CYCLIC INDUCTION AND RAPID
MOVEMENT OF SEQUENTIAL WAVES OF
NEW SMOOTH-ENDED AMELOBLAST
MODULATION BANDS IN RAT INCISORS
ASVISUALIZED BY POLY CHROME
FLUORESCENT LABELING AND GBHA-
STAINING OF MATURING ENAMEL

C. E. SMITH'? M. D. MCKEE?!, AND A. NANCI®

Departments of Anatomy” and Oral Blology2 McGill University, 3640 Unlversty Street, Montreal,
Quebec, Canada H3A 2B2; and Départements de stomatologic et d'anatomie®, Université de Montreal
Faculté de medecmedentalre C. P. 6128, succursale A, Montréal, Quebec Canada H3C 3J7

Adv Dent Res 1(2):162-175, December, 1987

ABSTRACT

he movement of smooth-ended ameloblast modulation bands was studied in continuously erupting

incisors of male Wistar rats, with fluorochromes such as calcein (green), xylenol orange (red), tetra-
cycline (yellow), and calcein blue (turquoise) used to label maturing enamel intensely at sites delimiting the
location of smooth-ended ameloblasts at the time of injection. Hence, a fluorescent label of one color was
injected to establish a reference position at time "0" followed by one or more fluorescent labels of different
colors, or by in vitro enamel staining with glyoxal bis(2-hydroxyanil)(GBHA), at various times after the initia
injection. For example, rats injected with calcein followed by xylenol orange a 10 min or two, four, six, or 12
hr later showed zero, 367, 888, 1259, and 2833 um incisal movement, respectively, of the red bands relative to
companion green fluorescent bands in the mandibular incisors. If one takes into account the eruption rate for
these teeth (27.1 um per hr), these data were indicative of a coordinated, wave-like movement of smooth-ended
ameloblast modulation bands incisally along the length of the tooth at a mean rate of 243 um per hr. Measure-
ments and graphic plots of the distribution of smooth-ended ameloblast bands in histological sections and in
GBHA-stained teeth revealed not only that such bands were positioned at all possible locations along the length
of the maturation zone within a group of different teeth, but also that the average interband distance equaled
about 2100 um in the apical part of the maturation zone. Hence, new modulation waves appear to arise near
the region of post-secretory transition and travel along the ameloblast layer toward the gingival margin about
once every 8.5 hours. This suggests that a given cohort of ameloblasts may modulate as frequently as three
times a day and complete a minimum of 45 modulation cycles by the end of enamel maturation.

INTRODUCTION

It is believed that ameloblasts undergo severa
modulation cycles as enamel matures (Josephsen and

Presented at the Second Carolina Conference on Tooth Enamel For-
mation, March 16-17,1987, at the University of North Carolina, Chapel
Hill

Portions of this study were supported by grants from the Med-
ical Research Council of Canada (C.E.S. and A.N.) and by funds
provided by the E.D. Broughton Research Fund of the Faculty of
Dentistry, McGill University.

162

Fejerskov, 1977; Smith, 1979; Reith et al., 1982; Tak-
ano et al., 1982). Each cycleisvisualized as consisting
of four phases (Josephsen and Feerskov, 1977) in
which the cdls initially show highly invaginated dis-
tal surfaces that are tightly sealed along closely ap-
posed lateral surfaces by complicated junctional
complexes (phase one) (Sasaki et al., 1983; Garant et
al., 1984; Josephsen, 1984). After about three days,
these ameloblasts are believed to lose their tight con-
tact gradually, with the "ruffled borders" (phase two)
becoming smooth-ended (phase three) (Nanci et al.,
1987). This is followed about 19 hr later by a rapid
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reformation of the ruffled borders (phase four), thereby
delineating the start of the next modulation cycle
(Nanci ef al., 1987). The reason(s) for such periodic
alterations in cell morphology is presently unknown.
Available data suggest only that ameloblasts spend
more time in the ruffle-ended phase than in the
smooth-ended phase (Josephsen and Fejerskov, 1977;
Reith and Boyde, 1981b; Akita et al., 1983; Nanci et
al., 1987), and they seem more actively engaged in
calcium transport and endocytosis when ruffle-ended
than when smooth-ended (Takano and Ozawa, 1980;
Reith and Boyde, 1981a; Crenshaw and Takano, 1982;
Sasaki et al., 1983; Sasaki, 1984). In addition, smooth-
ended ameloblasts appear to allow the free passage
of low-molecular-weight molecules more readily into
the enamel than do the ruffle-ended ameloblasts
(McKee et al., 1986).

