Int. J. Dev. Biol. 39: 153-161 (1993)

—
h
9]

Overview of morphological changes in enamel organ cells

associated with major events in amelogenesis

CHARLES E. SMITH™ and ANTONIO NANCI?

"Departments of Anatomy and Cell Biology, and Oral Biology, McGill University and
?Departments of Anatomy and Stomatology, Université de Montréal, Montreal, Quebec, Canada

ABSTRACT The formation and mineralization of enamel is controlled by epithelial cells of the
enamel organ which undergo marked, and in some cases repetitive, alterations in cellular morphology
as part of the developmental process. The most dramatic changes are seen in ameloblasts which
reverse their secretory polarity during differentiation to allow for extracellular release of large
amounts of proteins from plasma membrane surfaces that were originally the embryonic bases of the
cells. Secreted enamel proteins at first do not accumulate in a layer but, in part, percolate into the
developing predentin and subjacent odontoblast layer. Appositional growth of an enamel layer begins
with mineralization of the dentin, and ameloblasts develop a complicated functional apex (Tome's
processes) to direct release of matrix proteins, and perhaps proteinases, at interrod and rod growth
sites. Once the full thickness of enamel is produced, some ameloblasts degenerate, and the surviving
cells shorten in height and spread out at the enamel surface. They reform a basal lamina to cover the
immature enamel, and continue producing small amounts of enamel proteins that pass through the
basallaminainto the enamel. Ameloblasts also undergo cycles of modulation where apical invaginations
enriched in Ca-ATPases and other enzymes are formed and shed on a repetitive basis (ruffle-ended/
smooth-ended transitions). As this happens, apatetic crystals seeded earlier expand in volume by
gradual layering of new mineral at the surfaces of the preformed crystals. Ameloblasts stop modulating
when the crystals almost fill existing volume formerly occupied by protein and water. The ameloblasts
then shrink in size and the Golgi apparatus returns to its original position at the pole of the nucleus
opposite the enamel. Other cells of the enamel organ show major changes in morphology shortly after
ameloblasts begin modulating when they form the papillary layer inintimate association with vascular

channels from the adjacent connective tissue layer.
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Introduction

Amelogenesis is a complex process which leads to the creation
of a fully mineralized layer of enamel on the crowns of teeth. A
stratified epithelium, the enamel organ, controls this process. Itis
widely accepted that cells of the innermost layer of the enamel
organ, the ameloblasts, are mainly responsible for producing and
secreting various proteins detected within the organic matrix of this
hard tissue (reviewed in Boyde, 1989; Deutsch, 1989; Nanci and
Smith, 1992). These cells also are responsible for controlling
organization of enamel into characteristic rod and interrod patterns
(Warshawsky et al., 1981), and they likely influence movement of
the large amounts of calcium and phosphate ions required for
sustained growth of the unique apatetic crystals which develop in
this hard tissue (Bawden, 1989; Takano ef al., 1992).

Enamel development traditionally is classified into three main
stages called (1) the presecretory stage when the supporting

layer of mantle dentin is first formed by odontoblasts and under-
goes its initial mineralization, (2) the secretory stage when a
partially mineralized enamel layer is formed to its full thickness,
and (3) the maturation stage where the mineral content of the
enamellayerisincreasedtoitsfinal level (reviewedin Warshawsky,
1985). The same classification usually is applied to the enamel
organ cells as a guide to sequential steps in their life cycles (e.g.,
Warshawsky and Smith, 1974). Hence, for example, presecretory
stage ameloblasts have been viewed as cells devoted to differen-
tiation, secretory stage ameloblasts to production and release of
enamel proteins, and maturation stage ameloblasts to resorption
of matrix proteins and transportation of calcium ions (reviewed in
Nanci and Smith, 1992). It is becoming increasingly clear that this
view is too simplistic, and cells such as ameloblasts are capable,
for example, of secreting proteins throughout amelogenesis and
not just during the "secretory" stage. It is mostly a difference
relative to the types and the quantities of proteins that are being
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Fig. 2. Morphometry of enamel organ and ameloblasts. (A) Bar graph illustrating mean profile height of enamel organ (EQ)+standard dewviation (SD)
as measured in electron micrographs at 6 locations along the incisor (1-6; represented by horizontal line and solid rectangles drawn below the graph) for
rats perfused with two different fixatives {Method A, first of pair, and Method B, second of pair, at each location). Measurements at each location were
done using thin sections cut in the transverse (left-hand bar of each pair) and sagittal (right-hand bar of each pair) planes of the incisor. Significance levels
for statistical tests comparing data by plane of section or fixative method are indicated by inverse triangles (p<0.05) and asterisks (p<0.01) beneath the
bars or superscripted to method A, respectively. (B) Bar graph showing mean profile height of ameloblasts (A)+SD at each sampling position. (C) Bar
graphs showing mean profile width of ameloblasts (Al+SD as measured near the apical junctional complex (top; W, in Fig. 1C), nuclear compartment
(W, in Fig. 1C), and basal junctional complex (Wg in Fig. 1C). The general arrangement of each graph is explained in the legend to A. ND, not determined.

produced at any moment in time. The compositional and struc-  epithelial cells and the unusual non-collagenous matrix proteins
tural differences between enamel and other mineralized tissues  these cells express (reviewed in Deutsch, 1989; Nanci and Smith,
including bone, dentin, cartilage and cementum appear relatedin ~ 1992). In another sense, the uniqueness of enamel appears
part to the basic origin of enamel as a secretory product of related to differences in how cells evolve through their life cycles

