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ABSTRACT A method for locating specific stages of amelogenesis on contin-
uously erupting incisors was devised for rats weighing 101 ± 5 g (n = 32). The
technique is based on reflecting reference lines from the mandibular molars as
perpendiculars to the labial surface of mandibular incisors. From these reference
lines additional measurements are then made along the midline of the labial
surface of the incisor in an apical or incisal direction to find the site desired for
sampling. Histological studies on 24 decalcified incisors split into segments by
using such reference lines and reconstructed by morphometry indicated that a
reference line reflected from the contact point between the 2nd and 3rd molars
crossed the enamel organ and adjacent enamel at 3,181 ± 329 μm incisal to the
start of the secretory zone of amelogenesis. A reference line from the 2nd and 1st
molars crossed the enamel organ and enamel at 1,238 ± 424 μm incisal to the start
of the maturation zone of amelogenesis, while a reference line from the mesial side
of the 1st molar crossed the enamel organ and enamel almost exactly where the
enamel becomes completely soluble following prolonged decalcification in EDTA.
Although reference lines were reproducible within a group of male rats having
similar body weights, the linear distance between the apical end of the incisor and
the point at which they crossed the tooth increased at a rate of 1 mm per 159 g for
rats between 50 and 300 g body weight. This suggests that molars do not maintain
a fixed relationship to incisors over time, and extreme care must be taken to
standardize an experiment to a specific body weight when using this method.

It has long been recognized that continuously erupt-
ing rodent incisors have considerable potential to serve
as a model system for tooth development (Addison and
Appleton, 1915; Schour and Massler, 1949). One ad-
vantage of these teeth compared to those of limited
eruption is that the resident epithelial and mesenchy-
mal cell populations, and their extracellular matrices,
are arrayed sequentially from youngest to oldest at op-
posite ends of the same structure (Schour and Massler,
1949; reviewed in Smith and Warshawsky, 1975).
Hence, if the position of a group of cells within the
length of the tooth is known, then the absolute and
relative ages of the cells can be estimated by distance
measurements (Smith and Warshawsky, 1975). The
same relationship also exists for any of the extracellu-
lar hard and soft tissues of the tooth (Smith and War-
shawsky, 1975; Zajicek, 1979; Pitaru et al., 1982; Rob-
inson and Kirkham, 1984a; Weinreb et al., 1985;
Beertsen and Hoeben, 1987). It has been estimated that
1 hour of time represents approximately 27 μm of tooth
length under normal conditions of impeded eruption in
mandibular incisors of rats weighing about 100 g
(Smith and Warshawsky, 1975; McKee and Warshaw-
sky, 1986).

Histologists have devised several simple methods to
exploit this precise linear organization of rodent inci-
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sors (e.g., Josephsen, 1974a,b; Smith, 1974; Winther-
Nielsen, 1983). These methods are based on the prin-
ciple that an exact stage of development can be located
through two steps, 1) the sectioning of an initial block
of tissue, which is then 2) retrimmed for final sampling
based on measurements of sections prepared from the
original block. This approach clearly cannot be used for
biochemical studies where direct identification of the
stage of development desired is necessary prior to ho-
mogenizing the tissue.

In regard to biochemical analyses of enamel, Robin-
son and co-workers perfected a dissection technique for
characterizing sequential changes in enamel proteins
and mineral over the course of amelogenesis in rat in-
cisors (Robinson et al., 1974, 1977; Hiller et al., 1975).
They transected the enamel layer into a series of strips
at 0.5 or 1 mm intervals, analyzed the contents of each
strip separately, and then plotted the data along an
abscissa representing "particle (strip) number," or
number of mm, thereby establishing the origin of a
strip relative to an arbitrary starting point and to oth-
ers within the series (Robinson et al., 1974, 1977, 1979,
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TABLE 1. Effect of growth in body weight on linear measurements in hemimandibles of male rats

Body weight
(g)
48 ± 1
97 ± 5

161 ± 10
195 ± 5
250 ± 5
302 ± 10
Analysis of variance

F=
DF =
P=

Mesial/distal distance
across

First
molar

3.1 ± 0.1
3.0 ± 0.1
3.0 ± 0.1
3.1 ± 0.1
2.9 ± 0.1
3.0 ± 0.1

2.28
5
.0105

(mm)
All

molars
¾

7.2 ± 0.1
7.1 ± 0.2
6.9 ± 0.1
7.0 ± 0.2
7.0 ± 0.2

Ho: all body
1.5825
5
.0216

Ramus to
ridge

7.4 ± 0.3
7.5 ± 0.3
7.8 ± 0.4
8.1 ± 0.4
8.3 ± 0.3
7.7 ± 0.3

weights are the same
6.6242
5
.0001

Apical/incisal distance
from (mm)