A variety of direct and indirect techniques have
been devised to visualize the spatial distribution of
smooth-ended ameloblasts, most notably serial re-
construction (Reith and Boyde, 1981b), acid-etching
(Reith et al., 1982), in vitro enamel staining with GBHA
(Takano et al., 1982), and in vivo enamel-staining with
various fluorescent labels such as tetracycline (Ta-
kano and Ozawa, 1980; Boyde and Reith, 1981) and
calcein (Josephsen, 1983). A universal finding of such
studies has been the presence of at least one, but
usually many, widely spaced bands of smooth-ended
ameloblasts between the youngest and oldest areas
of enamel undergoing maturation. It has seemed rea-
sonable to assume, therefore, that the duration of
modulation cycles, and the sequencing of successive
cycles, may correspond to the interband distances and
to the positions where such bands are seen along the
enamel surface of a given tooth (e.g.,, about once every
four days). Similarly, it has seemed reasonable to as-
sume that the total number of modulation cycles
completed over the course of enamel maturation likely
corresponds to the exact number of smooth-ended
ameloblast modulation bands counted across the
maturation zone of amelogenesis (e.g., if there are
five bands, then ameloblasts possibly undergo five
modulation cycles). Support for these ideas was pro-
vided recently by Josephsen (1983), who showed (in
a fluorescent-labeling and GBHA-staining experi-
ment) evidence for displacement of smooth-ended
ameloblast modulation bands from their starting po-
sitions at one set of calcein bands to adjacent, and
more apically positioned, GBHA bands over a two-
day interval in rat incisors.

The purpose of this study was in part to confirm
the experiment done by Josephsen (1983), and to ob-
tain a more comprehensive estimate of the exact time
required to complete one modulation cycle, since
present conclusions about the functional roles played
by ruffle- and smooth-ended ameloblasts in the mat-
uration process depend to a large extent on the as-
sumption that these cells maintain a given morphology
for many hours, in the case of smooth-ended amelo-
blasts, or many days, in the case of ruffle-ended
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ameloblasts, before assuming the alternate morphol-
ogy. This investigation makes use of several calcium-
binding fluorescent labels, including xylenol orange,
which previously had been employed only in studies
of bone formation. According to Rahn and Perren
(1971), this fluorochrome is non-toxic, gives good long-
term fluorescence, and localizes to the mineralization
front in bone in a manner comparable to tetracycline,
fluoresceins (calcein), and calcein blue. We obtained
similar results in enamel, as documented herein.

MATERIALS AND METHODS

Histological Preparations

The teeth used for histological measurements had
been prepared in the course of other experiments (e.g.,
see Nanci ef al., 1987). Briefly, 31 male Wistar rats
(body weight, 104 + 7 g each) were perfused via the
heart with either 4% paraformaldehyde and/or 1% or
5% glutaraldehyde in sodium cacodylate buffer, pH
7.3. The jaws were removed, decalcified at 4°C for
about 16 days in disodium EDTA (Warshawsky and
Moore, 1967), and washed, and the mandibular in-
cisors subdivided into four segments about five mm
in length (Smith, 1974). Each segment was split in
half, post-fixed in potassium ferrocyanide-osmium
tetroxide (reduced osmium), dehydrated, and
embedded in Epon 812 substitute (JB EM Services,
Montreal). The blocks were trimmed and faced, and
one-um-thick sections were cut and stained with tol-
uidine blue. With this approach, the entire matura-
tion zone of amelogenesis could be surveyed on each
tooth within sections taken from the blocks prepared
from segments two, three, and four.

