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Abstract 

To test the hypothesis that enamel 
biomineralization is regulated by sequential 
expression of an intrinsic genetic program, we 
designed experiments to determine if a scrumless 
chemically-def in ed medium is permissive for ' 
position-dependent ameloblast differentiation and 
subsequent enamel tissue-specific biomineralization 
in vitro. In the absence of serum or other exogenous 
growth factors, Swiss Webster strain mouse 
embryonic (15- and 16-days gestation) mandibular 
first molar tooth organs (cap stage) developed within 
21 days in vitro into well-defined molar tooth 
organs expressing dentine and enamel 
biomineralization. Analysis of data obtained from 
von Kassa histochemistry for calcium salt formation, 
as well as ultrastructural information obtained from 
x-ray microanalysis, electron diffraction , 
transmission electron microscopy and scann in g 
electron microscopy documented tissue-specific 
patterns of calcium hydroxyapatite formation in the 
absence of scrum within organotypic cultures in 
vitro. An as yet unknown intrinsic genetic program 
regulates enamel formation in vitro. 

Key Words: Scanning electron microscopy, x-ray 
microanalysis electron diffraction, enamel 
biomineralization, embryonic mouse molar tooth 
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Introduction 

To date there have been few studies showing 
that tissue-specific dentine and enamel can be formed 
and mineralized in vitro under cellular control and in 
a pattern comparable to that observed in vivo. 
Investigators have described orga notypic cul tu re 
systems using chemically-defined medium supplemented 
with fetal calf sera, horse sera and / or exogenous 
growth factors in which dentine and enamel 
biomineralization occurred (Hay, 1961; Wiggclsworth , 
1968; Wiggelsworth and Hayward, 1973; Levenson, 1976; 
Thes leff, 1976; Yamada et al, 1980; Laine and Thesleff, 
1986; Sakakura, 1986). Based upon results from these 
studies, dentine and enamel formation was assumed to 
require exogenous regulatory factors to f aci Ii ta tc ti me­
and position- specific biomineralization during in vitro 
tooth formation (Slavkin, 1979; Bronkers, 1983a,b; 
Bronkers and Woltgens, 1985; Ameloot et al, 1986; 
Sakakura, I 986; Laine and Thesleff, I 986) . 

We describe here a system, adapted from 
previously reported organotypic cultures (Theslcff, 
1976; Yamada et al, 1980), that can be used to stud y in 
vitro mechanisms which promote and regulate 
ameloblast cytodifferentiation, production of the 
organic enamel extracellular matrix and tissue-specific 
ultrastructural patterns of enamel-like calcium 
hydroxyapatite during tooth formation using serumlcss, 
chem ically-defined medium. We interpret our results to 
indicate that the enamel tissue-specific patterns of 
biomineralization are regulated by intrinsic genetic 
programs independent of humoral factors. 

Materials and Methods 

Embryonic Mandibular First Molar Dissection and 
Serumless Chemically-Defined Organotypic Culture 
System 

Mandibular first molar tooth organs were 
dissected from timed-pregnant Swiss-Webster mice 
(Simonsen Labs, Gilroy, CA). In vitro st udie s used !S­
and 16-da ys gestation (Theiler stages 23 and 24) 
(Theiler, 1972) cap s tage tooth organs cultured for 21 
days as previously described (Yamada et al, 1980); 
modified in the present studies by using BGJb medium 
(Fitton-Jackson's modified BGJ, GIBCO, Staten Island, 
NY) supp lem en ted with 100 µg / ml L-ascorbic acid and 
100 U / ml penicillin / streptomycin. Explanted molars 
were cultured at 37.5°c with atmospheric conditions 
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of 95% air and 5% CO 2. Initial pH was adjusted to 7.4; 
medium was changed every other day. 
Von Kossa Assay For Biomineralization 

Non-demineralized cultured explants and control 
7 day in vivo postnatal molars were processed for von 
Kassa histocytochemistry to identify the position of 
calcium salt deposition within dentine and enamel matrix 
(Thompson and Hunt, 1966). 
Transmission Electron Microscopy, X-Ray Microanalysis and 
Electron Diffraction Analyses 