Apical end to
reference line

6.4 ± 0.2
6.4 ± 0.3
7.4 ± 0.2
7.3 ± 0.4
7.4 ± 0.2
8.0 ± 0.2

26.9349
5

.0000

Ramus to
reference line

3.0 ± 0.2
2.9 ± 0.3
2.5 ± 0.3
2.6 ± 0.3
2.2 ± 0.1
1.9 ± 0.3

13.3219
5

.0000

1981b; Hiller et al., 1975). These workers also devised
a scheme for grouping a series of strips into four stages
based on changes in the appearance and texture of
the developing enamel (translucent, cracked, white
opaque, and hard; Robinson et al., 1978; Robinson and
Kirkham, 1984a). Based on companion histological
studies, they concluded that stage 1 strips were from
the secretory stage of amelogenesis whereas stage 3
and 4, and possibly stage 2, strips were from the mat-
uration stage of amelogenesis (Robinson et al., 1981b;
Robinson and Kirkham, 1984a). While subsequently
demonstrated to be a very powerful approach for study-
ing enamel development in rat incisors (Robinson et
al., 1977, 1979, 1982, 1983, 1988b; Robinson and
Kirkham, 1984a,b, 1985) and teeth of limited eruption
(Glimcher et al., 1977; Robinson et al., 1978, 1980,
1981a, 1988a; Deutsch and Pe'er, 1982; Fincham et al.,
1982; Deutsch et al., 1984; Robinson and Kirkham,
1984a,b, 1985; Overall and Limeback, 1988), uncer-
tainty remains about the exact location in a series of
strips for the boundary between the secretory and mat-
uration stages of amelogenesis (see Leblond and War-
shawsky, 1979; Robinson et al., 1981b; Robinson and
Kirkham, 1984a). Similarly, despite its use as a major
reference point for enamel development, the location of
the opaque boundary (Robinson et al., 1974, 1977,
1979, 1982, 1983, 1988b; Robinson and Kirkham,
1984a, 1985) within the maturation stage of amelogen-
esis is not defined precisely at present.

This study was undertaken to determine if external,
rather than internal, reference points could be used
with the Robinson strip technique to locate the stages
of amelogenesis in small samples of tissue removed
from the labial surface of mandibular rat incisors. We
were especially interested in developing an approach
that would allow freeze-dried enamel organs to be pre-
aligned directly to known histological reference points
as they were being transected into strips (Nanci et al.,
1989; Smith et al., 1989).

MATERIALS AND METHODS
Measurements on Molars and Incisors in Radiographs
All measurements were done at x 9 enlargement on

a dissecting microscope (American Optical Co., Buffalo,
NY) by using a line graticule with subdivisions accu-

rate to 0.1 mm. In one experiment, 10 male Sherman
rats weighing 97 ± 5 g were anesthetized with ether
and decapitated. The hemimandibles were removed,
cleaned, and stored briefly in 70% ethanol until radio-
graphs were taken as described previously (Smith and
Warshawsky, 1973). In a second experiment, radio-
graphs were similarly prepared from 6 groups of 3 rats
each ranging in body weight from 48 ± 1 to 302 ± 10 g
in 50 g intervals (Table 1). Measurements were made
on each radiograph of the linear mesial-to-distal dis-
tance across the 1st molar and the lst-3rd molars, as
well as the linear apical-to-incisal distance from 1) the
base of the ramus to the crest of the bony ridge related
to the symphysis between the hemimandibles (Fig. 1,
arrows "r" to "b"), 2) the apical limit of the alveolar
socket to a reference line reflected from the 1st and 2nd
molars (Fig. 1, arrow "s" to line measured along mid-
line of incisor in profile), and 3) the base of the ramus
to the molar reference line where it crossed the labial
alveolar bone (Fig. 1, arrow "r" to line). The total cur-
vilinear length and the curvilinear length of the part
embedded in alveolar bone (Fig. 1, arrow "s" and per-
pendicular dropped from arrow "c") were also measured
on each incisor (Figs. 1, 4).