GBHA-staining

Sixteen male Wistar rats (body weight, 107 + 4 g
each) were anesthetized with ether and decapitated.
The mandibles were removed and cleaned of soft tis-
sues, and the bone covering the incisors was re-
moved quickly to the level of the cemento-enamel
junctions with dental tools under a dissecting micro-
scope. The third molar and associated bone were also
removed, but the first and second molars were oth-
erwise left intact. Maxillary incisors were removed
from the skull and quickly cleaned of surrounding
bone and periodontal tissues. The enamel organs were
wiped from the labial surfaces of the incisors with
coarse gauze wetted with ice-cold normal saline. The
hemi-mandibles and maxillary incisors were mounted
with plasticine on pieces of dental wax and left to air-
dry for about five hr. It was possible, with two per-
sons, to complete the dissections and wiping of the
mandibular or maxillary incisors within three or four
min of decapitating the rat. Dissections were also
generally done on ice in a petri dish. After being dried,
the incisors were stained at room temperature by im-
mersion of the dental wax plates, each holding up to
16 incisor preparations, for about 40 sec in solutions
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containing 0.875% GBHA (Sigma Chemical Co., St
Louis) and 0.350% sodium hydroxide dissolved in 75%
ethanol and aged for sx min with continuous agita-
tion prior to being used (McKee and Warshawsky,
1986a,b). The incisors were rinsed briefly in alkaline
75% ethanol (0.35% sodium hydroxide) and air-dried.
Measurements were done within two days following
staining.

Fluorescent Labeling

Forty-nine male Wistar rats (body weight, 107 + 5
g each) were used for these experiments. Stock so-
[utions were freshly made just prior to each experi-
ment and prepared from stock powder (Sigma
Chemical Co., St. Louis) as follows: (8) 150 mg of
calcein (fluorescein-methyleneimino-diacetic acid) or
cacein blue (4-methylumbelliferone-methyleneimi-
nodiacetic acid) dissolved in 10 mL of 2% sodium
bicarbonate (dose 15 mg/kg), (b) 150 mg of xylenol
orange dissolved in 5 mL double-distilled water (dose
90 mg/kg), and (c) 300 mg of tetracycline hydrochlo-
ride dissolved in 10 mL normal saline (dose 30 mg/
kg). Rats were anesthetized with sodium pentobar-
bital (M.T.G. Pharmaceuticals, Hamilton) or chlora
hydrate (Fischer Scientific Co., Montrea) and in-
jected via the externa jugular vein with 0.1-0.3 mL
of the fluorescent label. After appropriate times, and/
or following serial injections, the rats were decapi-
tated, the mandibles and maxillary incisors were re-
moved, and the developing enamel surfaces on the
teeth were exposed and cleaned as described in the
previous section. The preparations were alowed to
air-dry, and they were subsequently examined under
a B-100A "Blak-Ray" lamp having an ultraviolet range
of 320-400 nm with peak excitation at 365 nm (Ultra-
violet Products, Inc., San Gabriel). Measurements and
photographs were usually done within three days of
the original experiment. Photographs were taken on
aNikon camera equipped with a Macronikor lens and
bellows extensions (x 15 enlargement) using Kodak
Ektachrome 100 daylight film and Wratten #4, #8,
or #16 yellow filters to achieve the most redlistic re-
productions of the fluorescence given off by (a) ca-
cein blue, (b) cdcein and xylenol orange, and (c)
tetracycline, respectively. In one set of experiments,
rats were given single injections of one of the four
fluorochromes and killed at either 30 min or six hr
after the injection. In some cases, one of the paired
incisors was stained with GBHA as described above.
In another set of experiments, rats were given a sin-
gle injection of a fluorochrome (usualy cacein) fol-
lowed by another injection of a second fluorochrome
(usually xylenol orange) at various times from 10 min
to two days thereafter. In a fina experiment, each in
a group of four rats received a single injection of cal-
cein followed by xylenol orange at two hr and tetra-
cycline at four hr thereafter. The rats were alowed
to survive for an additional two hr, were then decap-
itated, and two incisors (one maxillary and one man-
dibular) from each rat were stained with GBHA.
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QUANTITATIVE ANALYSES

Histological Sections

The location and length of sequential areas of
smooth-ended ameloblasts in the maturation zone of
amelogenesis were measured directly from a light mi-
croscope, with onepm-thick longitudinal sections of
mandibular incisors being used. The microscope,
equipped with a drawing tube, was mounted over
the magnetic tablet of a Zeiss MOP-3 manual image
analyzer, and alight-emitting cursor was traced along
the enamel surface at the distal ends of ameloblasts
from the point where Tomes processes were no longer
present on the cells to the gingival margin (see Nanci
et al., 1987, for definitions). Measurement parameters
included the apical/incisal length of (&) the region of
post-secretory transition (stippled rectangles in Fig.
2), (b) areas of partially ruffled ameloblasts adjacent

