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Summary. Energy dispersive X-ray microanalysis
was applied to freeze-dried blocks of enamel organ
tissue to determine levels of calcium in various cel-
lular regions. The tissue blocks were dissected free
from adjacent forming enamel following injection of
cobalt or fluoride ions, both of which temporarily
inhibit enamel mineralization. In all control and ex-
perimental specimens there was an increasing gra-
dient of calcium from the stratum intermedium cells
to the distal ends of the ameloblasts. Calcium levels
were significantly reduced near the distal ends of
the ameloblasts following cobalt or fluoride injec-
tion as compared with controls. It is suggested that
evidence of an intercellular buildup of calcium near
the distal ends of the ameloblast supports a con-
trolling function of these cells. The changes in cal-
cium levels are correlated with alterations in min-
eralization known to occur in the adjacent enamel
of the model systems employed.
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It has been established that calcium traverses
ename] organ cells to reach the mineralizing enamel
rather than entering from the pulpo-dentinal side [1,
2]. The distribution of calcium in relation to enamei-
forming cells and their role in controlling calcium
transport are unclear. Calcium has been localized
autoradiographically and cytochemically both
within and between the ameloblasts in chemically
preserved tissues [3, 4]. One group of investigators
using X-ray microanalysis of freeze-dried tissue
found uniformly low calcium levels over secretory
ameloblasts [5, 6], but another reported substan-
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tially higher concentrations under similar condi-
tions [7]. There is very little direct evidence linking
cell-related calcium in enamel-forming tissues with
the mineralizing process.

A model system has been developed in which
enamel mineralization in the rat incisor is tempo-
rarily inhibited by injection of substances such as
sodium fluoride and cobalt chloride [8, 9]. This
sytem provides opportunity to assess the calcium
concentration of enamel organ tissue during a tem-
porary interruption of enamel mineralization. Initial
cytochemical investigation has revealed some shifts
in the intracellular distribution of calcium during the
period of disturbance in mineralization [9].

Most previous analytical investigations employed
chemical fixation of tissue which may cause dislo-
cation of calcium and thin sections that contain too
little of the ion for detection by routine energy dis-
persive X-ray microanalysis. The purpose of this
study is to apply X-ray microanalysis to compare
the concentrations of calcium in various regions of
anhydrously preserved enamel organ tissue during
normal and altered enamel formation.

Materials and Methods

Male rats weighing 150-200 g were divided into three groups,
each of which consisted of three animals. The first group re-
ceived injections of sodium fluoride (5 mg/100 g body weight)
and were killed by ether overdose one hour later. The second
group received injections of cobalt chloride (12 mg/100 g) and
the same subsequent treatment. The third group (controls) re-
ceived no injection but were otherwise handled in the same
manner as the experimental groups. Upper incisors and their
adherent alveolar bone were dissected quickly from surrounding
tissues. One incisor was partially dislocated from its socket by
manual pressure which caused a separation of i—2 mm to occur
between the distal ends of the ameloblasts and the forming
enamel surface. This procedure was completed within approxi-
mately one minute after death of the animal, and the incisor was
then immediately frozen for 15 sec in isopentane, (— 150°C)
chilled with liquid nitrogen.



D. R. Eisenmann et al.: Calcium Levels of Enamel Organ Tissue and Mineralization 597

— ; = Distal end of
—< S8 4 :_,: By the omeloblast (D)
_\,,—-v—\—” S — [ - .
—T T >
A /\/‘;")Ff‘ i

(l”/l

\
\ In1 j“"h "ml« m\

l

- =
UL~ AT [C LB
. B B ;
| S
"Im ¢ — |7 _\‘\ {._.) Lo
D 0 m\ i / b
[ #
Wl (Y =
\-\ g Basal lamina
C Capillary

The contralateral incisor was processed in one of two different
manners for transmission electron microscopy. In the first in-
stance, separated enamel organs were placed in 2% glutaralde-
hyde buffered with .05 M potassium acetate for determination
of the location where separation had occurred. In the second
instance, the whole incisor (without fracturing) was sectioned
longitudinally by a previously described method [10] and im-
mersed in acetate-buffered glutaraldehyde fixative to document
the inhibition of mineralization induced by cobalt and fluoride.
In both instances these specimens were postfixed in 1% osmium
tetraoxide and processed routinely for examination by transmis-
sion electron microscopy.