Fig. 1. Structural organization of enamel organ. (A and B) Ultrastructural appearance of ameloblasts (A) and associated epithelial cell layers of the
enamel organ (panel B; S, stratum intermedium; SR stellate reticulum; ODE, outer dental epithelium; vi, vascular invagination) as seen in low power
electron micrographs of mandibular rat incisors at a time just prior to when the ameloblasts create the Tomes’ processes (sampling position 2 illustrated
in Fig. 2A). Height (H,) and ‘width* (W, W,, Wg) measurements for ameloblasts (panel A) and other enamel organ cells (B) h, height; w, width) correspond
to measurement parameters as illustrated in the schematic drawing of C. Bars, 5 um. (C) Schematic drawing illustrating measurement parameters for
height of the enamel organ (Hgy), height (H,) and "width™» of ameloblasts at their apical junction complex (W), nucleus (W,,), and basal junctional complex
(Wpg), and for height and “width" of SI, SR and ODE cells within two planes of section (TR, transverse, and SG, sagittal; data from each plane shown as
paired bars in Figs. 2-5). The terms D,,,, and D,,,, refer to long and short axis measurements of nuclel, the data of which are.not included in this report.
Note that height measurements for ameloblasts were done along the midline of the cells following their natural curvatures (curvilinear height). (D)
Schematic drawing illustrating organization of enamel organ and adjacent tissues, and the planes of section for rat incisors. The SG plane is equivalent
to a labial-ingual cut and the TR plane to a mesial-distal cut on human teeth. Note that cells of the stratum intermedium (Sl), stellate reticulum (SR), and
outer dental epithelium (ODE) (B and D) for sampling positions 4, 5, and 6 (Fig. 2A) form part of the papillary layer designated as PL,, PL,, and PL,,
respectively, in Figs. 2-5 by positional analogy to the their arrangement at sampling positions 1-3.
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Fig. 3. Micrograph illustrating radioautographic reaction found at the
rod and interrod growth sites at 20 min afterinjection of 3H-methionine.
Numerous silver grains are evident outside the cell over the interrod
growth site but they are confined mostly to secretory granules (SG) within
the core of the Tomes' process at the rod growth site. Bar, 1 um.

inthese hard tissues. For example, in bone there are separate cell
lineages related to tissue function. Osteoblasts, derived from
perivascular stromal cells, form a vascular enclosed matrix of
relatively finite thickness. They regulate acquisition of mineral and
maintain the bone over a long period of time as entrapped
osteocytes (reviewed in Marks, Jr. and Popoff, 1988). Osteoclasts,
derived from monocytes, degrade and remove areas of aged
bone so it can be renewed as part of general skeletal remodelling
and turnover or in response to local stress (reviewed in Marks, Jr.
and Popoff, 1988; McKee and Nanci, 1993). In dentin there is only
an element of formation; odontoblasts, derived from neural crest
cells, create an avascular mineralized tissue of relatively infinite
thickness and lifespan (reviewed in Linde and Goldberg, 1994).
Each odontoblast permanently maintains the territory of dentin it
produces via long cytoplasmic extensions left behind in the matrix
as it slowly recedes deeper into the pulp chamber (Ten Cate,
1994). In enamel, there is also only an element of formation, and
the ameloblasts, derived from stratified oral epithelium, initially
produce a partially mineralized, avascular tissue of finite thick-
ness that is specific, and different, for various locations on the
crown of the tooth (reviewed in Warshawsky, 1985; Boyde, 1989).
Proteins comprising the organic matrix of the newly formed
enamel are then processed and degraded extracellularly, and
protein fragments, together with water, are slowly withdrawn and
replaced by an equivalent volume of mineral (reviewed in Robinson
and Kirkham, 1985). The final completely acellular product has a

mineral content that is among the highest of any hard tissue
produced biologically and is intended to have infinite lifespan.

Differentiation of ameloblasts

Ameloblasts begin their life cycle as a layer of low columnar,
proliferative cells sitting on a basement membrane as established
from their origin out of the stratum basal layer of the oral epithelium
and maintained across bud and cap stages via inner dental
epithelium (Ten Cate, 1994). At this time, there is little specificity in
the system and any uncommitted epithelial cell can serve to
become ameloblasts in combination with appropriate tooth
mesenchyme (Ten Cate, 1994). The cells have their rudimentary
Golgi apparatus positioned at the pole of the nucleus on the side
away from the basement membrane (facing toward the outer cell
layers of the enamel organ) (Matsuo et al., 1992, 1993). Following
induction of their differentiation by underlying edontoblasts and/or
predentin, the preameloblasts undergo dramatic changes in vol-
ume derived mostly from increases in cell height and sagittal width
(Figs. 1 and 2). The change in cell height is created mostly within
the region between nucleus and basement membrane (future
functional apex), and involves large increases in the cytoplasmic
volume devoted to endoplasmic reticulum and Golgi apparatus
(Smith, 1984). Ameloblasts reverse secretory polarity as they
differentiate through movement of the Golgi apparatus around the
nucleus (Matsuo et al., 1992). Such reversal of polarity presumably
requires reprogramming of control mechanisms employed to re-
ceive exportable proteins at apical versus basolateral surfaces
since components of the basement membrane which had been
targeted basally will be substituted by enamel proteins being
targeted apically. Ameloblasts secrete small amounts of enamel
proteins from their functional apical surfaces as they differentiate
(Inai et al., 1991; Nanci and Smith, 1992; Nakamura et al., 1994).
These do not accumulate in a layer but diffuse into the lamina
fibroreticularis of the basement membrane separating the differen-
tiating ameloblasts from the predentin and odontoblast (reviewed
in Nanci and Smith, 1992). Later, some enamel proteins accumu-
late as patches within the forming mantle dentin and others
percolate through the developing mantle dentin to the level of the
cell bodies of odontoblasts and deeper regions of the dental pulp
(Inai et al., 1991; Nanci and Smith, 1992; Nakamura et al., 1994).
The function of these proteins is known although they could act as
morphogens during these early phases of tooth development.

