in 
human teeth are about 2.5 µm at the DEJ and 6.5 µm at the 
enamel surface (Birch and Dean, 2009). The duration of appo-
sitional growth at the cusp tip is determined by factors that 
cause secretory ameloblasts at the cusp tip to transition into 
maturation. This transition occurs when the enamel has reached 
its final thickness and ameloblasts are too distant from odonto-
blasts to be regulated by epithelial-mesenchymal interactions. 

Figure 3.  Pattern of ameloblast differentiation during crown formation. (A) Section through the 
developing primate cusp tip. Pre-ameloblasts first differentiate from inner enamel epithelia on the dentin 
surface covering the pulp horn (1) beneath what will become the cusp tip. From this beginning, a wave 
of ameloblast differentiation moves through the inner enamel epithelia down the slope of the mineralized 
dentin surface (2). Key: am, ameloblasts; od, odontoblasts; ek, enamel knot; p, pulp; si, stratum 
intermedium; sr, stellate reticulum. (B) Incisor split open to show the growth parameters that determine 
the shape of the enamel crown once earlier developmental processes establish the dentin surface. (1) 
Ameloblasts differentiate beneath the future cusp tip and deposit the first increment of enamel. (2) A 
wave of ameloblast differentiation extends down the slope of the dentin surface and ends when it 
reaches its limit, where the inner enamel epithelium previously fused with the outer enamel epithelium to 
form Hertwig’s epithelial root sheath. (3) Enamel mineral builds up in daily increments (appositional 
growth) during the secretory stage of amelogenesis. (4) Ameloblasts at the cusp tip end the secretory 
stage (appositional growth) and transition into maturation-stage ameloblasts. (5) A wave of ameloblast 
re-organization that terminates the secretory stage and transitions the ameloblasts into the maturation 
stage moves down the enamel surface. (6) Ameloblast termination reaches the last secretory ameloblasts 
at the cervical margin, and the shape of the enamel crown is established. After this point, the entire 
crown is in maturation stage, which involves the removal of residual enamel proteins and the growth of 
existing enamel crystallites in width and thickness.
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We hypothesize that a molecular counter may help regulate the 
duration of appositional growth at the cusp tip.

The position of the cervical margin, which affects crown 
height, is determined by factors that cause the cervical loop (CL; 
the growth center that causes the crown to grow down toward the 
latent root) to transition into HERS (the growth center that causes 
the root to grow longer). HERS is a bicellular layer comprised of 
inner and outer enamel epithelia, whereas in the cervical loop these 
cells are separated by stellate reticulum (star-shaped cells sepa-
rated by large intercellular spaces) (Sasaki, 1990; Luan et al., 
2006). It has been proposed that the conversion of CL into HERS 
may be associated with the down-regulation of growth factors that 
sustain proliferation of the intervening stellate reticulum, such as 
epidermal growth factor (Fujiwara et al., 2009).

Enamel thickness decreases from the cusp tip to the cervical 
margin. Since variations in the appositional growth rate are rela-
tively minor (Beynon et al., 1991; Lacruz and Bromage, 2006), 
the duration of appositional growth must be less at the CM than 
at the cusp tip. For this to occur, the wave of ameloblast termina-
tion must move faster down the outer enamel surface than the 
wave of ameloblast extension moves down the outer dentin 
surface, so that ameloblasts from the cusp tip to the cervical 
margin spend progressively less time in the secretory stage. 

Variations in the termination rate 
(as determined by measuring the 
distances between perikymata) 
appear to be an important param-
eter in the evolution of crown 
morphology in hominids (Dean 
and Reid, 2001).

Summary

Early tooth formation establishes 
the interface between odonto-
genic epithelium and mesen-
chyme, which dictates the 
position of the (latent) dentin sur-
face upon which enamel forms. 
Given the architecture of the 
latent dentin surface, the shape of 
the enamel crown results from the 
interplay of five growth parame-
ters. A better understanding of 
how variations in the five growth 
parameters affect crown morphol-
ogy and how these parameters are 
regulated would provide insights 
into the mechanisms underlying 
the development and evolution of 
crown shape in mammals. How 
simultaneous changes in one or 
more of the five growth parame-
ters affect enamel crown mor-
phology can be difficult to 
imagine, so computer simulations 
are being developed for this pur-
pose. In Fig. 4, we show two runs 

of a simple two-dimensional model that depicts enamel apposi-
tion on a single cusp using different extension and termination 
rates. Computer simulations can be used to generate several 
models that illustrate how changes in the five growth parame-
ters might explain observed variations in crown morphology 
between two related species. Then, analyses of incremental 
lines in teeth from the two species could provide the data nec-
essary to choose among the alternative models. In addition, 
computer simulations can lead to new hypotheses. In the sim-
ple model presented here, the most realistic cervical margin 
shapes are generated by conditions in which propagation of the 
wave of extension is stopped by the “passing” wave of termi-
nation. This suggests that the signals causing the transition of 
secretory ameloblasts into maturation ameloblasts might par-
ticipate in the formation of HERS.