Explants cultured for 21 days , as well as in vivo 
control 7 day postnatal molar organs were isolated , 
fixed in ethylene glycol, and then processed for microprobe 
analyses using the anhydrous preparation method 
(Landis, 1983). Mandibular first molars from 7-day 
postnatal stages of development served as contro l 
mineralized dentine and enamel. Prepared samples were 
analyzed for Ca / P ratio in regions of forming enamel by 
electron diffraction and microprobe analyses using a 
Philips TEM-420, coupled with Tracor / Northern TN-2000 and 
the HALL program (Landis, 1983; Landis and Glimcher , 1982). 

Electron diffraction was performed on 70,um thick 
sections placed on carbon-collodion coated grids . 
Synthetic calcium hydroxyapatite crysta ls (OHAP), 
characterized by x-ray diffraction (J.P. Yeslinowski, 
personal communication), were mixed in ethylene glycol 
(10 ug / ml) and sprayed at low angle onto carbon-coated 
copper grids. Electron diffraction patterns were made on 
se lected areas of enamel using a JEOL I 200EX TEM in the 
diffraction mode at 80 kV (Watt, 1985). Measurements were 
made at 90° incident to the sample. Patterns were mea sured 
for spot or ring diameter from the direct negatives 
(Watt, I 985), and the g_ spacings obtained were compared to 
those characteristic for OHAP (ASTM, 1966). 

Scanning Electron Microscopy 
Isolated enamel extracellular matrices were fixed in 2.5% 
glutaraldehyde (Ted Pella, Inc., Tustin , CA) in 0.1 M 
sodium cacodylate buffer , ph 7.2, at 4°c for 2 hour s. 

Specimens were washed in buffer, dehydrated in graded 
ethanol , and placed in perforated Beem capsules in acetone. 
They were then dried in a critical-point drying bomb 
(So rvall , Newtown, Conn.) us ing carbon dioxide, mounted 
on specimen studs, and sputter coated w ith gold palladium 
alloy in an argon atmosphere (Hummer V, Technics ; pul sed 
for 7 minutes at 9 volts and 10 milliamps). The topograph y 
of the ename l extracellular matrix was viewed with a 
Cambridge S4-I0 scanning electron microscope operating 
at 10 kV. 

Results 

Enamel Biomineralization In Serumless , Chemically­
defined Medium 

Embryonic cap stage molar tooth organs cultured 
for 21 days in se rumle ss, chemically-defined medium 
produced overt morphogenesis, cytodifferentiation, 
dentine and enamel extracellular matrix formation and 
biomineral iz ation (figure I) . Macroscopic examination of 
each cultured molar explant (n;70) demonstrated a 
refractile material (arrows), presumably enamel, covering 
the outer surf aces of the tooth organs (figure IA). 
Figure 1B shows the localization of calcium salt 
deposition using von Kossa histochemical staining. Both 
dentine and enamel biomineralization was observed 
(figure IC). Dentine and enamel biomineralization was 
re stricted to discrete occlusal regions of the forming 
tooth organs. 
Ultrastructural Patterns of Enamel Biomineralization 

U ltra structura l observations of cultured molar 
organs processed by the anhydrous fixation technique of 
Landis (1983) demonstrated highly ordered ename l 
crystals (figure 2). Observations of non-stained sections 
provided the opportunity to examine the electron-dense 
calcium hydroxyapatite mineral crysta ls under the se 
experimental conditions. 

Preliminary SEM observations of cultured tooth 
organs provided topographical information, potentially 

Figure I. Enamel biomineralization during mandibular first molar tooth organotypic cultures after 21 days in 
serumless, chemically-defined medium in vitro. (A) Survey of cultured explants; arrows indicate refractile 
putative enamel close to the surface of tooth organs. (8) Distribution of calcium salt deposits within dentine 
and enamel using von Kossa histochemical staining. Note oral epithelial keratin pearls (k). Region delineated 
by rectangle is shown at higher magnification in figure C. (C) Higher magnification demonstrating 
biomineralization in the occlusal dentine (d) and enamel (e). (Am), ameloblasts; (Od), odontoblasts. 