Fig. 1—Megd (A) and labial (B) views of rat incisors stained with
GBHA (bar = 2 mm in A and B). Imaginary lines (A, thin black
lines) are reflected from the mesid and distal sides of the firgt
molar (A, M) aong which score marks are cut into the enamel
surface (A, arrows) for reference purposes. The score mark made
relative to the distal side of the first molar serves as the reference
point (B, R asline and arrow) from which measurements are taken
incisdly along the midline of the labia surface to define the loca-
tion of GBHA bands across the maturation zone (B, arrowheads
numbered 1-5; see Fig. 3). Band length (B, short white line indi-
cated by white arrowhead) and interband length (B, white line plus
black line marked IL) are aso illustrated aong the midline. The
transverse distance between the sides of each band (B, horizontal
line between vertical lines marked TD) is measured from imaginary
lines reflected at right angles to the long axis of the incisor at the
apical aspect of theband. InA, AE = apical end; |IE = incisd end.
In B, S = secretory stage enamel; B = bone.
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Fig. 2—Distribution maps of the location and length of areas of
smooth-ended ameloblasts (clear rectangles) along the maturation
zone of amelogenesis as measured from histological sections of the
right (R) and left (L) incisors in nine rats (braces numbered 1-9)
selected at random. The stippled rectangles represent the region
of post-secretory transition, beginning at the point where Tomes'
processes are no longer visible at the distal ends of ameloblasts
(NTP). The thin lines indicate areas after post-secretory transition
where ameloblasts show partially ruffled borders (see Nanci ef al.,
1987), while the thick lines indicate areas of true ruffle-ended
ameloblasts up to the gingival margin (GM).

to the region of post-secretory transition (thin lines
in Fig. 2), (c) areas of true ruffle-ended ameloblasts
or partially ruffled ameloblasts abutting smooth-ended
ameloblasts (thick lines in Fig. 2), and (d) areas of
pure smooth-ended ameloblasts (clear rectangles in
Fig. 2) (see Nanci et al., 1987, for definitions). Fields
were enlarged at x 200 magnification, and data were
totaled and converted directly into um by means of
the internal capabilities of the MOP. The mean length
of the maturation zone was computed from all data,
and this value was used to construct normalized
graphic plots of the distribution of smooth-ended
ameloblasts, such as those illustrated in Fig. 2, for 18
of the 62 teeth measured in this study. Normalized
values were computed by multiplication of the ob-
served length times the ratio of observed length di-
vided by the mean length. This procedure was done
to compensate for irregularities in measurements be-
lieved to arise from slightly oblique planes of section
along the length of the incisor.

GBHA-stained Teeth

The location and midline length of sequential GBHA-
stained bands were measured directly from the labial
surfaces of mandibular incisors by means of a dis-
secting microscope and a self-focusing eyepiece con-
taining a linear scale graticule. The hemi-mandibles
were first turned on their sides so that score marks
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could be made in the enamel with a scalpel, with
imaginary lines reflected as perpendiculars to the la-
bial surface of the incisor from either the (a) distal or
(b) mesial side of the first molar (Fig. 1, A and B).
Cross-hairs on the graticule were used to reflect these
lines. Independent studies with decalcified material
(unpublished) revealed that these lines approximate
(a) the end of the region of post-secretory transition
and (b) the boundary between EDTA-soluble and
-insoluble enamel, respectively, in rats weighing about
100 g each. The hemi-mandibles were then turned
vertically and, starting from the score mark that had
been drawn from the distal side of the first molar (Fig.
1, B; Fig. 3, solid vertical line), the distance between
this mark and the closest GBHA-stained band was
measured along the midline of the labial surface, by
means of fine lines etched within the graticule. The
mandible was tipped to create the most favorable plane
of measurement along a straight line to the next GBHA-
stained band, and the midline length of the current
band and the distance between the apical side of the
current band and the apical side of the next band
were recorded. This process was repeated until all
bands had been measured along the midline of the
tooth. The data were converted from arbitrary grati-
cule lines into um after calibration with a stage mi-
crometer, and the final results were plotted as
illustrated in Fig. 3 (GBHA-stained bands are rep-
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Fig. 3—Distribution maps of the midline position and length of
GBHA bands (clear rectangles) along the maturation zone of ame-
logenesis as measured from labial surfaces of the right (R) and left
(L) incisors in nine rats (braces numbered 10-18) selected at ran-
dom. The vertical line corresponds to the location of the reference
line (R) reflected from the distal side of the first molar to the enamel
surface on each incisor (see Fig. 1). The thick horizontal lines in-
dicate the unstained, or weakly stained, areas between the GBHA
bands up to the estimated location of the gingival margin (vertical
dotted line). NTP = estimated point corresponding to where Tomes'
processes would be absent from the distal ends of ameloblasts
covering the enamel surface.
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resented as clear rectangles; see also Table 1). In ad-
dition, the angulation of each band from the transverse
plane was quantitated (Table 1). This was done by
reflecting imaginary lines with the graticule at right
angles to the long axis of the incisor at the apical
aspects of the mesial or centro-labial and lateral sides
of the band (illustrated in Fig. 1, B). The absence of
reliable reference points precluded the making of
similar measurements of the location of bands rela-
tive to the start of the maturation zone on maxillary
incisors.