Part II. the Mechanism of  
Appositional Growth

During tooth development, the earliest odontoblasts and amelo-
blasts differentiate at the DEJ under the future cusp tip. 
Odontoblasts differentiate into columnar cells and secrete 
mantle predentin, which is rich in type I collagen and matrix 

Figure 4.  Models depicting enamel apposition while varying the extension and termination rates. An 
inverted parabola populated with virtual ameloblasts represents the hypothetical DEJ. Ameloblast 
activation sweeps from the horn of the DEJ down the length of the curve, with the rate of extension 
decreasing exponentially down the slope of the tooth. Once activated, cells move along vectors 
normal to the DEJ at a fixed rate. Black lines represent the positions of the secretory front at evenly 
spaced time intervals (t0, t1, t2, . . .) and can be thought of as virtual striae of Retzius. Bold lines with 
arrows show how the wave of activation moves down the DEJ. The appositional growth rate and 
duration of appositional growth (at the cusp tip) are identical in both models. Extension ends when 
the wave of termination reaches the wave of activation. (A) In this simulation, a wave of ameloblast 
activation moves down the crown at a rate based on an exponential decay equation with a decay 
constant of 0.025. The wave of appositional termination moves down the crown at a constant rate 
that is rapid relative to the rate at which the wave of activation advances. (B) In this simulation, a 
lower decay constant of 0.01 was used for activation, resulting in a slower advance of the wave. 
Termination of apposition moves down the crown at a rate defined by an exponential decay equation 
with a decay constant of 0.02.
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vesicles. The basal lamina associated 
with the inner enamel epithelium dis-
integrates and is penetrated by slen-
der processes from the overlying 
epithelial cells (Reith, 1967; 
Kallenbach, 1976). Disruption of the 
basal lamina occurs after the odonto-
blasts have begun to produce pre-
dentin, but before the onset of 
calcification, and is associated with a 
major up-regulation in the production 
and secretion of enamel matrix pro-
teins and Mmp-20 (Inai et al., 1991). 
Initial mineralization occurs in the pre-
dentin matrix, perhaps within matrix 
vesicles (Katchburian, 1973). Mineral 
is first deposited subjacent to the DEJ 
and progresses toward the DEJ to the 
terminal ends of the collagen fibrils 
(Arsenault and Robinson, 1989). Finger-
like projections of the ameloblast 
plasma membrane penetrate the fenes-
trated basal lamina, extend to the den-
tin surface, and deposit enamel proteins 
(Ronnholm, 1962). Then numerous 
enamel mineral ribbons measuring 
10-15 nm in width and 1-2 nm in thick-
ness originate suddenly at the DEJ 
(Daculsi and Kerebel, 1978; Kerebel et 
al., 1979; Weiss et al., 1981; Cuisinier et 
al., 1992). The initial enamel ribbons 
are distinct from those of dentin 
(Diekwisch et al., 1995). They are uni-
form in size, parallel (highly oriented in 
the long axis direction), evenly spaced, 
and randomly oriented with respect to 
their widths or the long axes of their 
cross-sections (Nylen et al., 1963). The 
distance between crystallites is approxi-
mately 20 nm (Diekwisch et al., 1995). 
The growing tip of an enamel crystal-
lite has a cross-section of 15 x 1.5 nm. 
The dimensions are the same in the 
earliest enamel ribbons and the elon-
gating tips of enamel ribbons through-
out the secretory stage. In developing 
human primary teeth, the density at the surface is 1240 crystallites/
mm2. Mature erupted teeth have 558 crystallites/mm2 at the tooth 
surface (Kerebel et al., 1979), the decreasing number being due to 
crystallite fusions.

While the exact nature of the mineral inside the early 
enamel ribbons is controversial, electron diffraction evidence 
supports the interpretation that enamel ribbons elongate at the 
mineralization front by adding successive increments of amor-
phous calcium phosphate (ACP) (Landis et al., 1988; Beniash 
et al., 2009). The addition of new mineral appears to be 
directly on the tips of existing mineral ribbons, elongating 

them. It is difficult to estimate their actual lengths, but based 
upon the long lengths of crystallites isolated from enamel, it is 
likely that “enamel crystals extend without interruption from 
their beginning at the dentino-enamel junction to their ends at 
the enamel surface” (Daculsi et al., 1984). The mineral near 
the growing tips of the enamel ribbons is not crystalline (amor-
phous calcium phosphate), but the deeper, more developed, 
part of the ribbons is (hydroxyapatite). Thus, the initial shape 
of an enamel ribbon is not intrinsic to the mineral itself, but 
may be molded by the space available for it. Enamel matrix 
proteins (amelogenin, ameloblastin, and enamelin) are secreted 