Appositional growth of the enamel layer

Just prior to dentin mineralization, ameloblasts engulf and
internalize into their lysosomal system basement membrane com-
ponents lying at the future dentinoenamel junction (Sawada et al.,
1890). The cells then rapidly secrete large amounts of enamel
matrix proteins from their functional apical surfaces (Smith et al.,
1992). These proteins accumulate as aninitial rodless (aprismatic)
layer (Warshawsky, 1978) on top of the mantle dentin which is now
mineralized (Boyde, 1989; Ten Cate, 1994). As this initial layer
forms, the ameloblasts develop cytoplasmic extensions from their
apical surfaces called the distal or interdigitating portion of Tomes’
processes (Warshawsky, 1978). They presumably do this by
secreting enamel proteins in focal regions that will become the
future bases of the interdigitating portions of the processes. This
ultimately creates a network of interrod cavities continuous with the
initial rodless layer of enamel (Warshawsky, 1978). Soon thereaf-
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Fig. 4. Combined radioautographic and immunocytochemical preparation (A) and cytochemical preparation (B) illustrating labeling pattern for
proteins at rod growth site. (A) Radioautograph at 1 h after injection of *H-methionine combined with immunogold labeling using a rabbit anti-mouse
amelogenin antibody (AMELO) confirms that newly formed proteins form part of those detected in secretory granules (SG) in Tomes’ process and at the
rod growth site. Bar, 0.5um. {B) The accumulation of newly formed proteins at secretion sites (rod and interrod) can also be revealed by lectin-gold labeling
using wheat germ agglutinin (WGA) which recognizes mainly N- acetyl-D-glucosamine sugar groups. Bar, 0.5 um

ter, a second secretory site becomes active within the Tomes’
processes themselves which controls growth of the length and
width of the enamel rods which fill the cavities delineated by the
rims of interrod enamel (Warshawsky, 1978, 1985; Nanci and
Warshawsky, 1984). Each rod, therefore, is the secretory product
of a single ameloblast, but interrod enamel requires a cooperative
effort of several neighbouring ameloblasts to maintain appositional
elongation of the cavity (Nanci and Warshawsky, 1984). It is
presently unclear if separate packaging and targeting mechanisms
are used for delivery of secretory products at the two growth sites,
orif secretory products are all packaged uniformly and then merely
targeted for release "apically" on any plasma membrane encoun-
tered at this pole of the cell. A slight difference between interrod and
rod growth is probably maintained by the fact that secretory
granules physically reach the interrod secretory site first in moving
apically. Indeed, radioautographic studies suggest that newly
formed proteins may be present at the interrod growth site by as
early as 10-20 min after injection of a precursor amino acid (e.g.,
3H-methionine; Fig. 3) while labeling at rod growth sites is more
consistently observed at later time intervals. Radioautographic
(Nanci etal., 1989a; Smith et al., 1989) and lectin-gold cytochemical
studies (Nanci et al, 1989b) have also established that newly
secreted proteins contribute to expansion in the thickness of the
enamel layer by "piling up" just outside the membrane of the
ameloblast (Figs. 3 and 4) as is typical for appositional growth

occurring in other hard tissues such as dentin and bone (Ten Cate,
1994). However, some newly secreted proteins also appear to
diffuse rapidly into regions of the enamel layer formed earlier in
time by the same ameloblasts (Smith et al., 1989). The biochemical
nature of these more mobile proteins is presently unknown but it is
possible they may be proteinases (active or latent) or molecules
which control the activity of the proteinases, or enamel matrix
proteins that have been made more soluble in enamel fluid by C-
terminal processing events occurring shortly after they are se-
creted (Aoba and Moreno, 1991; Fincham et al., 1991; Tanabe et
al., 1992, 1994; Moradian-Oldak et al., 1994). As the enamel layer
nearsits tooth specific absolute thickness, ameloblasts accentuate
the difference in secretory activity at rod and interrod growth sites
sothatthe rod cavities become filled and the Tomes' processes are
lost (Warshawsky, 1978). The mechanism by which this occurs is
unknown. Afinallayer of interrod enamel is then deposited over the
ends of the rods and former prong areas to smoothen out the
surface (Boyde, 1989).

