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Abstract 

Calcospherites from the lower incisor dentin of 
rabbits were investigated by scanning and transmission 
electron microscopy (TEM), energy dispersive spectros
copy (EDS) and electron diffraction analyses. In the 
labial predentin, globular calcospherites of 8-31 µm 
were present at the root apex, decreasing in size toward 
the incisal region. The calcospherites at the intermedi
ate region were of mulberry- as well as of spindle-shape 
of 1.5-4 µm diameter. The incisal pulp horn contained 
micro-calcospherites of 0.3-0.6 µmin diameter. In the 
lingual predentin, small granular calcospherites of 1. 8-3 
µm were present at the root apex, increasing in size to
ward the intermediate region. Ultrathin sections of 
globular calcospherites showed bundles of collagen fi
brils at the root apex of the labial predentin. The diame
ters of individual bundles ranged from 1.2-3.4 µm. The 
width of the fibrils in the bundles was approximately 
120-170 nm. Bundles of collagen fibrils were not found 
in the lingual predentin. Crystals of calcospherites were 
identified as apatite by electron diffraction. Those at the 
intermediate region showed preferred orientation of the 
c-axis. TEM-EDS analyses indicated that Ca and P were 
the major elements, with small amounts of Mg. The 
Mg/Ca molar ratios decreased from the root apex to the 
incisal pulp horn. Ca peak intensities increased from the 
root apex to the incisal region. 
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Introduction 

In incisor dentins, differences are found in the 
crystal orientation [24], dentin structure [23, 25, 29], 
calcification pattern [26], organic matrix composition [3, 
36, 39], or inorganic composition [9, 34, 40] between 
the labial (enamel covered dentin) and the lingual dentin 
(cementum covered dentin). The two dentins also show 
variations in the odontoblasts structure [16, 41]. 
Beertsen and Niehof [ 4] report that the morphology of 
secretory granules of the odontoblast layer is different 
between the labial dentin and lingual dentin. 

Although the initial mineralization in dentinogene
sis has been studied extensively [l, 5-8, 10, 13-15, 22, 
38, 42], there are no reports on the formation of calco
spherites in secondary circumpulpal dentinogenesis. In 
the rabbit incisor predentin, the shape and size of calco
spherites vary extensively at the intermediate region be
tween the root apex and the incisal pulp horn [27]. This 
paper reports the results of scanning and transmission 
electron microscopic investigations of calcospherites in 
the predentin of rabbit incisors. Elemental compositions 
and crystallographic characteristics obtained by energy 
dispersive X-ray microanalysis (EDS) and electron dif
fraction analysis are also discussed. 

Materials and Methods 

Bilateral lower incisors from ten male Japanese 
white rabbits weighing 2.5 to 3.5 kg each were used in 
the present study. Six rabbits were decapitated after 
Nembutal anesthesia. These lower incisors were extract
ed and immediately fixed in 10% neutral formaldehyde 
solution for 24 hours. After the fixation, the incisors 
were cut transversely into three portions with a torx 
dental turbine (Morita Co. Ltd., Tokyo) equipped with 
a diamond disc. They were divided further, with the 
same turbine, into separate labial and lingual dentin, and 
treated with NaOCl to expose the mineralization front. 
The specimens were kept in fresh 10% NaOCl solution 
for 30 minutes at room temperature with gentle agita
tion, and rinsed thoroughly with distilled water. The 
specimens were dehydrated in a series of ethanols, sub
stituted with isoamyl acetate, and subjected to critical-
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point drying with carbon dioxide. ·The pulpal surfaces 
were gold-coated in an ion coater and observed with a 
JEOL JSM-T200 and a HITACHI S-2500~ operated at 
an accelerating voltage of 25 kV. 