Frequency Distributions

The graphic data in Fig. 4 were generated from the
distribution maps by reflecting areas of smooth-ended
ameloblasts or GBHA bands, represented as rectan-
gles in Figs. 2 and 3, to the abscissa and counting the
total number which fell within, or intersected, se-
quential 500-um intervals along the length of the mat-
uration zone from the region of post-secretory
transition to the gingival margin. This simple proce-
dure was done as a result of statistical analyses car-
ried out with the entire database on a HP Series 9000
Model 200 microcomputer and Statistical Software Li-
brary (Hewlett-Packard Desktop Computer Division,
Fort Collins, CO), which indicated that no significant
differences were present in the distribution of smooth-
ended ameloblast bands, or GBHA bands, when right
and left incisors were compared or when data pooled
from 18 teeth were compared with those pooled from
a much larger number of samples (e.g., 36 or 62 teeth).

Interband Lengths

Each curve in Fig. 5 was based on data taken from
32 teeth in the histological studies and the GBHA
studies. To construct this graph, we first numbered
the bands along each incisor as "initial smooth-ended"
(0), "first true smooth-ended" (1), "second true
smooth-ended" (2), etc., using criteria described by
Nanci et al. (1987). The mean location for each group
of bands across the maturation zone was computed,
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and this value was used for plotting along the ab-
scissa in Fig. 5. The apical/incisal length between a
given band of one group and the adjacent band of
the next group, as measured at the apical aspects of
both bands, was then determined for each tooth from
the distribution maps, and these values were aver-
aged across all teeth and plotted on the ordinate as
interband length. The values given for interband length
in Table 4 represent the means of the interband lengths
for the two most apical bands on the maxillary and
mandibular incisors. No obvious differences were
noted in curves plotted from data taken from the in-
cisal, rather than the apical, aspects of adjacent bands.

Fluorescent-labeled Teeth

The distance between adjacent bands was mea-
sured directly from the labial surfaces of the incisors
under ultraviolet light, as described previously for
GBHA-stained teeth (Tables 2 and 3). Measurements
were always taken between the apical sides of bands
along the midline of the enamel surface.

RESULTS

The descriptions given hereafter pertain to man-
dibular incisors unless otherwise stated.

Distribution of Smooth-ended Ameloblasts
as Seen in Histological Sections

The distribution of bands of smooth-ended ame-
loblasts along the maturation zone (Fig. 2) was similar
to patterns described by Josephsen and Fejerskov
(1977), Akita et al. (1983), and Nanci et al. (1987). Briefly,
the number, size (apical/incisal length), and location
of these bands varied markedly, both within incisors
from the same rat and among incisors from different
rats (Fig. 2). There were rarcly fewer than four, or
more than six, bands per tooth (mean = 4.7 £ 0.7
bands). Fewer bands were generally observed on
maxillary incisors (mean = 34 * 0.5 bands). In 15

TABLE 1
AVERAGE LOCATION, MIDLINE LENGTH, AND ANGULATION FROM TRANSVERSE PLANE FOR GBHA BANDS
IN THE MATURATION ZONE OF AMELOGENESIS ON MANDIBULAR RAT INCISORS

Transverse Distance

Location* Midline* Between Sides*t

Band Number (um) Length (um) of Band (um)
(Least mature enamel; apical)