The specimens that had been chilled in isopentane were trans-
ferred into liquid nitrogen and freeze-dried at —35°C in a
cryostat under vacuum for two days. After drying, the enamel
organ was separated from adjacent tissues using micro-dissec-
tion techniques. To be certain that enamel organ tissue in the
secretory zone was used, measurements were made from the
growing tip based on information derived from longijtudinal sec-
tions of comparable rat incisors. The freeze-dried enamel organs
were then fractured in a plane parallel to the long axis of the
tooth. This exposed the lateral surface of the ameloblasts and
the adjacent stratum intermedium cells. This lateral surface as
well as the distal ends of the separated ameloblasts were later
used for microanalysis (Fig. 1).

The freeze-dried specimens were mounted on carbon studs
and coated with evaporated carbon at a thickness of 400 A. They
were examined in a scanning electron microscope attached to an
energy-dispersive X-ray analyzer system. The X-ray analyzer
was connected to an 8 K memory-size computer programmed
with EM software supplied by the manufacturer of the analyzer.
Spectra were recorded in the range of 0.0-8,000 eV with 20 eV
per channel. The operating condition of the analyzer was 100 s
for recording spectra at 20 kV and a beam current of 160 pA.
The tilt angle was 45° and take-off angle 30°. The beam size was
around 1,000 A. The calcium peak was recorded at 3,700 eV.
The element counts per 100 sec were determined by using a
computer program which subtracted background and corrected
for overlapping of elemental peaks by documented methods [11-
13]. A minimum of 12 readings was recorded for each region
analysed. Figure 1 illustrates the four regions selected for mi-
croanalysis: stratum intermedium cells, proximal and distal areas

Distal-lateral surface
of the ameloblast
(L)

Proximal-lateral
surface of the
ameloblast (PL)

"~ | Stratum intermedium (s)

Fig. 1. Diagram of a block of freeze-dried enamel
organ tissue, X 1,000. Three of the analytical regions
are indicated on the lateral fractured surface of the
tissue and the fourth (distal end of the ameloblast) is
on the distal surface which had been separated from
the adjacent enamel.

of the lateral fractured surface of the secretory ameloblasts, and
the distal ends of the ameloblasts. Both cellular and intercellular
regions were included in each analysis. The analytical volume
consisted of a surface area of 8 X 8 um and an estimated depth
of 7-15 pm.

Results

Transmission electron micrographs of thin sections
from the chemically fixed tissues were examined to
be certain that only soft tissues were included in
the enamel organ specimens. Figure 2 illustrates se-
cretory ameloblasts which had been manually sep-
arated from the adjacent enamel. Although the
method of fixation utilized for these specimens did
not provide good preservation of cellular detail, it
was possible to ascertain that the separation oc-
curred in the region of the distal intercellular junc-
tions, leaving all mineralized enamel and Tomes’
processes behind on the tooth surface. It was also
confirmed that the experimental animals were re-
sponding as expected to either cobalt or fluoride by
accumulating stippled material at the mineralization
front (Fig. 3).

The freeze-dried specimens used for microanal-
ysis presented a large rather flat distal surface (for-
merly in contact with enamel), and perpendicular
to it a fractured lateral surface which runs paraliel
to the long axis of the ameloblasts (Fig. 4A). Indi-
vidual secretory ameloblasts and adjacent stratum
intermedium cells could be readily distinguished on
the lateral fractured surface (Fig. 4B). Higher mag-
nification scanning electron micrographs of the
distal surfaces revealed distortion caused by ice
crystal formation during the freeze-drying process.
However, the rough outline of individual cells could
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Fig. 2. Transmission electron micrograph of secretory ameloblasts in
enamel organ tissue handled in the same manner as the freeze-dried
specimens but fixed instead in glutaraldehyde, X 3,800. D-distal end
of ameloblasts.

be discerned. The morphology of the distal ends of
control and fluoride-injected specimens (Fig. 4C)
consisted of distinct peaks of cellular material rising
from rather thin plates of tissue. Cobalt injected
specimens (Fig. 4D) displayed more flattened distal
ends with thicker plates of cellular material forming
a smooth network.