Across the period of appositional growth of the enamel layer, the
ameloblasts underge some additional changes in size and dimen-
sions (Fig. 2). There is, of course, an increase followed by a
decrease in total cell volume related to the formation, and disap-
pearance, of the Tomes' processes. The curvilinear height of the
cell body changes little over this period but there is a 2-3 fold
increase in the width of the supranuclear compartment of the cell
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Fig. 5. Bar graphs showing mean profile height=SD (A) and mean
profile width+SD (B) for stratum intermedium cells (Sl; as PL1 at
sampling positions 4-6). The general arrangement of each graph is
explained in the legend to Fig. 2A

in a plane running perpendicular to the cell rows (sagittal plane in
rodent incisors) (Fig. 2C). Ameloblasts secrete the enamel layer
organized in groups of cells interconnected by junctional com-
plexes and desmosomes as opposed to individual cells
(Warshawsky, 1978; Nishikawa et al., 1988; Risnes et al., 1989;
Nishikawa, 1992). This feature is highly expressed in the alternat-
ing rows of ameloblasts typical of rodent incisors (Warshawsky,
1978; Nishikawa et al., 1988; Boyde, 1989; Risnes et al., 1989).
The ameloblasts also move through three-dimensional space as
they form the enamel (Warshawsky, 1978; Boyde, 1989; Risnes et
al., 1989; Nishikawa, 1992). One element of movement is a slow
vertical motion away from the dentin which relates to the continu-
ous secretion of proteins at the rod and interrod growth sites. In rat
incisors this movementis about 13 um per day over 7.5 days (Smith
and Nanci, 1989). The ameloblasts also move laterally, and in
some species circumferentially, to produce the bending (gnarling)
patterns typical of some enamel rods (reviewed in Warshawsky,
1985; Boyde, 1989; Ten Cate, 1994). Causative and control
mechanisms for the row organization and lateral movement are

currently poorly understood (Warshawsky, 1985; Risnes et al.,
1989; Nishikawa, 1992). The ameloblasts are attached by junctional
complexes and desmosomes to themselves, and by desmosomes
to cells of the stratum intermedium positioned at their functional
bases (Warshawsky, 1978). The exact role of stratum intermedium
cells in amelogenesis remains undefined but these cells differen-
tiate in tandem with the ameloblasts (Ten Cate, 1994), and they
expand in cell height as ameloblasts form the enamel layer (Fig. 5).
The physical dimensions of stratum intermedium cells in terms of
breadth and depth suggests there are probably 2-3 ameloblasts
from the same row and at least two ameloblasts from adjacent rows
related to the attachment surface of a single stratum intermedium
cell (Figs. 2and 5). Each stratumintermedium cell, therefore, could
simultaneously influence at least 6 ameloblasts moving through
three-dimensional space (Figs. 2and 5). Considering their location
at the functional bases of ameloblasts, it seems possible that
stratum intermedium cells could assist ameloblasts to resolve
various vectors of cell motion as enamel rods grow from their
Tomes' processes. The vertical motion of ameloblasts away from
the dentin surface is likely inherent since this type of movement is
the same vertical motion expressed by osteoblasts and odontoblasts
when they create their respective hard tissues by appositional
growth. However, the lateral, and in some cases twisting, motion of
ameloblasts on a scale suggested by the three dimensional shapes
of enamel rods is a phenomenon somewhat unique to ameloblasts
(Boyde, 1989). The stratum intermedium cells could somehow
serve to coordinate this movement so adjacent groups (rows) of
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Fig. 6. Bar graphs showing mean profile heighttSD (A) and mean
profile width+SD (B) for stellate reticulum cells (SR; as PL2 atsampling
positions 4-6). The general arrangement of each graph is explained in the
legend to Fig. 2ZA. ND, not determined (blank space means they were not
present as positions 4 and 5).




ameloblasts form the enamel rods in a controlled way. Stratum
intermedium cells are themselves connected by desmosomes to
stellate reticulum cells, and indirectly via the variably thick stellate
reticulum, to cells of the outer dental epithelium positioned at the
connective tissue interface (Kallenbach, 1978). Of these latter two
cell populations, the outer dental epithelium is the only layer
showing major changes in cell dimensions over the course of
amelogenesis (Figs. 6 and 7). This is expressed as a doubling in
cell height as the enamel organ enters the maturation stage of
amelogenesis (Fig. 7) and the papillary layer develops from blood
vesselsinvaginating deeply toward the stratumintermedium (Sasaki
et al., 1984). These cells almost double in cell height as these
invaginations are formed (Fig. 7).

Maturation of enamel

Ameloblasts undergo major reorganization in cell size and
morphological characteristics once the final enamel layer is formed
(Fig. 2). They first undergo postsecretory transition and revertto a
height similar to what they showed as inner dental epithelial cells
but with slightly broader width dimensions in the supranuclear
compartment (Fig. 2). To do this they must shed excess cytoplas-
mic volume as well as a portion of secretory organelles including
rough endoplasmic reticulum and Golgi stacks (Smith, 1984). Itis
likely for this reason that the lysosomal system of ameloblasts
becomes so prominent at this time (Salama et al., 1991; Smid et al.,
1992). In addition, as much as 25% of the total ameloblast cell
population dies during postsecretory transition and another 25%
disappears slowly as the enamel matures (Smith and Warshawsky,
1977). Hence, while there is a direct 1:1 ratio between the number
of ameloblasts and the number of enamel rods that are created
during appositional growth of the enamel layer, there is initially a
1:1.3and eventually a 1:2 ratio between the number of ameloblasts
and enamel rods that are undergoing maturation. The death of
some ameloblasts means that remaining ones must slowly spread
out over the enamel surface to occupy twice the surface area as
when the enamel layer was first formed (Fig. 2). This likely explains
the reason why the width of the ameloblasts enlarges in a direction
parallel to the former row axes during the maturation stage (Fig. 2).
As this happens, row organization is lost with ameloblasts takingon
a more polygonal shape when seen in tangential section (Fig. 1).