Initial (0) 582+ 48 535t 72 303 £ 37

First 2052 £ 124 417 £ 75 260 + 29

Second 4213 £ 124 342 + 19 712 £ 70

Third 6459 £ 148 311 £ 13 1219 = 73

Fourth 8394 + 109 208 + 13 828 £ 79

Fifth 9438 + 115 160 *+ 12 309 + 66
(Most mature enamel; incisal)

*Mean = SEM.

tMeasured from imaginary lines reflected at right angles to the long axis of the incisor from the apical aspect of the mesial

(or centro-labial) and lateral sides (see Fig. 1).
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Fig. 5—The distance between adjacent areas of smooth-ended
ameloblasts (Fig. 2) or of GBHA bands (Fig. 3), as measured from
their apical aspects, is plotted against the mean position in the
maturation zone where these bands are located (0> 1,1 >2, 2>3,
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of 62 teeth (24%), bands of smooth-ended amelo-
blasts were found abutting the region of post-secre-
tory transition, while in 31 of 62 teeth (50%), they
were found within one mm of this region. Distinct
bands were otherwise observed at all possible loca-
tions along the maturation zone, up to within one
mm of the gingival margin (in rats weighing 100 g
each). Bands varied from 117 to 713 um in apical/
incisal length (mean = 310 = 78 um), and they ap-
peared to be somewhat shorter near the incisal aspect
of the maturation zone (see Nanci ef al., 1987). Ap-
proximately 16% of the length of the maturation zone
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from post-secretory transition to the region where
ameloblasts accumulate large-pigment granules (Nanci
et al., 1987) was covered by smooth-ended amelo-
blasts (mean = 16.3 * 0.4%).

Distribution of GBHA Bands
and Comparisons to Sectional Data

The distribution of GBHA-stained bands (Fig. 3; Ta-
ble 1) was similar to patterns described by Takano et
al. (1982) and McKee and Warshawsky (1986a,b). Usu-
ally, five red-staining bands were present at various
locations over about a 10-mm length of the maturation
zone (mean = 4.8 * 0.6 bands). Bands located in the
apical half of the maturation zone were often wide,
intensely stained, and arrayed transversely or in "C-
shaped" curves with long arms extending to the lateral
cemento-enamel junction (Table 1). Bands located more
incisally usually ran obliquely in straight lines from me-
sial (most apical) to lateral (most incisal) sides of the
enamel surface, and they appeared to be less intensely
stained and to cover less of the enamel surface (Table
1). In 11 of 32 teeth (34%), GBHA bands were present
within the least mature enamel at the apical aspect of
the maturation zone, and in 17 of 32 teeth (53%) they
were found within 1 mm of the reference line used to
define measurements for GBHA-stained teeth (re-
flected from distal side of the first molar). Bands varied
from 111 to 778 um in midline length (mean = 318 *
40 um), and they generally appeared to be shorter near
the incisal aspect of the maturation zone (Table 1). Ap-
proximately 18% of the total length of the maturation
zone associated with bands represented enamel stained
by GBHA (mean = 17.7 £ 0.7%). Plots of the fre-
quency distribution of smooth-ended ameloblasts as seen
in histological sections and of bands as seen in GBHA-
stained teeth generated curves that were very similar
(Fig. 4). Plots of the interband lengths between se-
quential areas of smooth-ended ameloblasts or GBHA
bands also produced curves which were almost super-
imposed (Fig. 5).

FLUORESCENT LABELING

Single Injections

The distribution of bands on incisors from rats in-
jected with fluorochromes was similar to patterns de-
scribed by Josephsen (1983) and DenBesten e al. (1985)
for calcein (CAL) and by Boyde and Reith (1981) for
tetracycline (TC). Both CAL and TC produced flu-
orescent bands that appeared to be similar in num-
ber, shape, and distribution along the maturation zone
to the bands seen on incisors stained with GBHA
alone. The fluorescence of both CAL and TC bands
appeared to decrease in an incisal direction, but CAL
bands were generally easier to distinguish at the in-
cisal aspect of the maturation zone than were TC
bands. Both xylenol orange (XO) and calcein blue (CB)
produced fluorescent bands that were very intense
in the apical half of the maturation zone but were
mostly invisible more incisally. Bands resulting from
fluorochrome injections were usually in the form of



Movement}

168 SMITH et al.

Adv Dent Res December 19587

TABLE 2
RATE OF DISPLACEMENT OF SMOOTH-ENDED AMELOBLAST MODULATION BANDS AS VISUALIZED IN
SINGLE-, DOUBLE-, AND TRIPLE-LABELING EXPERIMENTS IN MANDIBULAR INCISORS