1104 



Ultrastructural Analysis of Enamel Formation Tn Vitro 

Figure 2. Ultrastructural characteristics of enamel 
produced in serumless , chemically-defined organotypic 
cultures. Unstained anhydrous preparation. 

useful in evaluation of enamel prism formation. Figure 
3A provides a preliminary survey of the major 
topographical features of molar explants cultured for 21 
day s in vitro. For the se prepar a tions the enamel organ 
epithelial covering was removed thereby enabling direct 
observations of the outer enamel surface (figure s 3B-C). 
The intcrprismatic patterns ob se rved (figure 3C) were 
comparab le to tho se illustrating the characteristic mou se 
enamel interprismatic pattern in s itu (G reenberg et al , 
I 983). 
Enamel Calcium Hydroxyapatite Formation 

Microprobe a nalysis of Ca / P ratio representing 
enamel biominerali zation in serumless cultures and 
during in vivo 7 day postnatal molar tooth organ 
development arc shown in table 1. The Ca / P ratio 
observed for enamel produced in se rumles s medium 
exceeded unity , a value establi shed as indicative of 

mineralization (Lee et al, 1986;Landi s and Glimchcr , 
1982). 

Selected area diffraction patterns were re corded 
for enamel produced by cap stage molars cultured for 21 
days in serumless medium and for calcium 
hydroxyapat ite crystals (OHAP). For molars cultured in 
v itro (figure 4), we observed two major reflections in 
ename l corresponding to the 210 (strong) and 202 (weak) 
Miller indices of OHAP (ASTM, 1966) . The Q. spacings 
obtained for these reflections are in good agreement 
with reported values for OHAP (Lee et al, 1986). 

ASTM 
0 

3.08 ~ 
2.63 A 

•

\k'210 . 
fl 3.05A ~ 
~202 0 

2.68A 

Figure 4. Electron diffraction pattern of enamel formed 
in tooth organs cultured for 21 days in serumless, 
chemically-defined medium. Molar ex plants were 
processed and embedded according to the anhydrous 
method (Landis, 1983). Diffraction measurements were 
performed (90° incidence) in a JEOL 1200EX TEM as 
described in Materials and Methods. Miller indices are 
indicated with triangle arrows. The experimentally 
determined !!. spacing values are indicated and the ASTM 
values reported for OHAP are given (ASTM, 1966). 

Figure 3. Surface features of molar tooth organs cultured for 21 days in serumless, chemically-defined medium . 
Specimens were prepared by mechanically removing the enamel organ epithelium. (A) Survey photomicrograph 
of mandibular first molar tooth organ (B) Occlusal region indicated in rectangle of previous figure showing 
enamel surface features (C) Mouse enamel prism features. 
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TABLE I: MICROPROBE ANALYSIS OF IN 
VITRO BIOMINERALIZATION: Ca/P RATIOS IN 
ENAMEL OF SERUMLESS MOLAR CULTURES. 

MOLAR ORGAN 

21 Days Serum less 

7 Days Postnatal 
(Control) 

ENAMEL Ca/P RATIO 
(MEAN +/- SD) 

2.03 +/- 0.04 

2.35 +/- 0.04 

Control 7-day postnatal in vivo molars, and 21 day 
cultured in vitro molars were processed using 
anhydrous fixation as described in Materials and 
Methods, and analyzed for calcium and phosphorous 
content in enamel using microprobe analysis. Five 
independent regions in enamel in the same molar 
organ were evaluated in each set of samp les. Values 
represent the mean +/- standard deviation (S.D., 
n=5). Significance within samples: p < 0.025. 

Discussion 

In the present paper we provide evidence to 
support the hypothesis that enamel biomineralization ill 
vitro is regulated by sequential expression of an 
intrinsic genetic program independent of exogenous 
humoral factors. It has been previously established 
that cap stage mouse molar tooth organs express 
morphogenesis and cytodifferentiation with the 
production of organic constituents of the dentine and 
enamel tissue-specific extracellular matrices in vitro 
using serumless, chemically-defined medium (Yamada 
et al, 1980; Slavkin, et al., 1982; MacDougall et al, 1985; 
Finkelman and Butler, 1985). However, dentine or 
enamel biomineralization was not detected without 
serum supplementation. Many of these previou s studies 
used 17-days gestation mouse mandibular first molar 
tooth organs cultured in vitro for periods up to IO days 
in chemically-defined medium supplemented with and 
without serum. Serum-supplemented cultures resulted in 
dentine and enamel biomineralization within IO days 
in vitro (see reviews by Slavkin, 1979; Slavkin et al., 
1982). 