Ameloblasts also undergo major reorganizational changes in
their secretory functions during postsecretory transition into matu-
ration. These include (1) down regulation, but not complete cessa-
tion, of secretory activity for enamel matrix proteins (Smith ef al.,
1992); (2) upregulation of secretory activity for proteins that are
targeted to the functional apex where they reform the ‘inner basal
lamina’ on the surface of immature enamel (Nanci et al., 1993), (3)
upregulation of synthetic activity for certain enzymes that are
targeted to intracellular sites such as calcium transport ATPases
which coat the ruffle-ended apical surface (Borke et al., 1993) and
degradative enzymes associated with membranes and/or the
contents of the lysosomal system (Salama et al., 1991; Smid et al.,
1992); and, (4) perhaps upregulation of secretory activity for
enamel proteinases or molecules that activate them. While there
appear to be proteolytic and processing enzymes in enamel from
the very moment it starts to grow in thickness by appositional
growth, certain proteolytic enzymes are detected in maturing
enamel which are not seen in forming enamel especially relative to
a serine proteinase activity (Moradian-Oldak ef al., 1994). It is not
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sampling positions 4-6). The general arrangement of each graph Is
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yet clear if this represenis activation of a latent enzyme(s) or de
novo secretion of new enzymes following postsecretory transition.

The premiere event of the maturation stage is modulation where
ameloblasts rhythmically create, then shed, their ruffled apical
membranes which are richly coated with calcium transport ATPases
(reviewed in Nanci and Smith, 1992). In some species, modulation
is quite rapid and the ameloblasts undergo three ruffle-to-smooth-
ended transitions per day (once every 8 h) (Smith et al., 1987). The
transition from ruffle-ended state to smooth-ended state occurs
almost instantly while the transition from smooth-ended state back
into ruffle-end state takes about 2 h in teeth where the ameloblasts
modulate once every 8 h (Smith et al., 1987). Ameloblasts, there-
fore, spend about 50% of the time during maturation exclusively as
ruffle-ended cells, about 25% exclusively as smooth-ended, and
another 25% recreating the ruffle-ended apical surfaces. Experi-
ments by Sasaki et al. (1991) with indicator dyes have suggested
that the pH of the enamel beneath smooth- ended ameloblast,
which seem more leaky compared to ameloblasts having ruffle-
ended apical surfaces (McKee et al., 1986), is near neutral pH. The
enamel beneath the ruffle-ended ameloblasts, however, appears
considerably more acidic (Sasaki ef al., 1991). Some investigators
have proposed that the low pH of enamel may be generated by a
proton pumping system which could exist because of a co-pres-
ence of H*-ATPases and carbonic anhydrase on the apical sur-
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faces of the ruffle-ended ameloblasts (Lin et al., 1994). However,
such pumping is most likely unnecessary if we consider that the
local pH of the microenvironment immediately around growing
enamel crystals would drop naturally as a consequence of creating
excess hydrogen ions as the hydroxide ions captured from water
areincorporatedinto new layers of mineral deposited atthe surface
of the expanding crystals (Aoba and Moreno, 1984; Miake et al.,
1993). This is especially likely if the ruffle-ended ameloblasts are
astightly sealed as suggested by their highly developed apical tight
junctions (Josephsen and Fejerskov, 1977; Garant et al., 1984). It
seems possible that a local "signal” for modulation could reside in
lowering of the local pH to some critical level at the apical surfaces
of the ruffle-ended ameloblasts which then respond by becoming
smooth-ended and leaky to tissues fluids capable of neutralizing
the pH so that the growing enamel crystals do not start to
demineralize. It is of interest that modulation is among the first
events in amelogenesis that is significantly disrupted by long-term
(chronic) exposure to fluoride (Smith et al., 1993). This effect could
be based in part on a disruption of the local pH "engine" that
monitors neutralization of pH within the local environment. That is,
if ameloblasts somehow sense that the local pH is more acidic than
normal, they would presumably tend to remain in a more smooth-
ended like state ("poorly ruffled”) for longer periods of time than
normal (as seen in ameloblasts of rat exposed to fluoride) in an
attempt to keep the pH from dropping even lower.

Lastly, once the enamel is fully mature the ameloblasts stop
modulating and they, along with the other cell layers of the enamel
organ, undergo regression. The ameloblasts shrink dramatically in
height and take on a cuboidal appearance (Fig. 2). All intracellular
organelles and general cytoplasm decrease in volume and, inter-
estingly, the remnants of the Golgi apparatus move from the
functional apical region back toits original position on the side of the
nucleus facing cells of the stratum intermedium. Papillary layer
cells occupying the position of cells which originally formed the
stratum intermedium (PL1) and outer dental epithelium (PL3) also
shrink markedly in height but they expand in width while papillary
cells of the former stellate reticulum (PL2) change little in dimen-
sions (Figs. 5-7). It is generally accepted that the cells of the
regressed (reduced) enamel organ serve a protective function to
keep the mature enamel isolated from the surrounding connective
tissue (Ten Cate, 1994). As is the case for afibrillar coronal
cementum which is believed to result from premature degeneration
of focal areas of the enamel organin the cervical portion of the tooth
(Heritier, 1982; Beertsen and Everts, 1990), exposure of mature
enamelto surrounding connective tissue (in humans) would lead to
the deposition of large amounts of unwanted acellular cementum
over the crown of the tooth.