For transmission electron microscopy (TEM), 
four rabbits were anesthetized with Nembutal and per
fused through the aorta with Tyrode's solution, followed 
by 2% glutaraldehyde in 0.05 M cacodylate, pH 7.4. 
After the perfusion, the incisors were immersed in the 
same fixative for 24 hours and washed with the same 
buffer. The root apex of the incisor was sliced trans
versely into smaller pieces with a razor blade. The 
other incisal part of the incisor was cut transversely into 
smaller pieces with the dental turbine. These specimens 
were postfixed with 1 % osmium tetroxide in 0.05 M 
cacodylate buffer, and rinsed again in the same buffer. 
They were dehydrated in a series of ethanols, transferred 
into propylene oxide, and embedded in epoxy resin 
(Quetol 812) without decalcification. Thin sections 
( - 0.1 µm in thickness) were cut with a diamond knife 
using a Sorval MT2-B ultramicrotome, unstained or 
stained with 5% uranyl acetate and I% lead citrate, or 
1 % lead citrate only, and examined with a HITACHI H-
8000 transmission electron microscope operated at 100 
kV. The plane of section used for TEM was transverse 
to the incisor axis. Energy dispersive X-ray microanaly
sis was carried out on about I µm 2 areas of unstained 
calcospherite in the nano-probe mode with a Kevex sys
tem attached to the TEM. Analytical conditions were: 
accelerating voltage, 100 kV; beam-sample incidence an
gle, 90°; X-ray emergence angle, 59.8°; X-ray-window 
incidence angle, -8.2°; counting time, 200 seconds; 
magnification, x 10,000. X-ray spectra were analyzed 
using a Kevex Delta computer program (thin film analy
sis) and data expressed as atomic percentages for each 
element detected. The regions of EDS analyses were 7 
roughly equally spaced consecutive areas from the root 
apex to the incisal pulp horn (Fig. 1). An average of 5 
different spots were analyzed in one area. Electron dif
fraction analysis was performed at 100 kV on unstained 
3.3 µm diameter areas. 

Results 

Scanning electron microscopy 

The morphologies of calcospherites observed after 
the NaOCI treatment front from the root apex to the 
incisal pulp horn of the incisor are as follows. 

Labial dentin. Calcospherites are globular and 
8-31 µm in diameter at the root apex, and contain from 
2 to 9 dentinal tubules (dt) (Figures 2 and 3). Some
times, surfaces of the calcospherites are covered with 
collagen fibers left undigested by the NaOCl treatment. 
The size of the calcospherite decreases toward the incisal 
direction. The calcospherites change from globular to 
mulberry-shape at the intermediate region between the 
root apex and the incisal pulp horn (Figure 4). The size 
of mulberry-shape calcospherites ranges from 5-10 µm. 
Figure 5 shows micro-calcospherites of 0.3-0.6 µm at 
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the incisal pulp horn. 
Lingual dentin. At the root apex, calcospherites 

are small and granular ( I. 8-3 µm) (Figure 6), and have 
flaky to needle-like crystals on their surfaces (Figure 7). 
The morphology changes from granular to ridge-like to
ward the incisal direction. At the intermediate region, 
it transforms from ridge-like to spindle-shape (Figure 8), 
and the size is larger (2-10 µm) than that at the root 
apex. The incisal pulp horn contains micro-calcospher
ites of 0.3-0.6 µm (Figure 9). At the incisal pulp horn, 
the shape and size of calcospherites is similar in the 
labial predentin and lingual predentin. 

Transmission electron microscopy 
Labial dentin. Ultrathin sections stained with 

lead citrate showed globular calcospherites and bundles 
of collagen fibrils at the root apex of the labial predentin 
(Figure 10). Obliquely sectioned bundles of collagen fi
brils (circle) were scattered in the matrix region. The 
diameter of individual bundles ranged from 1.2-3.4 µm. 
Needle-like crystals were observed within and adjacent 
to the collagen bundles (Figures 10 and 11). The calco
spherites around the mineralization front were 1. 9-5 .1 
µm in diameter and consisted of randomly oriented crys
tals (Figure 12). The crystals were 95-131 nm long, and 
approximately 11 nm wide. Collagen fibrils showing a 
periodicity of about 64 nm were present in the calco
spherite. Uranyl acetate staining demineralized crystals 
in calcospherites and revealed thick collagen fibrils ap
proximately 80-143 nm wide within and around the col
lagen bundles (arrows, Figure 13). The predentin ma
trix showed a dense population of randomly oriented col
lagen fibrils of small diameter (50-90 nm). Figure 14 
showed fused calcospherites at the intermediate region. 
The calcospherites were from 1-11 µm in diameter and 
contained 2 to 4 odontoblast processes (arrows). The 
size of the calcospherites decreased toward the incisal 
region. Micro-calcospherites of 140-670 nm at the 
incisal pulp horn are shown in Figure 15. 