Figure 5.  Enamelin localization in developing enamel. (A,B) Consecutive sections of a developing 
porcine incisor. The top section is stained with toluidine blue; the second section is immunostained 
with the 32-kDa enamelin antibody (Uchida et al., 1991a). The 32-kDa enamelin signal is observed 
throughout the secretory stage in the enamel matrix, from the DEJ to the surface. However, because 
enamelin is extensively processed by proteases and the C-terminal parts are removed from  
the matrix, its distribution depends upon which part of the protein is recognized by the antibody. 
(C,D) Transmission electron microscopy (TEM) showing immunogold staining patterns of forming 
enamel near the ameloblast Tomes’ processes using affinity-purified anti-peptide antibodies raised 
against the enamelin (a) N-terminus (Dohi et al., 1998), (b) 32-kDa cleavage product (Uchida et al., 
1991a), (c) 34-kDa cleavage product (Hu et al., 1997a), and (d) C-terminus (Hu et al., 1997a). 
Note that each antibody shows a different localization pattern. Below the TEMs are diagrams 
showing enamelin (186 kDa) and known cleavage products (155, 142, 89, 34, 32, 25, and 6 
kDa) and the positions of the sequences used to make antibodies (dots) (Hu and Yamakoshi, 2003). 
An important observation is that the enamelin C-terminus is found only at the mineralization front (d).
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at the mineralization front where the mineral ribbons grow in 
length (Fig. 5) and are necessary for the formation of enamel 
ribbons. The onset of enamel mineral deposition correlates 
with the first release of ameloblastin, enamelin, and enamely-
sin and the massive up-regulation of amelogenin. In the Enam 
null and Ambn mutant mice, the mineralization front fails, and 
no enamel forms (Fig. 6) (Fukumoto et al., 2004; Hu et al., 
2008; Wazen et al., 2009). Only a thin layer of aprismatic 
enamel (~20 µm, instead of more than 100 µm) is deposited on 
dental crowns in AmelX null mice (Gibson et al., 2001; 
Prakash et al., 2005).

Besides enamel proteins, normal appositional growth requires 
the secretion of enamelysin (Mmp-20, matrix metalloproteinase 
20) (Bartlett et al., 1996). Enamel proteins are processed by 
enamelysin, so that intact enamel proteins are found only in the 
superficial layer of the developing enamel (Uchida et al., 1991b; 
Hu et al., 1997b; Murakami et al., 1997), with intact enamelin 
being restricted to the mineralization front (Hu et al., 1997a). 
Enamel ribbons form normally in Mmp20 null mice, and the 
ribbons convert into hydroxyapatite, but the enamel layer as a 
whole is thinner, less hard, and the organization of rod and inter-
rod enamel is disturbed (Caterina et al., 2002; Bartlett et al., 
2004). Without enamelysin, appositional growth apparently can-
not be sustained.

In normal enamel formation, as the enamel ribbons continue 
to lengthen at the mineralization front, they also grow progres-
sively thicker and wider with depth. The cross-sectional geom-
etry of the deeper part of a ribbon closer to the DEJ is a flattened 
hexagon with sharp outlines that are characteristic of crystallites 
(Nylen et al., 1963; Kallenbach, 1990; Miake et al., 1993; 
Nanci, 2003). Growth on the sides of enamel crystallites initially 
increases their width and later their thickness. While the width-
to-thickness ratio of the earliest crystallites is nearly 10, this 
ratio falls to 2.6 for the enamel crystallites of erupted teeth 
(Daculsi and Kerebel, 1978). Enamel crystallites continue to 
thicken after they come into contact with adjacent crystallites, 
causing their final cross-sectional geometries to be irregular. 

The cross-sections of mature enamel crystallites average 26 x 68 
nm (Warshawsky and Nanci, 1982; Daculsi et al., 1984).

Appositional growth involves the deposition of thousands of 
similarly shaped ribbons of ACP that lengthen near the amelo-
blast distal membrane at a mineralization front consisting of 
enamel proteins and enamelysin. The ACP ribbons convert into 
calcium hydroxyapatite (HAP) a short distance away from the 
enamel surface, while they are associated with enamel protein 
cleavage products. The bulk of enamel proteins that separate the 
mineral ribbons are amelogenins, which comprise over 90% of 
the matrix and self-assemble into spherical structures (Fincham 
et al., 1994) approximately the same width (~20 nm) as the 
space between crystallites. Amelogenins influence the conver-
sion of ACP to HAP in vitro (Kwak et al., 2009). According to 
this model of appositional growth, the principal functions of 
enamel matrix proteins are: (1) to generate a mineralization 
front that partitions the space available for mineral into molds 
that shape the amorphous mineral into ribbons, (2) to ensure that 
successive mineral increments are deposited on the tips of rib-
bons deposited in the previous cycle, (3) to separate the mineral 
ribbons, and (4) to regulate the conversion of ACP into HAP, 
which presumably involves the absorption of the hydrogen ions 
released by HAP formation. Enamel proteins may also facilitate 
the movement and attachment of ameloblasts (Sonoda et al., 
2009; Beyeler et al., 2010). Many other functions of enamel 
proteins are possible, since the mechanism of dental enamel 
formation at the molecular level is poorly understood.