The major modifications of the present study 
were (i) earlier embryonic tooth organs; (ii) the 
chemically-defined BGJb medium as modified by 
Fitton-Jackson; and (iii) extended culture periods of 
three weeks . These three modifications resulted in 
tissue-specific enamel biomineralization (table I) 
including OHAP formation (figure 4), enamel crystal 
orientation comparable to that observed for in situ 
enamel formation (figure 2), and a characteristic 
rodent enamel interprismatic pattern (figure 3) . 

Our data supports the interpretation that 
enamel-specific calcium hydroxyapatite crystals form 
during in vitro serumless cultures of mandibular first 
molar tooth organs. These crystals have a Ca/P ratio of 
2.03 +/- S.D. 0.04 (table I), and appear to have a 
structure comparable to OHAP as seen by electron 
diffraction (figure 4) . We note that the 210 reflection 
present as a strong, meridional pattern of short arc 
(figure 4) is indicative of a crys talline structure of 
OHAP ( Lee et a l, 1986; Roufosse et al, 1979; Posner et 
al, 1980; Meyer and Fowler , 1982). The faint reflection 
at 202, along with the absence of other strong 
reflections , may be indicative of OHAP crystals which 
contain substitutions (e.g., carbonates, magnesium , 

1106 

fluoride), or are crystals which are short in length 
(Brown, I 966; Elliot, 1973; Meyer and Fowler , I 982; 
Young and Brown, 1982). We cannot rule-out the 
possibility that other chemical forms of calcium 
phosphates may exist in this enamel produced during ill 
vi tro development in a serumless medium, including 
octacalcium phosphate and sesquiapatites (Young and 
Brown , 1982). We interpret our data to indicate that 
OHAP crystals are formed in the enamel of cultured 
molar explants. 

The mechanisms by which specific organisms 
regulate tissue-specific biomineralization are not 
known. Our study supports the thesis that sequential 
epithelial-mesenchymal interactions regulate 
(somehow?) morphogenesis, cytodifferentiation, tissue­
spec ific extracellular matrix formation and subsequent 
biomineralization. It is also evident from the present 
studies that serum-associated factors are not required 
for in vi tro dentine and enamel biomineralization. We 
arg ue that reciprocal epithelial-mesenchymal 
interactions induce and modulate the intrinsic 
expression of factors required for tissue-specific 
biomineralization. Moreover, we suggest that these 
factors are encoded within the intrinsic developmental 
programs for dentine and enamel biomineralization. 
The present in vitro system provides an experimental 
approach to pursue the identification and 
characterization of regulatory molecules required for 
tissue-specific biomi nera I iza tion. 
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Discussion with Reviewers 

D. R. Eisenmann : What is the ultra stru ctur a l ap pear a nce 
of the ameloblasts in association with forming enamel 
in this culture system? Authors: We observe that the 
inn er enamel epithelial seq uence of differentiation into 
a melobla sts during in. vitro se rumle ss organotypic culture 
is very similar to the Kallenbach description of 
differentiation zones I-VI for in situ amelogene sis in the 
rodent incisor tooth organ (J . Ultrastructure Res. 35, 508-
53 I, 197 l ). Kallenbach differentiation zones I-VI , 
sec retory ameloblasts and post- sec retory amelobla sts were 
observe d . However, the post- sec retory ameloblasts in our 
culture system did not produce a ba sal lamina upon the 
ena mel during enamel maturation . 