Lingual dentin. Sections stained with lead citrate 
show micro-calcospherites of 170-990 nm in diameter at 
the root apex (Figure 16). In the predentin, bundles of 
collagen fibrils were not evident, and the matrix showed 
a small population of regularly oriented collagen fibrils 
40-80 nm wide (Figure 17). Needle-like crystals, 64-
128 nm long and 8-12 nm wide, were observed within 
and adjacent to the collagen fibrils. The calcospherites 
increased in size ranging from 140 nm to 1. 7 µm, to
ward the intermediate region (Figure 18) and showed mi
cro-calcospherites, 110-680 nm, at the incisal pulp horn 
(Figure 19). 

TEM-EDS analysis and electron diffraction analysis 
of calcospherites 

EDS analysis of calcospherites showed that Ca 
and P are the major elements, with small amounts of 
Mg, Cl and Os. Cl from the epoxy resin, Os from the 
fixative, and Cu from the specimen grid were also de
tect,ed. The Mg/Ca molar ratio of labial calcospherites 
was higher than that of lingual calcospherites at the root 
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Figure 1. Longitudinal section of a rabbit lower 
incisor. Numbers ( 1-7) indicate areas of EDS analyses 
referred to in the text. This specimen was used in 
Numata and Mishima [29]. La: labial dentin, Li: lingual 
dentin. Bar = 5 mm. 

Figure 2. Scanning electron micrograph of globular 
calcospherites of labial predentin. Root apex. dt: 
dentinal tubules. Bar = 10 µm. 

Figure 3. The calcospherites contain 9 dentinal tubules 
(dt). Bar = lµm. 

Figure 4. Scanning electron micrograph of mulberry
shape calcospherites of labial predentin. Intermediate 
region. Bar = 10 µm. 

Figure 5. Scanning electron micrograph of micro
calcospherites of labial predentin. Incisal pulp horn. 
Bar= 2 µm. 
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apex (Figure 20). The Ca/P molar ratio of labial calco
spherites was lower than that of lingual calcospherites at 
the root apex (Figure 21). The Ca/P molar ratios of 
labial calcospherites were 2.02 ± 0.194 (n = 40) and 
those of lingual calcospherites were 2.04 ± 0.174 (n = 
40). In the intermediate region, the Mg/Ca molar ratio 
of lingual calcospherites was higher than that of labial 
calcospherites. In both labial and lingual calcospherites, 
Mg/Ca molar ratios were reduced from the root apex to 
the incisal pulp horn. In contrast, Ca peak intensities 
increased from the root apex to the incisal pulp horn 
(Figure 22). 

Selected area electron diffractions of the areas 
where the EDS was performed showed that crystals cor
respond to hydroxyapatite (Figures 23-26, Table 1). 
The diffraction patterns of the root apex indicated ran
dom crystal orientation (Figures 23 and 24), whereas 
those of the intermediate regions showed preferred ori
entation of the c-axis (arrows, Figures 25 and 26). The 
direction of the orientation was from the intermediate 
region to the incisal pulp horn. 
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Figure 6. Scanning electron micrograph of smaH 
granular calcospherites of lingual predentin. Root apex. 
Bar = 10 µm. 

Figure 7. Flaky to needle-like crystals on the surface o 
calcospherites. Bar = 1 µm. 

Figure 8. Scanning electron micrograph of spindle
shape calcospherites of lingual predentin. Intermediate 
region. Bar = 10 µm. 

Figure 9. Scanning electron micrograph of micro 
calcospherites of lingual predentin. Incisal pulp horn. 
Bar= 10 µm. 

Discussion 

For the first time, the present study showed that 
the morphology of calcospherites in the incisor predentin 
varies from the root apex to the incisal pulp horn. In 
the labial predentin, globular calcospherites were present 
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Figure 10. Transmission electron micrograph of globu
lar calcospherites and bundles of collagen fibrils of 
labial predentin. Root apex. Stained with lead citrate. 
0: odontoblast, OP: odontoblast process, circle: bundles 
of collagen fibrils. Bar = 2 µm. 

Figure 11. Needle-like crystals within the collagen bun
dles. Stained with lead citrate. Bar = 1 µm. 

Figure 12. Transmission electron micrograph of calco
spherites of labial predentin. Root apex. Stained with 
lead citrate. Bar = 1 µm. 