Fig. 3. Transmission electron micrograph of Tomes’ process (TP)
region of fixed secretory ameloblasts from rat injected with cobalt
chloride, X 8,600. S-stippled material, E-mineralized enamel.

Spectra of X-ray microanalyses included peaks
for calcium, phosphorous, sulfur, chlorine, and po-
tassium. Representative spectra with and without
background from the distal ends as well as the lat-
eral surfaces of ameloblasts are illustrated in Fig.
5. Calcium peaks were always highest in analyses
taken from the distal ends of the ameloblasts.

Table 1 lists the means of element counts /100 sec
for calcium in the four regions analysed for all spec-
imens. In every animal (control and experimental)
there was a progressive increase in calcium levels
starting at the stratum intermedium cells and con-
cluding with the distal ends of the ameloblasts. This
table also contains means for each animal group for
the four regions analysed. A marked reduction in
calcium levels occurred in response to both fluoride
and cobalt as compared with controls. This reduc-
tion was statistically significant for the two sets of
analyses taken near the distal ends of the amelo-
blasts, and the trend was in the same direction in
the more proximal areas as well. The greatest re-
duction in calcium levels occurred in the cobalt
specimens.

Figure 6 is a histogram of the data by animal
groups for the four regions analysed which clearly
illustrates the similar trends among the groups. Al-
though the fluoride and cobalt specimens experi-
enced significant reductions in calcium levels at
their ends, the pattern of increasingly higher levels



Fig. 4. Scanning electron micrographs of freeze-dried enamel organ tissue used for elemental analysis. A. Low power view of block of tissue
fractured in a line parallel to the longitudinal axis of the ameloblasts, X 250. D-distal end of ameloblasts, L-lateral (fractured) surface of ameloblasts.
B. Medium power view of enamel organ illustrating individual secretory ameloblasts, x 500. D-distal ends of ameloblasts, L-lateral (fractured)
surface of ameloblasts, S-stratum intermedium cells. C. High magnification of distal ends of control secretory ameloblasts, X2,500. D. High
magnification of distal ends of secretory ameloblasts from rat injected with cobalt chloride, X 2,500. Note difference in morphology of the fractured
ends of these ameloblasts as compared with controls.
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Fig. 5. Energy dispcrsive X-ray microanalysis spectra of the distal ends of the ameloblasts, (A-D), the distal lateral surface of the ameloblasts
(E) and the proximal lateral surface of the ameloblasts (F). A. Spectrum showing clearly identifiable peaks for phosphorus (P), sulfur (S), chloride
(C1), potassium (K) and calcium (Ca) (Region D in Fig. 1). B. The background was stripped from the spectrum illustrated in SA. Note the
prominent X-ray signal for X and a significantly lower one for Ca. C. The same spectrum as 5A except that the potassinm Ka and K peaks were
stripped. The calcium Ko signal remains indicating that the peak is that of calcium and is not a potassium K@ peak. D. In this spectrum (samc as
5A) the EDIT aided computer system was applied for stripping calcium signals. Note the lack of a calcium Ko peak, further evidence that the Ca
peaks observed in Figs. A—C are due to calcium X-ray signals and not to an overlapping peak from another clement. E. Spectrum of the distal
lateral surface of the ameloblasts (Region DL in Fig. 1). The reduction in height of the calcium peak as compared with that shown in Fig. 5A

indicates a rclatively lower calcium concentration. F. Spectrum of the proximal lateral surface of the ameloblasts (Region DL in Fig. 1). Note the
weak calcium X-ray signals as compared with those in Figs. 5A and SE, indicating lower calcium concentration in PL than in DL and D regions.
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Table 1. Mean calcium counts/100 sec for each specimen® and combined means for each animal group by region of analysis