Histological Studies
Specimen preparation

Twelve male Wistar rats weighing 107 ± 4 g
(Charles Rivers Canada, St.-Constant, Que.) were
anesthetized with chloral hydrate (Fisher Scientific,
Montreal, Que.; 0.4 mg/g body weight) and perfused via
the ascending aorta with 1% or 2% glutaraldehyde in
0.08 M sodium cacodylate buffer, pH 7.3, containing
0.05% CaCl2 (MECA Labs, Montreal, Que.). In some
cases 2% dextran (40,000 MW; Pharmacia, Montreal,
Que.) or 2% polyvinylpyrrolidone (40,000 MW; Sigma
Chemical Company, St. Louis, MO) was included in the
fixative. The hemimandibles were removed and im-
mersed in fresh fixative for 1 hr at 4°C. They were
washed in several changes of cold 0.1 M sodium cacodyl-
ate buffer, pH 7.4, containing 4% sucrose, and then
decalcified in 4.13% disodium EDTA (Fisher Scientific,
Montreal, Que.) for 7-14 days at 4°C (Warshawsky and
Moore, 1967). The hemimandibles were rewashed for 2
days in several changes of cold cacodylate buffer.
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Fig. 1. Radiograph of right hemimandible showing molar (M1,M2) and bony landmarks (arrows labeled
s, r, b, c) used for morphometry (Table 1, Figs. 4, 5). The vertical line shows a reference line extending
from the contact point between the 1st (M1) and 2nd (M2) molars perpendicular to the labial surface of
the incisor. Bar = 1 mm. x 4.2.

Longitudinal sections

In one experiment, the right and left mandibular in-
cisors from 5 rats weighing 104 ± 3 g were split with a
razor blade into four segments by using 3 reference
lines reflected from 1) the mesial side of the 1st molar,
2) the contact point between the 1st and 2nd molars,
and 3) the contact point between the 2nd and 3rd mo-
lars (Fig. 2). The segments were cleaned of excess bone
and molars, and the portion of the incisor in each seg-
ment was split in half by passing a thin razor blade
down the midline of the segment (Smith, 1974). These
hemisegments were eventually flat embedded such
that the cut surface became the block face.

Cross sections

In a second experiment, the right and left mandibu-
lar incisors of 7 rats weighing 108 ± 3 g were split into
10 segments by using one reference line reflected from
the contact point between the 1st and 2nd molars (Fig.
3, Table 2). Three cross-sectional segments were cut
sequentially at 1 mm intervals in an apical direction,
and 5 segments were cut in an incisal direction, from
the initial reference cut (Fig. 3). These were placed in
separate vials and processed for embedding such that
the cut apical side of each cross-sectional segment be-
came the block face. The remaining apical and incisal
pieces of each incisor were split into hemisegments and
flat embedded.

Processing of tissues and sectioning

All tissues were postfixed for 2 hr at 4°C in 1.5%
potassium ferrocyanide and 1% osmium tetroxide and
then washed in 3 changes of 0.1 M sodium cacodylate
buffer, pH 5.0. The tissues were dehydrated in graded
acetone, infiltrated, and embedded in Epon 812 substi-
tute (MECA Labs, Montreal, Que.); 1 μm-thick sections
of each block were cut on a Reichert Ultracut E micro-
tome, mounted on glass slides, and stained with tolui-
dine blue.

Length measurements

The locations of molar reference lines on incisors sec-
tioned longitudinally (Fig. 2) were determined by using

methodology described previously (Nanci et al., 1987a).
In the cross-sectional experiment (Fig. 3), the distances
from the start of the secretory stage to the apical side of
the first cross-sectional segment, and from the incisal
side of the last cross-sectional segment to the gingival
margin, were measured directly from sections by using
a MOP-3 (Carl Zeiss Canada, Montreal, Que.) (thick
lines, Fig. 3). The apical-to-incisal lengths of each
cross-sectional segment were measured from un-
trimmed Epon blocks by using a calibrated line grati-
cule on the dissecting microscope (rectangles, Fig. 3).
The data in Table 2 pertaining to enamel thickness and
length of enamel surface covered by ameloblasts were

Abbreviations

AE apical end
AL apical loop
b bony ridge at labial aspect of the incisor
c crest of alveolar bone at lingual aspect of the incisor
EM point marking start of enamel matrix secretion
EPS point marking region where enamel is partially soluble

in EDTA
ES point marking region where enamel is completely solu-

ble in EDTA
GM gingival margin
IE incisal end
L (in brace) left incisor
LPG region where ameloblasts accumulate large pigment

granules
M molars
NPG region where ameloblasts show no large pigment gran-

ules
NTP point marking location for disappearance of Tomes pro-

cesses
OE region of outer enamel secretion
PST region of postsecretory transition
r base of ramus
R (in brace) right incisor
R (in rec-

tangle) one-mm-long piece of tooth cut incisal to reference line
R (with

line) reference line from junction between 1st and 2nd molars
RE band of ruffle-ended ameloblasts
RV point marking region where enamel rods become visible
s apical limit of alveolar socket
SE band of smooth-ended ameloblasts
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MANDIBULAR INCISOR
( 100 g rats )

Presecretion Secretion Maturation

Distance (mm )