The Classic Model of Appositional Growth

The mineralization front model for appositional growth of 
dental enamel differs radically from the classic view of enamel 
formation (Simmer and Fincham, 1995). The classic model 
was formulated when “amelogenin” and “enamelin” were 
terms for hypothetical classes of proteins, rather than specific 
genes and proteins (Termine et al., 1980), and preceded the 
first cloning of cDNAs for any of the enamel matrix proteins 

Figure 6.  The secretory-stage mineralization front. Arrowheads mark the mineralization front. (A) TEM of developing human tooth showing enamel 
crystallites extending from a layer of enamel proteins along the secretory surface of the ameloblast distal membrane (Ronnholm, 1962). [Note: In 
Fig. 5C part d, we show that intact enamelin (containing the C-terminus) is found only along the mineralization front.] (B,C) Von Kossa (which turns 
mineralized tissues dark) -stained sections of developing mouse teeth (dentin, d; enamel, e). (B) Enamelin heterozygous (+/–) mouse section 
showing that both the dentin and enamel layers are mineralized. (C) Enamelin null mouse (–/–) showing that, without enamelin, the mineralization 
front fails and does not stimulate enamel mineralization. Only small, punctate foci of mineralization are detected within the enamel layer near the 
dentino-enamel junction, despite there being a thick accumulation of organic material (light blue) in the enamel layer (Hu et al., 2008).
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(Snead et al., 1983, 1985). As molecular data became avail-
able, it was found that amelogenin, enamelin, and ameloblastin 
are not acidic like the non-collagenous proteins of dentin  
and bone, but belong to the proline and glutamine group of 
secretory calcium-binding phosphoprotein (SCPP) proteins 
(Kawasaki and Weiss, 2008). The genes for enamel proteins 
evolved from a common ancestral gene and belong to a single 
class. The classic model holds that enamel mineral forms as 
crystalline material (octacalcium phosphate or hydroxyapatite) 
that is shaped into long ribbons by the selective binding of 
acidic beta-sheet secondary structures of enamel proteins to 
the sides of the crystallites (Fan et al., 2008). Proteolytic 
cleavage of the enamel proteins releases them from the sides 
of the crystallites, allowing the crystallites to grow in width 
and thickness (Sun et al., 2008). Another aspect of the classic 
model is that amelogenin buffers calcium ion concentration to 
control the degree of saturation of enamel fluid so as to favor 
the formation of hydroxyapatite over other calcium phosphate 
solid phases (Aoba and Moreno, 1987). The classic theory is 
based upon ideas about biomineralization that, for the most 
part, can be supported in principle by in vitro studies of crystal 
growth. Although this model is still accepted by many, we 
believe that it is inconsistent with many observations of how 
enamel is observed to form in vivo. Even if one function of 
enamel proteins is to inhibit mineral deposition on the sides of 
enamel crystallites, it remains unclear how protein inhibitors 
can distinguish between the sides of hydroxyapatite crystals 
(which have identical faces) to selectively inhibit first crystal-
lite thickening and then crystallite widening. Furthermore, 
enamel crystallites grow in width and thickness during the 
secretory stage, when enamel proteins are abundant, and dur-
ing the early maturation stage prior to the removal of signifi-
cant amounts of matrix protein (Smith, 1998). Large increases 
in crystallite width and thickness even occur in the Mmp20 
(Caterina et al., 2002) and Klk4 (Simmer et al., 2009) knock-
out mice, where there is no significant extracellular proteolytic 
activity, and enamel proteins persist in the matrix. The classic 
theory ignores the mineralization front, which in vivo studies 
suggest is inherent to the mechanism of enamel appositional 
growth. When the specialized enamel proteins enamelin or 
ameloblastin are missing or defective, the mineralization front 
fails to form, and the enamel layer is virtually absent (Fukumoto 
et al., 2004; Hu et al., 2008). The mineralization front gives 
shape to the mineral ribbons before they are crystalline 
(Beniash et al., 2009).