Materials and Methods

Morphometry

Thirty male Sprague-Dawley rats weighing 162+10 g were anesthetized
and perfused intravascularly with either 5% glutaraldehyde in 0.05 M
sodium cacodylate buffer, pH 7.2, (Method A in Figs. 2 and 5-7) or 2.5%
glutaraldehyde in 0.08 M sodium cacodylate buffer, pH 7.2 (Method B in
Figs. 2 and 5-7). The mandibles were removed, decalcified in isotonic
disodium EDTA, and washed in 0.1 M sodium cacodylate buffer containing
5% sucrose. Small segments of the enamel organ were then removed from
the mandibular incisors at six sites along the length of the tooth (as
illustrated by horizontal line in panel A of Fig. 2) corresponding to (1) early
presecretory stage (region of ameloblasts facing pulp), (2) early secretory
stage, (3) late secretory stage, (4) early maturation stage, (5) late matura-

fion stage (pigmentation), and (6) regression stage. The segments were
postfixed in reduced osmium, dehydrated in graded alcohol, and embed-
ded in Epon for sectioning in the transverse (cross sectional) or sagittal
(longitudinal) planes of the tooth (as illustrated as TR and SG in panel D of
Fig. 1). Thin sections were cut and grid stained with uranyl acetate and lead
citrate. A series of electron micrographs were photographed across the
enamel organ for the two planes of section within 2 adjacent fields
delineated by a grid bar in a region situated closest to the geometric center
of the grid. Prints were made at x6,000 final magnification and montaged
to recreate the entire thickness of the enamel organ from inner to outer
surfaces. Measurements of cell height and "width" as seen in fransverse
and sagittal sections were done on the montaged prints using a graphic
tablet connected to a computer (data for the planes of section are repre-
sented by the paired bars in Figs. 2 and 5-7). Measurements were done
exclusively on enamel organ cells which were sectioned through the
nucleus and which showed continuous cytoplasm within the height axis of
the cell (e.g., only ameloblasts sectioned continuously from apex to base
through the nucleus were measured as illustrated in panel A of Fig. 1). An
average of 100 cells were measured for each parameter in a given plane
of section, stage of amelogenesis, and fixative method. Statistical tests of
data were done by analysis of variance comparing results tor plane of
section and fixative method at each stage examined (significance levels as
p<0.05= inverse triangle, p<0.01= asterisk in Figs. 2 and 5-7).

Other histological methods

Methods for preparing rat incisors for radicautography, lectin-gold
cytochemistry, and immunocytochemistry have been described elsewhere
(Nanci et al., 1987, 1989a,b; Smith ef al., 1989).

Acknowledgments

We thank Margo Oeltzchner for preparing the schematic drawings
shown in panels C and D of Figure 1, and, Micheline Fortin, Mario
Mazariegos, and Sylvia Zalzal for assistance with the experiments illus-
trated in Figures 3 and 4. Portions of this research were supported by a past
grant from the National Institute for Dental Research (CES), and by Grants
MTO557 (CES) and MT9780 (AN) from the Medical Research Council of
Canada.

References

AOBA, T.and MORENO, E.C. (1984). Preparation of hydroxyapatite crystals and their
behavior as seeds for crystal growth. J. Dent. Res. 63: 874-880.

AOBA, T. and MORENO, E.C. (1991). Structural relationship of amelogenin proteins
to their reguiatory function of enamel mineralization. In Surface Reactive Peptides
and Polymers (Eds. C.S. Sikes and A.P. Wheeler). American Chemical Society,
Washington D.C., pp. 86-106.

BAWDEN, J.W. (1989). Calcium transport during mineralization. Anat. Rec. 224: 226-233.

BEERTSEN, W. and EVERTS, V. (1990). Formation of acellular root cementum in
relation to dental and non-dental hard tissues in the rat. J. Dent. Res. 69: 1669-
1673.

BORKE, J.L., ZAKI, A.E-M., EISENMANN, D.R., ASHRAFI, S.H., ASHRAFI, S.S. and
PENNISTON, J.T. (1993). Expression of plasma membrane Ca** pump epitopes
parallels the progression of enamel and dentin mineralization in rat incisor. J.
Histochem. Cytochemn. 41:175-181.

BOYDE, A. (1989). Enamel. In Handbook of Microscopic Anatomy (Eds. A. Oksche
and L. Vollrath). Springer-Verlag, Berlin, pp. 309-473.

DEUTSCH, D. {1989). Structure and function of enamel gene products. Anat. Rec.
224:189-210

FINCHAM, A.G., HU, Y., LAU, E.C., SLAVKIN, H.C. and SNEAD, M.L. (1991).
Amelogenin post-secretory processing during biomineralization in the postnatal
mouse molar tooth. Arch. Oral Biol. 36: 305-317.

GARANT, P.R.. NAGY, A.R. and CHO, M.I. (1984). A freeze-fracture study of ruffle-
ended post-secretory ameloblasts. J. Dent. Res. 63: 622-628.