Rat
Distance Between Bands* Eruptive Disp?ai:e—
First set Next set Average Total ment
Interval (um) (um) (um) (um) (um) (um/hr)
SINGLE:
15/30 min even even even 7/14
(CAL>GBHA)§ g4)1]|3 4)
6 hr 1225°+ 24 1133 + 33 1179 163 1342 224
(CAL > GBHA) 4 3)
DOUBLE:
10 min even even even 5
(CAL>XO) (6) (6)
2 hr 358 + 30 375+ 14 367 54 421 210
(CAL>XO0) ©6) 4
4 hr 758 £ 15 1017 £ 17 888 108 996 249
(CAL>X0) ©6) 3)
6 hr 1242 + 15 1275 £+ 32 1259 163 1422 237
(CAL>X0) ©6) @
12 hr 2833 + 34 NDf 2833 325 3158 263
(CAL>X0) 3
TRIPLE:
2 hr 408 + 20 517 £ 17 463 54 517 259
(CAL>XO) (6) 3)
4 hr 842 + 27 1017 930 108 1038 260
(CAL>TC) ©6) #)
6hr 933+ 17 ND 933 163 1096 183
(CAL> GBHA) 3)

*Measured between apical aspects of bands along midline of tooth.

tEstimated from Smith and Warshawsky (1975).
Mean + SEM.

§Types of bands between which measurements were taken (CAL, calcein; GBHA, glyoxal bis(2-hydroxyanil); XO, xylenol

orange; TC, tetracycline).

PValues in parentheses indicate number of teeth measured.

{IND = not determined.

doublets in animals killed within 30 min to one hr
after injection (Josephsen, 1983). The doublets were
most pronounced in the first two bands on teeth from
rats injected with XO and CB. Doublets were also
easily seen in bands on teeth from rats injected with
CAL. They were least obvious in bands on teeth from
rats injected with TC (Reith and Boyde, 1981). Some
incisors showed fluorescent bands present within the
least mature enamel at the apical aspect of the mat-
uration zone. Incisors co-stained with GBHA from
animals killed within 15 to 30 min of the injection of
any fluorochrome showed the red GBHA bands cov-
ering all but the incisal aspect of the same bands that
were fluorescent (Tables 2 and 3).

Double Injections

Rats injected with a fluorochrome of one color (e.g.,
CAL) followed within 10 min by a fluorochrome of a
different color (e.g., XO) showed both fluorochromes
localized to the same bands (Fig. 6, A,B; Tables 2 and

3). However, if the interval between the first and sec-
ond injections was increased (e.g., two hr), then du-
plicate sets of bands in two colors were observed,
with the bands at the incisal aspect of the first set
fluorescing a color typical of the compound given in
the second injection (Fig. 6,A,B). Greater separation
of the paired sets of bands was evident with increas-
ing intervals between injections (Fig. 6,A,B; Tables 2
and 3; four and six hours). Eventually, a time was
reached when the bands representative of the second
fluorochrome appeared to be displaced incisally one
or more interband distances relative to those pro-
duced from the first injection (Tables 2 and 3, 12 hr).
By this time, a new band fluorescing in the color typ-
ical of the second fluorochrome was observed within
the least mature enamel at the apical aspect of the
maturation zone (Fig. 6,A,B). We found that it was
nearly impossible to match bands of the second fluo-
rochrome to those of the first fluorochrome beyond
12 hr, because the second set of bands was by then
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TABLE 3
RATE OF DISPLACEMENT OF SMOOTH-ENDED AMELOBLAST MODULATION BANDS AS VISUALIZED IN
SINGLE-, DOUBLE-, AND TRIPLE-LABELING EXPERIMENTS IN MAXILLARY INCISORS
Distance Between Bands* Eruptive Digﬁ: o-
First set 0 Next set 0 Average Movement Total ment
Interval (um) (km) (um) (um) (um) (um/hr)
SINGLE:
15/30 min even even even 6/12
(CAL>GBHA)$§ @n )
6 hr 1050 + 35 NDT 1050 142 1192 199
(CAL>GBHA) @)
DOUBLE:
10 min even even even 4
(CAL>XO0) (6) (©6)
2 hr 267 + 11 ND 267 47 314 157
(CAL>XO0) ©6)
4 hr 675 £25 633 + 31 654 95 749 187
(CAL>XO0) ©6) ©)
6 hr 1020 + 12 1033 £ 17 1027 142 1169 195
(CAL>XO0) ®) (©6)
12 hr 2420 + 37 ND 2420 283 2703 225
(CAL>XO0) ®)
TRIPLE:
2 hr 243 + 15 300 272 47 319 160
(CAL>X0) 7) Q)
4 hr 650 £ 19 700 £ 50 675 95 770 193
(CAL>TC) @ ?3)
6 hr 775 £ 32 ND 775 142 917 153
(CAL>GBHA) )