Regulation of Appositional Growth

The thickness of the enamel layer covering dentin is determined 
by the amount of appositional growth. Appositional growth 
starts with the differentiation of inner enamel epithelium into 
pre-ameloblasts and ends with the transition of secretory amelo-
blasts into maturation ameloblasts. The amount of time amelo-
blasts spend in appositional growth (secretory stage) varies, and 
the enamel thickness varies accordingly. The developmental 
signals that regulate the onset and termination of the secretory 
stage are largely unexplored, but these steps are associated with 
changes in the expression of extracellular matrix molecules. At 

the onset of the secretory stage, amelogenin, enamelin, amelo-
blastin, and Mmp-20 expressions are initiated. The transition to 
maturation initiates kallikrein 4, amelotin, and odam (apin) 
expression (Hu et al., 2000; Moffatt et al., 2006b, 2008), refor-
mation of a glycoprotein-rich basal lamina on the surface of the 
enamel (Sawada and Inoue, 2001; Al Kawas and Warshawsky, 
2008), and some ameloblast apoptosis (Joseph et al., 1994; 
Bronckers et al., 2000; Kondo et al., 2001). Perhaps continued 
characterization of the transcription factors that regulate amelo-
genin gene expression will provide insights into the develop-
mental mechanisms that mediate the initial differentiation and 
the later transition of ameloblasts (Adeleke-Stainback et al., 
1995; Gibson, 1999; Zhou and Snead, 2000; Xu et al., 2009; Xu 
et al., 2006, 2007a,b). A rat wct (whitish chalk-like teeth) 
mutant exhibits an arrest of enamel formation at ameloblast 
transition (Masuyama et al., 2005; Osawa et al., 2007).

Appositional growth appears to involve the repetition of a 
secretory cycle that results in the formation of long- and short-
period incremental lines. A potentially important function of 
enamel proteins is to ensure proper alignment of each ribbon 
addition with the tip of the previously deposited mineral incre-
ment, so that the crystallites grow to great lengths. The incre-
mental growth of enamel suggests that clock genes (Cermakian 
and Boivin, 2009) could be important. Molecular clocks and 
counters potentially play a role in determining the onset of 
ameloblast termination at the cusp tip, which could occur a set 
number of days after pre-ameloblast differentiation. After the 
onset of termination is initiated, the wave of differentiation 
appears to be propagated by successive horizontal bands of 
ameloblasts parallel to the cervical loop and would not depend 
upon a timing mechanism.

On their course from the DEJ to the enamel surface, amelo-
blasts move relative to each other, resulting in decussating rod 
patterns and Hunter-Schraeger bands (optical phenomenon pro-
duced by changes in direction between adjacent groups of 
enamel rods) (Hanaizumi et al., 1996). As ameloblasts retreat, 
some migrate cuspally from the cervical loop (to maintain cover-
age of the radially expanding enamel surface). Ameloblasts in a 
circumcoronal loop may have differentiated and begun secretion 
at different times during tooth development, yet all transition to 
maturation stage simultaneously and form a circumcoronal peri-
kyma that is a horizontal closed circle (Risnes, 1985). In the 
absence of experimental data concerning the mechanisms that 
terminate appositional growth, we hypothesize that a clock/
counter mechanism might dictate when ameloblasts at the cusp 
tip enter transition, but this is followed by a propagated signal 
spreading from these cells that pushes successive rows of amelo-
blasts into transition.

A Role for Molecular Clocks in Enamel Formation?

The existence of daily lines in enamel suggests that circadian 
rhythms play a role in its formation. Circadian rhythms in mam-
mals are regulated globally by the master clock in the suprachi-
asmatic nucleus (SCN), and locally by clock cells that control 
tissue-specific rhythmic outputs (Amir et al., 2004). Circadian 
oscillations are generated by a set of genes encoding transcrip-
tion factors that form a transcriptional autoregulatory feedback 
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loop (Siepka et al., 2007). Lamellar bone, like dentin and 
enamel, forms incrementally, mirroring the long-period rhythm 
represented by the striae of Retzius in enamel (Bromage et al., 
2009). The expression of clock genes in osteoblasts (bone-
forming cells) is regulated by the sympathetic nervous system 
and the hormone leptin (Fu et al., 2005). Mice with mutations
in circadian genes, such as Period (Per1 and Per2) and 
Cryptochrome (Cry1), show increased numbers of osteoblasts 
and develop high bone mass (Fu et al., 2006), suggesting that 
clock genes inhibit bone formation by preventing osteoblast 
proliferation (Fu et al., 2005). Lesions of the SCN in the brain 
cause a loss of circadian increments in dentin (Ohtsuka-Isoya  
et al., 2001). Clock encodes a transcription factor that is essen-
tial for circadian rhythms (King et al., 1997) and localizes 
within the nucleus of differentiating ameloblasts and odonto-
blasts (Fig. 7). What these molecules are doing is unknown.

Part III. Mechanisms of Enamel Maturation

Enamel maturation involves the deposition of ions onto the sides 
of enamel crystallites. The final hardness of dental enamel is 
dependent upon the growth in width and thickness of the enamel 
ribbons so that adjacent crystallites come into contact and inter-
lock. Once the secretory stage is complete, no additional crystal-
lites form, and there is no further lengthening of existing 
crystallites. Enamel crystallites start to mature during the secre-
tory stage as the ribbons grow in length, so the cross-sectional 
dimensions of secretory-stage crystallites increase progressively 
from the mineralization front to the DEJ (Kerebel et al., 1979). 
During the maturation stage, when more than 60% of enamel 

mineral deposition takes place, 
ions are deposited on the sides 
of existing crystallites at the 
expense of matrix protein rem-
nants and fluid, which exit the 
enamel layer from the surface, 
presumably facilitated in whole 
or in part by maturation-stage 
ameloblasts (Smith, 1998).