Stratum
intermedium Proximal lateral Distal lateral Distal ends
cells ameloblasts ameloblasts ameloblasts
Mean +SEM Mean +SEM Mean +SEM Mean +SEM
Control group
1 313 + 27 581 + 80 775 + 51 1013 + 120
2 308 + 39 589 + 38 742 + 40 1009 + 113
3 262 + 59 334 + 40 589 + 32 1075 + 221
Group
mean = SEM 294 + 16 501 + 84 702 + 57 1032 + 21
Fluoride-injected
1 230 + 33 349 + 30 398 + 57 629 + 86
2 241 + 31 358 + 45 457 + 45 811 + 38
3 260 + 29 337 + 53 368 + 33 585 + 73
Group
mean + SEM 244 + 8 348 *+ 6 408¢ + 26 675 + 69
Cobalt-injected
1 192 + 21 269 + 90 305 + 21 609 + 123
2 197 + 36 271 + 31 366 + 72 513 + 49
3 307 + 50 372 + 42 439 * 90 532 + 33
Group
mean + SEM 232 + 38 304 + 34 370¢ + 39 551° + 29

Student 1 test was used to measure statistical significance between group means of control animals vs fluoride-injected and cobalt-

injected ones

2 Minimum of 12 readings for each region

b Significantly different from control group mean at P < .001
¢ Significantly different from control group mean at P < .01

from proximal to distal was still present although
less striking than in the controls.

Discussion

X-ray microanalysis of anhydrously preserved
enamel organ tissue has demonstrated reductions in
calcium levels in this tissue which correspond with
inhibition of mineralization of adjacent enamel.
Freeze-dried secretory ameloblasts were similar in
morphologic appearance to those observed by
others using SEM to examine critical point-dried rat
incisors fractured in the same plane [14, 15]. The
mechanically separated enamel organs consisted of
soft tissue only. TEM examination confirmed that
separation had occurred just proximal to the distal
junctional complex with the bulk of the ameloblasts
remaining intact. The brief time period between
death of the animal and freezing is comparable to
that which occurs when such tissues are preserved
by immersion fixation. It is unlikely that any sig-
nificant diffusion of calcium into the ameloblasts
from the enamel surface could occur since most of
the calcium is in a precipitated form in the newly
secreted enamel. In addition, the most distal por-
tions of these cells (Tomes’ processes), which are
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Fig. 6. Histogram of element counts/100 sec for calcium in four an-
alytical regions. Calcium concentration is reduced by fluoride and
cobalt injection and most noticeably near the distal ends of the secre-
tory ameloblasts.
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in contact with the enamel surface, remain with the
enamel following separation.

A typical inhibitory response was produced by
the fluoride and cobalt injections. As observed in
previous studies {8, 9], mineralization was inter-
rupted and substantial amounts of stippled material



602 D. R. Eisenmann et al.: Calcium Levels of Enamel Organ Tissue and Mineralization

were being released at the secretory regions of
Tomes’ processes. It has been demonstrated that
these large accumulations of stippled material are a
response to the injected ions and not a result of
postmortum changes due to the method of fixation
employed (Chen and Eisenmann, in preparation).

The progressively higher levels of calcium from
proximal to distal regions most likely represent a
concentration of extracellular and/or membrane as-
sociated calcium in the region of the distal inter-
cellular junctions. This interpretation is based upon
several previously reported observations and hy-
potheses. In vitro studies have demonstrated that
viable enamel organ cells slow the movement of cal-
cium from the exterior to the enamel surface [16].
It has also been reported that although the proximal
junctional complexes of the secretory ameloblast
provide an incomplete seal, the distal junctional
complexes offer progressively greater resistance to
penetration as enamel formation proceeds [17, 18].
Previous cytochemical and autoradiographic inves-
tigations have shown much larger concentrations of
calcium between the cells (or along their mem-
branes) than within them [3, 4]. In addition, it is
well known that physiologic levels of extracellular
calcium are generally three levels of magnitude
higher than cellular levels [19, 20]. It has been pro-
posed that an intercellular pathway is traversed ini-
tially by calcium and that it then enters the secre-
tory ameloblast at the region of the distal intercel-
lular junctions [21]. It has also been suggested that
calcium may travel within the substance of the ame-
loblast cell membrane by carrier all the way to the
enamel front where it is released [22]. Whatever
regulating or concentrating mechanisms may be in-
volved, it is clear that further attention should be
focused upon the activities of calcium in relation to
cytologic elements located near the distal end of the
secretory ameloblast.