HERITIER, M. (1982). Experimental induction of cementogenesis on the enamel of
transplanted mouse tooth germs. Arch. Oral Biol. 27: 87-97.

INAL T., KUKITA, T., OHSAKI, Y., NAGATA, K., KUKITA, A. and KURISU, K. (1991).
Immunochistochemical demonstration of amelogenin penetration toward the den-
fal pulp in the early stages of ameloblast development in rat melar tooth germs.
Anat. Rec. 229: 259-270.




JOSEPHSEN, K. and FEJERSKOV, Q. (1977). Ameloblast modulatian in the matu-
ration zone of the ratincisor enamel organ, a light and electron microscopic study.
J. Anat. 124:45-70.

KALLENBACH, E. (1978). Fine structure of the stratum intermedium, siellate reticulum,
and outer enamel epithelium in the enamel organ of the kitten. J. Anat. 126:247-
260,

LIN, H.M., NAKAMURA, H., NODA, T. and OZAWA, H. (1994). Localization of H'-
ATPase and carbonic anhydrase |l in ameloblasts at maturation. Calcif. Tissue Int.
55:38-45.

LINDE, A. and GOLDBERG, M. (1994). Dentinogenesis. Crit. Rev. Oral Biol. Med. 4:
679-728.

MARKS, 5.G., Jr. and POPOFF, S.N. (1988). Bone cell biology; the regulation of
development, structure, and function in the skeleton. Am. J. Anat. 183:1-44.
MATSUQ, S., ICHIKAWA, H., KURISU, K., WAKISAKA, S., KIYOMIYA, K-I. and
KUREBE, M. (1993). Changes of lectin staining pattern of the Golgi stack during
differentiation of the ameloblast in developing rat molar tooth germs. Anat. Rec.

236: 355-365.

MATSUQ, S., ICHIKAWA, H., WAKISAKA, S. and AKAI, M. (1892). Changes of
cytochemical properties in the Golgi apparatus during /n vive differentiation of the
ameloblast in developing rat molar tooth germs. Anatf. Rec. 234: 469-478.

McKEE, M.D. and NANCI, A. (1993). Ultrastructural, cytochemical and
immunocytochemical studies on bone and its interfaces. Cell. Mater. 3:219-243.

McKEE, M.D., MARTINEAU-DOIZE, B. and WARSHAWSKY, H. (1986). Penetration
of various molecular-weight proteins into the enamel organ and enamel of the rat
incisor. Arch. Oral Biol. 31:287-296.

MIAKE, Y., SHIMODA, S., FUKAE, M. and AOBA, T. (1893). Epitaxial overgrowth of
apatite crystals on the thin-ribben precursor at early stages of porcine enamel
mineralization. Calcif. Tissue Int. 53: 249-256.

MORADIAN-OLDAK, J., SIMMER, J.P., SARTE, P.E., ZEICHNER-DAVID, M. and
FINCHAM, A.G. (1994). Specific cleavage of a recombinant murine amelogenin
at the carboxy-terminal region by a proteinase fraction isolated from developing
bovine tooth enamel. Arch. Oral Biol. 39: 647-656.

NAKAMURA, M., BRINGAS, P., Jr.,, NANCI, A., ZEICHNER-DAVID, M., ASHDOWN,
B.and SLAVKIN, H.C. (1994). Translocation of enamel proteins frominner enamel
epithelia to odontoblasts during mouse tooth development. Anat. Rec. 238: 383-
396.

NANCI, A. and SMITH, C.E. (1992). Development and calcification of enamel. In
Calcification in Biolegical Systems (Ed. E. Bonucci). CRC Press, Boca Raton, pp.
313-343.

NANCI, A. and WARSHAWSKY, H. (1984). Characterization of putative secretory
sites on ameloblasts of the rat incisor. Am. J. Anat. 171:163-189.

NANCI, A., AHLUWALIA, J.P.,POMPURA, J.R.and SMITH, C.E. (1989a). Biosynthesis
and secretion of enamel proteins in the rat incisor. Anat. Rec. 224: 277-291.
NANCI, A., AHLUWALIA, J.P., ZALZAL, S. and SMITH, C.E. (1989b). Cytochemical
and biochemical characterization of glycoproteins in forming and maturing enamel

ot the rat incisor. J. Histochem. Cytochem. 37:1619-1633.

NANCI, A., SLAVKIN, H.C. and SMITH, C.E. (1987). Immunocytochemical and
radioautographic evidence for secretion and intracellular degradation of enamel
proteins by ameloblasts during the maturation stage of amelogenesis in rat
incisors. Anat. Rec. 217:107-123.

NANCI, A., ZALZAL, S. and KOGAYA, Y. (1993). Cytochemical characterization of
basement membranes in the enamel organ of the rat incisor. Histochemistry 99:
321-331.

NISHIKAWA, S. (1992). Correlation of the arrangement pattern of enamel rods and
secretory ameloblasts in pig and monkey teeth: a possible role of the terminal
webs in ameloblast movement during secretion. Anat. Rec. 232: 466-478.

NISHIKAWA, S., FUJIWARA, K. and KITAMURA, H. (1988). Formation of the tooth
enamel rod pattern and the cytoskeletal organization in secretory ameloblasts of
the rat incisor. £ur. J. Cell Biol. 47:222-232.