After undergoing a brief 
post-secretory transition, amelo-
blasts develop into maturation (or 
modulating) ameloblasts. These 
cells modulate between two 
forms: ruffle-ended ameloblasts 
(RA), which have tight distal 
and loose proximal junctional 
complexes with a striated border 
toward the enamel surface, and 
smooth-ended ameloblasts (SA), 
which have disassociated distal 
and tight proximal junctional 
complexes and unmodified dis-
tal membranes (Warshawsky 
and Smith, 1974; Josephsen and 
Fejerskov, 1977). In rats, a mod-
ulation cycle lasts for about 8 

hrs, with about 75% of the time being spent in the ruffle-ended 
phase. A remarkable finding is that the pH of the enamel matrix 
covered by RA is acidic, dropping to as low as pH = 6, while 
enamel covered by SA has a nearly physiologic pH (pH = 7.2) 
(Sasaki et al., 1991; Smith et al., 1996).

During the maturation stage, residual enamel proteins are 
degraded by Klk4 and, to a lesser extent, by Mmp-20 (Bartlett 
and Simmer, 1999; Lu et al., 2008). Genetic defects in human 
MMP20 and KLK4 cause hypomaturation forms of amelogene-
sis imperfecta (Hart et al., 2004; Kim et al., 2005), and the 
Mmp20 (Caterina et al., 2002) and Klk4 (Simmer et al., 2009) 
null mice exhibit defective enamel. Although enamel proteins 
are retained in Klk4 null mice, the enamel crystallites are able to 
grow considerably in width and thickness. The enamel layer 
hardens, for the most part, but there is a weakness near the DEJ, 
and the enamel layer abrades away when the teeth erupt into 
function (Simmer et al., 2009).

While degradation and re-absorption of the organic matrix are 
important, the principal activity in the maturation stage is the 
regulated movement of ions into and out of the matrix. Essentially, 
ameloblasts move calcium, phosphate, and bicarbonate into the 
matrix and remove water. The bicarbonate is needed to neutralize 
the hydrogen ions that are generated by hydroxyapatite formation. 
Some of the critical molecular participants involved in pH regula-
tion have been identified by the characterization of null mice with 
enamel defects and by human genetic studies of kindreds with 
inherited enamel defects. Next we present a simplified model for 
the regulation of pH during the maturation stages that is analo-
gous to mechanisms used in salivary glands, and differs some-
what from other explanations (Lacruz et al., 2010).

Figure 7.  Immunohistochemistry of clock protein in a post-natal day 4 mouse. (A) Clock protein expression 
was detected in the developing first molars. (B,C) Higher magnifications showing that the nuclei (arrows) 
of ameloblasts (AM) and odontoblasts (OD) have strong clock expression relative to the dental pulp (DP) 
cells. Samples were fixed at 4°C for 4 hrs in 4% formalin, washed (3x) with rinse buffer (2 mM MgCl2 
and 0.1% Nonidet P40 in PBS), demineralized in EDTA for 2 wks, embedded in paraffin, and sectioned. 
The sections (~4 µm) were rehydrated, blocked, treated for antigen retrieval in 10 mM sodium citrate for 
30 min by being microwaved prior to incubation with an anti-clock primary antibody (dilution 1:100; 
Calbiochem, San Diego, CA, USA) for 1 hr at room temperature, followed by incubations with a 
biotinylated secondary antibody (1:200, Vector Laboratories, Burlingame, CA, USA) and a horseradish 
peroxidase-streptavidin conjugate (1:200, Zymed, San Francisco, CA, USA). Signal was detected by 
means of the DAB Plus Substrate kit (Zymed).
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Neutralizing Protons 
Released during 
Hydroxyapatite Formation

A simple formula for the forma-
tion of hydroxyapatite from its 
constituent ions is:

10Ca2+ + 6PO4
3- + 20H- ⇔ 

Ca10(PO4
3-)6(OH-)2

The formula is misleading, 
because it ignores the ionic species 
that are actually available at physi-
ological pH to produce calcium 
hydroxyapatite. The anionic com-
ponents (6PO4

3- + 20H-) are rare at 
physiological pH, and are abundant 
only in their protonated forms. At 
pH = 7.2, the phosphate is about 
half HPO4

2- and half H2PO4
-, so an 

average of 9 hydrogen ions are 
released to generate the 6PO4

3- ions 
required to deposit a single unit cell 
of hydroxyapatite (3HPO4

2- + 
3H2PO4

- ⇔ 6PO4
3- + 9H+). The 

hydroxyls are generated by the dis-
sociation of water, which releases 
two more hydrogen ions per unit 
cell of hydroxyapatite (2H2O ⇔ 
20H- + 2H+). The net effect is that 
11 H+ ions are generated for every 
unit cell of hydroxyapatite that 
forms at pH 7.2.