Figure 13. Thick collagen fibrils within and around the 
collagen bundles. Stained with uranyl acetate and lead 
citrate. Arrows: thick collagen fibrils. Bar = 1 µm. 

at the root apex, decreasing in size toward the incisal 
pulp horn. In the lingual predentin, small granular cal
cospherites were present at the root apex, increasing in 
size toward the intermediate region. The incisal pulp 
horn of both labial and lingual dentin contained micro
calcospheri tes. 
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Mummery [28] reported that calcospherites as
sumed two forms: those with radial striae, and those 
with concentric lamellae or rings. Schmidt and Keil [35] 
concluded that within calcospherites the crystals were ra
dially oriented. Shellis [37] showed in human dentin 
calcospherites that about half the crystals were radially 
oriented and other half were parallel to the collagen 
fibers. However, radially oriented crystals were not evi
dent in our study. Observations of serial sections would 
reveal detailed information on crystal orientations in the 
calcospherites. 

The diffraction patterns of calcospherites in all 
regions were similar to that of hydroxyapatite listed in 
the ASTM file. These patterns indicated no evidence of 
amorphous calcium phosphate, brushite (DCPD) or octa
calcium phosphate (OCP). LeGeros et al. [19] reported 
the Ca/P molar ratios of synthetic DCPD was 1.0, OCP 
was 1.33, whitlockite (/3-TCMP) ranged from 1.20 to 
1.47, and COrsubstituted apatite (CHA) ranged from 
1.65 to 2.33. The Ca/P molar ratios of labial calco
spherites, by our EDS analyses, were 2.02 ± 0.194 and 
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Figure 14. Transmission electron micrograph of fused 
calcospherites of labial predentin. Intermediate region. 
Arrow: odontoblast process. Stained with lead citrate. 
Bar = 1 µm. 

Figure 15. Transmission electron micrograph of micro
calcospherites of labial predentin. Incisal pulp horn. 
Op: odontoblast process. Stained with lead citrate. Bar 
= 1 µm. 

Figure 16. Transmission electron micrograph of small 
granular calcospherites of lingual predentin. Root apex. 
Op: odontoblast process. Stained with lead citrate. Bar 
= 1 µm. 

Figure 17. Needle-like crystals within and adjacent to 
the collagen fibrils. Op: odontoblast process. Stained 
with uranyl acetate and lead citrate. Bar = S00 nm. 

Figure 18. Transmission electron micrograph of calco
spherites of lingual predentin. Intermediate region. OP: 
odontoblast processes. Stained with lead citrate. Bar = 
l µm. 

Figure 19. Transmission electron micrograph of micro
calcospherites of lingual predentin. Incisal pulp horn. 
dt: dentinal tubules. Stained with lead citrate. Bar = 1 
µm. 

Figure 20. Mg/Ca molar ratios by EDS analysis in cal
cospherites. Numbers ( 1-7) corresponds to the regions 
of Fig. 1. 

Figure 21. Ca/P molar ratios by EDS analysis in calco
spherites. Numbers ( 1-7) Corresponds to the regions of 
Fig. l. 

Figure 22. Ca peak intensities by EDS analysis in 
calcospherites. Numbers ( I-7) corresponds to the 
regions of Fig. 1. 

those of lingual calcospherites 2.04 ± 0.174. These 
values correspond to those of CHA by LeGeros et al. 
[19]. Accordingly, our crystals can be assumed to be 
COrsubstituted apatite instead of hydroxyapatite. The 
published diffraction patterns of those two minerals are 
similar [19]. In epiphyseal growth plates, initial enamel 
deposits, dentin mineralization front, and calcified den
tins, crystals were apatite [2, 11, 12, 17]. CHA could 
assume morphologies from needle-like to rods to equi
axed crystal depending on the amount of CO3 incorporat
ed [19]. CHA or biological apatite are always associated 
with Mg [18]. Mg ions have been suggested as substi
tute for Ca ions in the apatite crystal to a limited extent 
[18-21, 30-32]. Our EDS analysis showed that Mg was 
present besides the main components (Ca and P) in the 
calcospherites. The correlation between the high value 
of the Mg/Ca molar ratio and the low value of the Ca/P 
molar ratio at the labial root apex suggests that Mg sub
stitutes for Ca. The Mg/Ca ratio of calcospherites de
creased from the root apex (initial dentin formation) to 
the incisal pulp horn (mature dentin formation), mean
while Ca peak intensities increased from the root apex to 
the incisal pulp horn. This indicates that the Mg con
tents were higher at the initial stage of calcification, and 
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Table 1. D-spacings of calcospherites and hydroxyapatite 

hkl 

002 
102 
210 
211 
112 
300 
202 
301 
212 
310 
221 
311 
302 
113 
400 
203 
222 
312 
320 
213 
321 
410 
402, 303 
004, 411 

hydroxyapatite 
(ASTM 9-432) 
d(A) I 

3.44 40 
3.17 11 
3.08 17 
2.814 100 
2.778 60 
2.720 60 
2.631 25 
2.528 5 
2.296 7 
2.262 20 
2.228 l 
2.148 9 
2. 134 3 
2.065 7 
2.040 I 
2.000 5 
1.943 30 
1.890 15 
1. 871 5 
1. 841 40 
1.806 20 
1.780 11 
1.754 15 
1.722 20 

labial root 
apex (Fig. 23) 

d(A) 