RISNES, S., SMITH, C.E. and WARSHAWSKY. H. (1989). An approach to determine
if ameloblasts move transversely during rat incisor amelogenesis. In Tooth
Enamel V (Ed. R.W. Fearnhead). Florence Publishers, Yokohama, pp. 196-200.

Morphological changes during amelogenesis 161

ROBINSON, C. and KIRKHAM, J. (1985). Dynamics of amelogenesis as revealed by
protein compositional studies. In The Chemistry and Biology of Mineralized
Tissues (Ed. W.T. Butler). Ebsco Media Inc., Birmingham, pp. 248-263.

SALAMA, A.H., ZAKI, A.E. and EISENMANN, D.R. (1991). Fine structural changes
and lysosomal phosphatase cytochemistry of ameloblasts associated with the
transitional stage of enamel formation in the ratincisor. Am. J. Anat. 190:279-290.

SASAKI, S., TAKAGI, T. and SUZUKI, M. (1991). Cyclical changes in pH in bovine
developing enamel as sequential bands. Arch. Oral Biol. 36: 227-231.

SASAKI, T., TOMINAGA, H. and HIGASHI, S. (1984). Microvascular architecture of
the enamel organ in the rat incisor maturation zone, scanning and transmission
electron microscopic studies. Acta Anal. 118: 205-213.

SAWADA, T., YAMAMOTO, T., YANAGISAWA, T., TAKUMA, S., HASEGAWA, H.
and WATANABE. K. (1990). Evidence for uptake of basement membrane by
differentiating ameloblasts in the rat incisor enamel organ. J. Dent. Aes. 69: 1508-
1817

SMID, J.R., MONSOUR, P.A.,, ROUSSEAU, E.M. and YOUNG, W.G. (1992).
Cytochemical localization of dipeptidyl peptidase |l activity in rat incisor tooth
ameloblasts. Anat. Rec. 233. 493-503.

SMITH, C.E. (1984). Stereological analysis of organelle distribution within rat incisor
enamel organ at successive stages of amelogenesis. In Tooth Morphogenesis
and Differentiation (Eds. A.B. Belcourt and J-V. Ruch). INSERM 125, Paris, pp.
273-282.

SMITH, C.E. and NANCI, A. (1989). Secrelory activity as a function of the develop-
ment and maturation of ameloblasts. Connect. Tissue Res. 22: 147-156.

SMITH, C.E. and WARSHAWSKY, H. (1977). Quantitative analysis of cell turnaver in
the enamel organ of the rat incisor, evidence for ameloblast death immediately
after enamel matrix secretion. Anat. Rec. 187: 63-88.

SMITH, C.E., DAHAN, S., FAZEL, A., LAl, W. and NANCI, A. (1992). Correlated
biochemical and radioautographic studies of protein turnover in developing rat
incisor enamel following pulse-chase labeling with L-[**S]- and L-[methyl-*H]-
methionine. Anat. Rec. 232: 1-14.

SMITH, C.E., McKEE, M.D. and NANCI, A. (1987). Cyclic induction and rapid
movement of sequential waves of new smocth-ended ameloblast modulation
bands in ratincisors as visualized by polychrome fluorescent labeling and GBHA-
staining of maturing enamel. Adv. Dent. Res. 1:162-175.

SMITH, C.E., NANCI, A. and DENBESTEN, P.K. (1993). Effects of chronic flucride
exposure on marphometric parameters defining the stages of amelogenesis and
ameloblast modulation in rat incisors. Anat. Rec. 237: 243-258.

SMITH, C.E., POMPURA, J.R., BORENSTEIN, 5., FAZEL, A. and NANCI. A. (1989).
Degradation and loss of matrix proteins from developing enamel. Anal. Rec. 224:
292-316.

TAKANQ, Y., CRENSHAW, M.A. and BAWDEN, J.W. (1982). Calcium movement in vivo
and in vitro in secretory-stage enamel of rat incisors. Arch. Oral Biol. 37: 377-383.
TANABE, T., FUKAE, M. and SHIMIZU, M. (1994). Degradation of enamelins by
proleinases found In porcine secretory enamel in vitro. Arch. Oral Biol. 39: 277-

281.

TANABE, T., FUKAE, M., UCHIDA, T. and SHIMIZU, M. (1992). The localization and
characterization of proteinases for the initial cleavage of porcine amelogenin.
Calcif. Tissue Inl. 51:213-217.

TEN CATE, A.R. (1994). Oral Histology, Development, Structure, and Function. 4th
ed. Mosby, St. Louis.

WARSHAWSKY, H. (1878). A freeze-fracture study of the topographic relationship
between inner enamel-secretory ameloblasts in the rat incisor. Am. J. Anat. 152:
153-208.

WARSHAWSKY, H. (1985). Ultrastructural studies on amelogenesis. In The Chem-
istry and Biology of Mineralized Tissues (Ed. W.T. Butler). Ebsco Media Inc.,
Birmingham, pp. 33-45.

WARSHAWSKY, H. and SMITH, C.E. {1974). Morphological classification of rat
incisor ameloblasts. Anat. Rec. 179: 423-446.

WARSHAWSKY, H., JOSEPHSEN, K., THYLSTRUP, A. and FEJERSKOV, O.
(1981). The development of enamel structure in rat incisors as compared to the
teeth of monkey and man. Anat. Rec. 200: 371-398.