During the maturation stage of 
amelogenesis, hydrogen ions 
released by hydroxyapatite for-
mation are neutralized by bicar-
bonate (Simmer and Fincham, 
1995; Smith, 1998; Lacruz et al., 
2009), by a mechanism similar to 
the way that striated duct cells 
excrete bicarbonate into saliva 
(Fig. 8). Bicarbonate is generated 
by carbonic anhydrase II (CA2), 
which is strongly expressed by ameloblasts starting in the transi-
tion stage (Toyosawa et al., 1996), as well as by striated duct 
cells in mature salivary glands (Redman et al., 1979). Using a 
zinc ion at the active site, carbonic anhydrase combines CO2 
generated by aerobic metabolism with H2O to generate HCO3

- 
(bicarbonate) + H+. The bicarbonate ion is exchanged across the 
ameloblast plasma membrane for a chloride ion (Cl-) by anion 
exchanger 2 (AE2). Anion exchanger 2 is expressed specifically 
by maturation-stage ameloblasts and is required for normal 
enamel maturation (Lyaruu et al., 2008; Bronckers et al., 2009). 
Since the amount of bicarbonate transported is necessarily high, 
a chloride channel may be necessary to support HCO3

-/Cl- 
exchange. In salivary glands, this role is filled by the cystic 

fibrosis transmembrane conductance regulator (CFTR), which 
co-localizes in the apical membrane of the striated duct cells 
with AE2 and cGMP-dependent protein kinase II (cGKII), 
which activates CFTR (Kulaksiz et al., 2002). CFTR null mice 
display hypomaturation enamel defects (Wright et al., 1996), 
which allows them to be distinguished from their heterozygous 
or wild-type littermates at an early age (Grubb and Boucher, 
1999). CFTR null mice show defective regulation of pH during 
the maturation stage (Sui et al., 2003). They have enamel with 
normal thickness and prism structure, but there is reduced min-
eral volume (hypomineralization), enamel proteins are retained, 
and the chalky enamel readily chips away from the incisal edges 
following eruption into function.

Figure 8.  Major activities of maturation stage ameloblasts. (A) Calcium (Ca2+) and phosphate (H2PO4
- 

and HPO4
2-) ions are transported and add to the width and thickness of existing calcium hydroxyapatite 

crystals generating hydrogen ions (H+). (B) Enamel proteins are cleaved by kallikrein (KLK4) and 
reabsorbed into the cells, possibly with the assistance of WDR72. (C) Magnesium ions (Mg2+) are 
potentially removed from the matrix by CNNM4. (D) Carbonic anhydrase II (CA2) catalyzes the 
combination of carbon dioxide (CO2) and water (H2O) to form a bicarbonate ion (HCO3

-) and a 
hydrogen ion. The H+ is removed from the cell, possibly by the action of a sodium (Na+) and hydrogen 
ion exchanger (NHE) on the proximal membrane. The bicarbonate ion is transported into the matrix by 
exchanging it for a chloride ion (Cl-) by anion exchanger 2 (AE2). The cystic fibrosis transmembrane 
regulator protein may facilitate this exchange by transporting Cl- out of the cell and into the matrix. (E)
Carbonic anhydrase VI (CA6) catalyzes the combination of bicarbonate and a hydrogen ion generated 
by hydroxyapatite formation to form carbon dioxide and water. ODAM and amelotin (AMTN) are 
components of the basal lamina along the distal membrane of ameloblasts throughout the maturation 
stage. No attempt has been made to distinguish between the activities of ruffle-ended and smooth ended 
ameloblasts. The proximal side of the ameloblast is at the top; the distal side is at the bottom. The 
enamel rod images are from Nanci (2003).
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The hydrogen ions generated by the intracellular production 
of bicarbonate must exit the proximal side of maturation amelo-
blasts, where they can be neutralized and carried away by the 
circulation. (If the hydrogen ions generated by intracellular 
bicarbonate formation transported out the distal membrane 
along with the bicarbonate ions, there would be a futile cycling 
of the bicarbonate and H+ back into CO2 and water.) By analogy 
to salivary glands, this would be accomplished by a Na+/H+ 
exchanger (NHE1) (Park et al., 2001), although no work has 
been performed to localize such an exchanger in ameloblasts. 
Once in the enamel matrix, bicarbonate is rapidly combined 
with hydrogen ions generated by mineral formation, catalyzed 
by carbonic anhydrase VI (CA6), the secreted form of carbonic 
anhydrase that is expressed by maturation-stage ameloblasts 
(Fig. 9) (Moffatt et al., 2006a; Smith, 2006). Carbonic anhy-
drase VI is secreted by salivary glands along with bicarbonate 
and becomes part of the acquired enamel pellicle of erupted 
teeth, where it neutralizes acid generated by cariogenic bacte-
ria as a part of the caries prevention mechanism of saliva 
(Kivela et al., 1999).