H. Warshawsky: I question the need for usi ng 
"biomineralization," when mineralization conveys the 
sa me meaning. A Isa, "tissue-specific" seems unnece ssar y 
when dealing with dentine and enamel. The Discussion 
opens by stating that evidence is provided to support a 
hypothesis that enamel mineralization in vitro is 
"regulated by sequential expression of an intrin sic 
genetic program ... " I find no evidence for "regulation" or 
"sequence." Enamel mineralizes if the environmental 
conditions are appropriate. This does not imply 
regulation or sequence. Finally , I would like to pose 
the following question. Although the authors have 
shown that dentine and enamel can mineralize in a 
chemically defined medium, and offer several reasons 
for why other systems failed, they never discuss the 
affect of serum factors on bringing about the 
mineralization that, in these sys tems , would not occur in 
the absence of serum. Could the authors speculate on 
why addition of serum permits mineralization that 
would not occur without it? 
Authors: In re sponse to the first point raised by the 
reviewer, we have adopted the term "biomineralization" 
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as originally defined by Professor Heinz Lowenstam 
(Science 211, 1126, 1981) used to distinguish cell­
mediated and cell / matrix mediated from non-biological 
models of mineralization. We use the term 
biomineralization to abbreviate mineralization in 
biological systems. With regard to the second query , we 
employ the expression "tissue-specific" to critically 
describe the specificity of the supramolecular 
organization of the particular extracellular matrix 
produced in these organ culture studies. The literature 
is replete with papers citing enamel or dentine 
production but lacking in the criteria used to define 
"tissue -specific" enamel or dentine. We have attempted 
to provide several different assays which confirm the 
specificity of the extracellular matrix produced under 
these unorthodox in vitro conditions. In contrast to the 
reviewer's summation, we are approaching the 
interpretation of these studies from a different 
perspective. We know that reciprocal epithelial­
mesenchymal interactions operate during tooth 
organogenesis, in situ and in vitro, and we have 
observed a sequence of tooth development which is 
comparable to the sequence documented for in situ tooth 
development. We also realize that the products of these 
cpithelial-mesenchymal interactions are likely autocrine 
and paracrine factors which regulate growth, 
differentiation and possibly biomineralization . We do 
not envision the problem as one of the 
macroenvironment, but rather a problem of close-range 
molecular interactions mediated by factors intrinsic to 
the tissues and not derived from the external 
environment. Finally, we have not reported comparisons 
between serum-supplemented versus non-serum 
supplemented media in the present communication. 
However, a preliminary report of such a comparison is 
presently in press (Evans J, Bringas P, Nakamura M, 
Nakamura E, Santos V, Slavkin H. (1987). Metabolic 
Expression of Intrinsic Developmental Programs for 
Dentine and Enamel Biomineralization in Serumles s 
Chemically-Defined, Organotypic Culture. Calcif T\ ssue 
Int. (in press)). In responding to the last question we note 
that all fetal calf sera (FCS) do not support 
biomineralization of bone, cartilage and dental tissues. 
It is not as yet established what constituents of FCS are 
rate-limiting to biomineralization. It is also not clear as 
to the net effects of up- and down- regulating molecules 
together serving as constituents of FCS. 
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J. H. M. Woltgens: This paper contains very interesting 
results and is clearly written. Additional information is 
requested regarding the following: (a) the success rate of 
the cultures of the tooth germs; (b) the developmental 
stage of the tooth germ at the explanation time; and (c) 
comparison of cultured tooth germs with tooth germs of 
the same developmental stage but cultured in serum 
containing medium is the early developmental stage used 
responsible for the observed mineralization?). 
Authors: We have observed 100% success in our culture s 
using serumless conditions. All explants showed 
biomineralization. No necrosis was observed. We have 
found that early cap stage mouse mandibular first 
molars (circa 15/ 16-days gestation based on time 
zero=time of observing the vaginal plug) were ideal for 
these studies. Late cap and early bell stages were 
limited, unreliable and gave equivocal results. We 
assume that starting earlier in development and 
culturing longer gave the best results. Previous studies 
in the literature, including our own previous studies, 
used late cap stage or early bell stage tooth organs 
cultured for JO days in vitro with or without sera 
supplementation. We have recently completed a study 
comparing several parameters of tooth organogenesis 
during serum-supplemented versus scrumless culture 
(Evans et al , Calcified Tissue International, in press). 
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