3.39 

3.07 

2.76 

2.26 

1.95 

1.84 

1. 71 

agrees with LeGeros [21] and Okazaki [30, 32] that Mg 
may play an important role in the initial formation of 
dentin apatite; they suggested that Mg significantly af
fects the physicochemical stability of apatite crystals. 

Large globular calcospherites were found in asso
ciation with the bundles of collagen fibrils, having the 
same orientation, in the labial predentin. The odonto
blasts probably produced the collagen bundles as well as 
the collagen fibrils of dentin matrix. Onozato and 
Watabe [33] reported, in scales of the goldfish, that the 
orientation of the collagen fibers of the sheets and lamel
lae seemed to be controlled by the orientation of the 
ridges and invaginations of the surface of the fibroblasts. 
The topography and orientation of the surface structure 
of the odontoblasts may determine the orientation of the 
collagen bundles and dentin matrix fibers. 
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lingual root labial inter- lingual inter-
apex (Fig. 24) mediate (Fig. 25) mediate (Fig.26) 

d(A) d(A) d(A) 

3.45 3.42 3.40 
3.14 3. 16 

2.81 2. 81 
2.77 

2.66 

2.28 2.30 2.26 

1.94 1.97 1.94 

1. 84 I. 84 1.84 

I. 71 I. 71 1.72 
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Discussion with Reviewers 

M.B. Engel: What is the role of dentin ground sub
stance in calcification [cf. Engel MB, Hilding OH 
(1984). Mineralization of Developing Teeth, Scanning 
Electron Microsc 1984; IV: 1833-1845]? 
Authors: We assume that dentin ground substance is re
lated to the initial nucleation of dentin crystal. We think 
that phosphophoryn may be responsible for the nuclea
tion event in the mineralizing calcospherite. 

M.B. Engel: Do the authors have results for the uncal
cified matrix continuous to the calcospherites? 
Authors: Yes, we have. By TEM-EDS analysis, Na, 
Si, P, S, Kand Ca were detected in small amounts. 
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M.B. Engel: Do the fixation procedures affect the lo-
calization and, or, the element concentration? 
Authors: Yes, there is a slight possibility that they 
affect the localization and the element concentration. 

J. Appleton: What are the factors which determine the 
range of sizes of calcospherites during the development 
of dentine? 
Authors: It is considered that the activity of odonto
blast and the local environment of predentin may deter
mine the range of sizes of calcospherites. 

J. Appleton: What are the dynamic mechanisms which 
alter the calcospherite configuration as the tooth is worn 
at the incisal edge and new tissue generated at the apex? 
Authors: It is assumed that the alteration of calco
spherite configuration may possibly arise from a differ
ent pattern of calcification. 

R.P. Shellis: Although your Ca/P ratios agree with re
ported values for carbonate-apatites, they are much high
er than those found by analysis of dentine, which are 
lower than 1.67 [Rowes SL (1967) In: Structural and 
Chemical Organization of Teeth. Vol. 2, Miles AEW 
(ed.), Academic Press]. Can you explain this discrep
ancy? 
Authors: Calcospherites in predentin are not completely 
calcified. We assume that the difference in Ca/P ratios 
is related to the difference in the degree of calcification. 

R.P. Shellis: How sensitive is your electron-diffraction 
technique to non-apatitic phases such as OCP? 
Authors: Our electron-diffraction analysis is quite sen
sitive. Our results agree with the findings of Rohling 
et al. [12]. 

R.P. Shellis: Did you observe matrix vesicles in the 
predentin and if so, would their distribution be consist
ent with the hypothesis [37] that calcospherite formation 
may be initiated by matrix vesicles? 
Authors: No, these matrix vesicles were not observed 
in secondary circumpulpal dentinogenesis. We think 
that matrix vesicles do not participate in calcospherite 
formation of circumpulpal dentin. 
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