*Measured between apical aspects of bands along midline of tooth.

TEstimated from Smith and Warshawsky (1975).
OMean = SEM.

§Types of bands between which measurements were taken (CAL, calcein; GBHA, glyoxal bis(2-hydroxyanil); XO, xylenol

orange; TC, tetracycline).

YValues in parentheses indicate number of teeth measured.

{IND = not determined.

offset incisally almost two band positions relative to
the original relationships (Tables 2-4).

Triple Injections

Rats given serial injections of CAL, XO, and TC at
two-hour intervals, and killed two hr later, showed
multiple sets of closely spaced green, red, and yellow
fluorescing bands arrayed in an incisal direction along
the maturation zone (Fig. 6,C,D). The distance be-
tween different-colored bands at a given location was
comparable to values predicted from results of the
double injections (Tables 2 and 3). Contralateral in-
cisors stained with GBHA showed the GBHA bands
positioned only slightly incisal to the TC bands (ar-
rows in Fig. 6,E,F; Tables 2 and 3). Control rats given
a single injection of CAL and Kkilled six hr later showed
a slightly greater incisal displacement of the GBHA
bands from the CAL bands compared with the inci-
sors of rats receiving TC two hr before GBHA-stain-
ing (Tables 2 and 3). A summary of the rates of incisal

displacement of the bands and implications resulting
from this movement are shown in Table 4 for max-
illary and mandibular incisors.

DISCUSSION

The results from this study were unexpected and
indicative of a frequency and speed of ameloblast
modulation that are considerably more rapid, and
massive, than previously believed to occur during
enamel maturation." A very dynamic relationship

Tt should be noted that Ishige and co-workers, in experiments
done recently with double injections of calcein followed by tetra-
cycline, also reported observing rapid ameloblast modulation cycles,
lasting about eight hr, in the mandibular incisors of Wistar rats
[Ishige et al. (1987), J Dent Res 66:354, Abst. No. 1978]. Their esti-
mate of the speed of incisal movement of the modulation wave-
front, however, was 60-120 um/hr, which is considerably slower
compared to the value given by us in this investigation (243 um/
hr for mandibular incisors; see Table 4).
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Fig. 6 —Lahid views of the maxillary (A, C, E) and mandibular (B, D, F) incisors of rats receiving double (A, B) or triple (C-F) injections of
fluorochromes (bars = 2 mm). In A and B, the rats were injected with calcein (green) and then with xylenol orange (red) at 10 min (top)
and two, four, and sx hr after the cacein (next three to bottom). The orange color of the apical bands at the 10-minute interval between
injections (top) indicates that calcein and xylenol orange are superimposed. By two hr, separation of red bands from green bands is
apparent, and this becomes more evident as the time interval between injections increases (teeth from top to bottom of panel; arrows
indicate the location of the red band associated with the more apically positioned green band a sSx hr after injection of calcein). By four
hr, some incisors show newly created modulation wavefronts moving incisaly toward the first calcein band (teeth at bottom of panel, red
bands apica to arrows). Panels C and D show teeth from three rats that were injected with cacein (green), then xylenol orange (red) at
two hr, and tetracycline (greenish yellow) at four hr after the calcein. Multiple sets of bands in the order green, red, and yellow (dightly
greenish ydlow because of the filter used for photography) are arrayed incisally along the maturation zone. Panels E and F show incisors,
from the same experiment, which were aso stained with GBHA (arrows indicate burgundy GBHA bands). The GBHA bands are positioned
almost directly over the tetracycline bands in these animals killed at two hr after the tetracycline injection. GBHA aso reveals the creation
of new modulation wavefronts on some teeth over the six-hour interval of this experiment (burgundy bands apica to the ones indicated
by the arrows).