Fig. 2. Top: Mesial view of left hemimandible and 3 reference lines
(A, B, C) reflected from 2nd and 3rd molars (line A), 1st and 2nd
molars (line B), and mesial side of the 1st molar (line C). Bar = 1 mm.
x 4.2. Bottom: Schematic representation of the total curvilinear
length of the labial surface of the incisor (long rectangle) from apical
loop (AL) to the gingival margin (GM). The crosshatched area indi-
cates the length of tooth over which the enamel is completely soluble
in EDTA. The thin vertical lines clustered at A-C indicate the actual

measured on sections cut from the apical side of cross-
sectional segments positioned along the molar refer-
ence line (shaded rectangles in Fig. 3). Enamel thick-
ness was measured along an imaginary line extended
perpendicularly from the dentinoenamel junction at
the crest of the labial side of the incisor to the apices of
ameloblasts. The amount (length) of enamel surface
covered by secretory stage ameloblasts (possessing a
Tomes process) and by maturation stage ameloblasts
(ruffle-ended, smooth-ended, transitional, or lacking a
Tomes process connected to the cell body; see Warshaw-
sky and Smith, 1974; Smith and Warshawsky, 1977;
and Nanci et al., 1987a, for definitions) was determined
by tracing the cursor of the MOP-3 along the interface
between ameloblasts and the enamel surface from the
mesial to the lateral cementoenamel junctions across
the face of the section.

Strip Dissections

Ten male Wistar rats weighing 99 ± 6 g and 2 groups
of 2 male Wistar rats of 154 g and 230 g mean body
weight were anesthetized with ether and decapitated.
The hemimandibles were removed; the bony caps cov-
ering the incisors were removed quickly to the level of

locations where reference lines illustrated in the top figure crossed
the crest (midline) of the labial side in 10 incisors reconstructed from
longitudinal sections. The means and standard deviations for the ref-
erence lines are represented by the arrow and horizontal bars beneath
the lines. Note that a single incisor accounted for all three of the
reference cuts which were displaced incisally to the main clusters at
A-C.

the cementoenamel junctions; and the specimens were
plunged immediately into liquid nitrogen. They were
stored in liquid nitrogen for 5 hr and then dried under
vacuum for 18—24 hr in a Virtus model 24 lyophilizer
(Virtus Co. Inc., Gardiner, NY). Strip dissections (Rob-
inson et al., 1974, 1977, 1979, 1981b) were then done by
using a reference line reflected from the contact point
between the 1st and 2nd molars (Figs. 1, 3, 6). A given
hemimandible was first turned on its side so that a
score mark could be made with a #11 scalpel blade
through the cell layers (enamel organ) and underlying
enamel along the reference line. The hemimandible
was then turned vertically and the enamel organ was
transected by free-hand cuts into a series of strips at 1
mm intervals in an apical ("minus") or incisal ("plus")
direction from the reference score mark (Figs. 3, 6). The
length of each strip was determined by using a cali-
brated line graticule in the dissecting microscope. Each
strip was lifted from the tooth by using a curved dental
excavator. Once all of the enamel organ was removed,
a few drops of ice-cold normal saline (0.9%) were added
to the surface to rehydrate the enamel, and strip dis-
sections were carried out as described for cells. Periodic
moistening of the enamel throughout the dissection
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Mandibular Incisor
Rats weighing 108 ± 3 g

(14 teeth)

D i s t a n c e ( mm )

Fig. 3. Top: Mesial view of left hemimandible. The thick line illus-
trates the reference line (R) that was used to partition decalcified
incisors into a series of cross-sectional segments at 1 mm intervals in
an apical (minus) or incisal (plus) direction. Bar = 1 mm. x 4.2. Bot-
tom: "Expected." Schematic representation of the total curvilinear
length of the labial surface of the incisor (long rectangle) from apical
loop (AL) to the gingival margin (GM).The mean locations in the
maturation zone are indicated where enamel rods become visible in
stained sections of decalcified incisors (RV) and where the enamel
becomes partially soluble (EPS) or completely soluble (ES; hatched
area) in EDTA. The short rectangle shows results expected when the
middle of the first cross-sectional segment cut incisal to the reference

line (shaded rectangle "R") is aligned at the midpoint in its length on
the mean position for reference line B shown in Figure 2. "Observed."
Actual measured width and location of cross-sectional segments (open
rectangles) cut apically and incisally from the reference segment
(shaded rectangle). The crosses (x) indicate where EDTA-soluble
enamel was first observed in sections cut from the apical side of the
series of cross-sectional segments. Note in rat #7 that only a single 1
mm-wide cross-sectional segment was prepared toward the apical side
of the reference cut on the right incisor, and only a single 2 mm-wide
cross-sectional segment was prepared toward the apical side of the
reference cut on the left incisor (intentional). Note also that both
incisors of rat #3 appear slightly misaligned with the molars.