It is also possible that the normal accumulation
of secretory granules near the distal end of the ame-
loblast may contribute somewhat to the higher con-
centration of calcium in this region. Our previous
studies using potassium pyroantimonate cytochem-
istry [9] and electron energy loss spectroscopy
(Zaki, Eisenmann, Ashrafi, Leapman and DiFiori,
in preparation) revealed the presence of calcium in
these granules.

In our cytochemical investigation, no changes in
intercellular calcium were observed following
fluoride injection [9]. However, those tissues were
preserved by chemical fixation which is believed to
retain less of the total calcium than anhydrous
methods of preparation. In the same study, we ap-
plied the X-ray microanalysis method to enamel
organ tissue fixed with glutaraldehyde and found

that the calcium levels in fluoride-injected animals
differed little from the controls. The marked differ-
ence in results in the present study using anhydrous
preservation indicates that some of the calcium des-
tined for mineralization is of a loosely bound form,
a portion of which can be readily lost during chem-
ical fixation.

During the secretory stage of amelogenesis, min-
eralization is occurring both at the developing sur-
face in the form of initiation of new crystals and in
deeper layers by growth of older crystals. Previous
studies of the inhibitory effects on mineralization of
fluoride and cobalt indicate differences in responses
to these ions [8]. During the active fluoride re-
sponse there is an inhibition of formation of new
crystals whereas preinjection enamel continues to
accumulate mineral. The response to cobalt is more
extensive in that both new crystal formation and
increased mineral density of deeper layers are in-
hibited. This corresponds with our current obser-
vation that cobalt caused a greater decrease in
enamel organ calcium than fluoride. It appears that
crystal growth in deeper layers continues in the
presence of moderately reduced levels of calcium
in enamel organ tissue (fluoride response) but that
it is inhibited when there is a greater reduction in
calcium (cobalt response). The more severe re-
sponse to cobalt injection may also be reflected in
the altered morphological appearance of the distal
separated ends of these ameloblasts.

Mechanisms controlling calcium availability for
the initiation of new crystals may be different from
those involved in growth of older crystals. It is well
known that crystal growth can occur primarily as a
physicochemical phenomenon, whereas there is in-
creasing evidence to support cellular control of new
crystal formation [23]. Our cytochemical studies
have demonstrated a reduction in calcium associ-
ated with secretory granules in response to both
cobalt and fluoride [9, 24]. We have proposed that
this calcium may serve as a crystal seeding com-
ponent in the organic matrix after its secretion. It
appears that whatever mechanisms are responsible
for initiation of new crystals, this activity may be
more sensitive to changes in enamel organ calcium
levels than is growth of existing crystals. In a pre-
vious clinical survey of various forms of enamel hy-
poplasia, it was observed that systemic hypocal-
cemia was a common feature [25]. It was speculated
that enamel defects in fluorosis and strontium
rickets might result rather from a localized dimi-
nution in calcium activity in the environment of the
ameloblasts where these ions are concentrated. Our
data provide evidence for this proposed localized
decrease in calcium concentration.

The results of this study indicate that the con-
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centration of calcium near the distal end of the se-
cretory ameloblast may be an important factor in
normal enamel mineralization. This concentration
of calcium is probably dependent upon enzyme ac-
tivity, controlled ion transfer across cell junctions,
and special characteristics of carrier molecules.
Whether or not a significant amount of calcium
passes through the cell itself remains unclear. In
either case it appears that the region of the distal
junctional complex exerts regulating influence. This
study provides additional evidence to support an
important role for the ameloblast in controlling cal-
cium availability for mineralization.
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