Genetic Diseases Causing 
Inherited Enamel Defects

The genes associated with isolated 
enamel defects encode proteins 
that are specialized for ameloblast 
activities. FAM83H (Kim et al., 
2008) and WDR72 (El-Sayed et 
al., 2009) are associated with the 
secretion or re-absorption of 
enamel proteins. AMELX 
(Lagerström et al., 1991), ENAM 
(Rajpar et al., 2001), MMP20 
(Kim et al., 2005), and KLK4 
(Hart et al., 2004) encode pro-
teins that are secreted into the 
enamel matrix. Ameloblasts also 
rely on a toolbox of genes that 
are necessary for other processes 
and are associated with enamel 
defects in syndromes. Junctional 
epidermolysis bullosa (JEB) is a 
heterogeneous group of inherited 
skin disorders associated with 
trauma-induced blistering that 
sometimes includes enamel 
hypoplasia as part of the pheno-
type. Two components of the 
basal lamina associated with the 
inner enamel epithelium that is 
degraded by pre-ameloblasts are 
laminin 5 and type 17 collagen 
(Varki et al., 2006), and defects 
in the genes encoding compo-
nents of these proteins (LAMB3 
and COL17A1) can cause JEB 
(McGrath et al., 1996; Buchroithner 
et al., 2004; Almaani et al., 2009). 

Defects in CNNM4, a putative magnesium ion transporter, 
cause cone-rod dystrophy and amelogenesis imperfecta (Parry 
et al., 2009; Polok et al., 2009), suggesting that removal of 
magnesium from the enamel matrix is an important function. 
Identification of the genes involved in inherited enamel defects 
is shedding light on ameloblast functional components that 
are critical for dental enamel formation.

Conclusions

Dental enamel formation is a complicated process that cannot, 
at present, be reproduced in the laboratory. In recent years, there 
have been great advances in our knowledge of the genes and 
proteins that are critical for amelogenesis. In Part I we described 
five growth parameters that determine the shape of the enamel 
crown once developmental processes have determined the  
morphology of the latent dentin surface upon which it grows. 
Future studies seeking to understand tooth morphogenesis might 
focus on the regulation of these parameters. In Part II, we 
described our understanding of the mechanism of appositional 

Figure 9.  Immunohistochemistry of carbonic anhydrase VI distribution in maturation-stage ameloblasts of 
the rat incisor. CA6 localizes primarily to membrane invaginations along the distal surface of ruffle-ended 
ameloblasts (bottom panel). Strong reactions for CA6 are also evident in some papillary layer cells, 
especially in areas near blood vessels. The maxillary incisors of 100 g male rats were perfused via the 
vascular system for 20 min with 4% paraformaldehyde + 0.1% glutaraldehyde in 0.8 M sodium 
cacodylate buffer + 0.05% calcium chloride, pH 7.2. The jaws were decalcified for 3 wks in disodium 
EDTA, washed, then processed for embedding in paraffin. The sections (~5 µm) were treated for antigen 
retrieval in 10 mM sodium citrate for 15 min by being microwaved prior to immunolocalization with the 
anti-CA6 antibody, which was custom-made by Affinity BioReagents (Thermo Fisher Scientific, Inc., 
Rockford, IL, USA). The CA6 antibody is an affinity-purified chicken anti-rat IgY (egg yolk) antibody raised 
against the peptide CGGERQSPIDVKRREVHFSS, from near the rat CA6 N-terminus (aa 41–60). The CA6 
antibody was incubated at 1:1000 dilution overnight at 4˚C. The secondary rabbit anti-chicken antibody 
was incubated for 30 min on the section and then revealed with an immunoperoxidase kit (Vector 
Laboratories, Burlingame, CA, USA). The slide was counterstained with toluidine blue. Key: BV, blood 
vessels; CT, connective tissue; PL, papillary layer; RB, ruffled border; RE, ruffle-ended ameloblasts;  
SE, smooth-ended ameloblasts; transition zones between ruffled and smooth-ended ameloblasts, RE<SE and 
SE<RE.
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growth. We did not attempt to review all possible mechanisms, 
but emphasized the importance of the mineralization front in 
establishing crystal morphology and organization. We believe 
that the key to understanding the molecular mechanism of dental 
enamel formation is to understand what is happening at the 
mineralization front. In Part III, we discussed how enamel hard-
ens by the maturation of enamel crystals, and presented a model 
for how maturation-stage ameloblasts neutralize acidity, which 
is a normal by-product of hydroxyapatite formation. We sum-
marized some of the recent genetic findings that identified 
unexpected molecular participants in enamel formation, and 
showed that much must be discovered before the molecular 
mechanisms of dental enamel formation are understood.
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