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ITHIN the last decade, interest in
W calcification processes in teeth and
bone has increased to a great extent, as
can be seen from the large number of
books and accounts of symposia devoted
to this subject that have recently appeared
(e.9. McLean and Urist, 1955; Irving,
1957). In this paper, a brief review of
current views will be given and an account
of some of the research work done at the
Unit.

The chemical composition of dentin and
bone appears to be very similar. The
organic, matrix is composed of collagen
with a very small amount of mucopoly-
saccharide in the ground substance, and
the inorganic phase consists of apatite
crystals. Epiphyseal cartilage, and carti-
lage in general, has a much higher con-
tent of mucopolysaccharides, chiefly
chondrQitin sulphate. The chemistry of
enamel is not so well defined. The protein
matrix, eukeratin, differs from Kkeratin in
having ~*n appreciable content of hydroxy-
proline (Hess et ol, 1953).. Mucopoly-
saccharides are present in enamel, at least
during the early stages of its formation.
The inorganic phase consists of apatite
crystals, but these are bigger than those of
dentin,or bone.

The processes of calcification of dentin
and bone are essentially similar. In den-
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tin a collagenous matrix is laid down (pre-
dentin) and calcified a definite period later
— 24 hours in the case of the rat incisor.
In intramembranous bone formation, a
similar matrix is laid down and calcified
almost but not quite simultaneously; a
narrow preosseous matrix is usually found
(Vincent, 1955). In endochondral calcifi-
cation, bone is laid down on a cartilagi-
nous scaffold, and is subsequently re-
modelled to a considerable extent, the pro-
cess of laying down of bone being vir-
tually the same as in intramembranous
bone. Enamel formation is much less
understood. It wpuld appear that calcifi-
cation is a gradual process, accompanied
by the removal of protein and water
(Deakins and Burt, 1944).

The inorganic phase in all three tissues
is an apatite, probably with the formula
[Ca3(P04Zn.Ca(0H)2 The crystals of
this compound are minute and are barely
visible under the electron microsqope.
They are surrounded by a water of hydra-
tion and their total surface area is tre-
mendous— over 100 acres in an adult
man. Both isoionic and heteroionic ex-
change of many ions can take place in the

*$a<sed on. a paper read to the Northern Trans-
vaal Branch of the Dental Association of South
Africa on June 26, 1958.
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apatite lattice and adsorption can occur
on the surface of the crystal. Thus al-
though the crystalline structure is that of
an apatite, the chemical composition can
vary widely. During growth crystals form
and the existing ones increase in size, and
even after growth lias ceased, recrystalliza-
tion and exchange of ions goes on con-
tinually'(McLean and Urist, 1955). These
latter processes are faster in bone, but also
occur in dentin and enamel.

Collagen is the protein of all connective
tissues. It is laid down by fibroblasts in
soft tissues, by the pulp (probably as Korff
fibres) in dentin, and by osteoblasts in
bone. It is metabolically very inert.
Recently it has been much studied,
especially with the electron microscope,
when it is seen as fibrils with a character-
istic cross-banding at 640 X intervals.
Chemically all collagens seem very similar
as far as amino acid content is concerned,
having a low content of aromatic amino
acids and containing glycine and hydroxy-
proline in large amounts. The cross-band-
ings are thought to be high in acidic and
basic amino acids, and it is here that
apatite crystals are predominantly de-
posited during calcification (Robinson and
Watson, 1955).

A problem that has interested the Den-
tal Research Unit is why all tissues con-
taining collagen do not calcify. It was
decided (Solomons and Irving, 1958) to
see if there were any fundamental differ-
ences between the collagens of soft and
hard tissues, using Sanger’s dinitroflubro-
benzene (DNFB) method (1945). This
reagent reacts with fre® amino groups in
proteins and forms a stable dinitrophenyl
(DNP) compound; after hydrolysis of the
protein, the DNP compounds can be
separated and estimated by means of
chromatography (Fig. 1). Proteins have
two types of free amino groups — the
terminal groups at the end of the polypep-
tide chain and those on side chains such
as the € amino group of amino acids like
lysine and hydroxylysine. The following
tissues were, investigated: ox hide and
achilles tendon, rat tail tendon, ox bone
and dentihKand human dentin.

Soft tissue collagens had no N-terminal
amino groups and about two-thirds of
their ¢ amino groups reacted with DNFB.
Human and ox dentin had no free N-
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terminal amino groups and ox bone had a
very minute amount. Abbut 10 per cent
of the total number of e amino groups of
the hard tissues reacted with DNFB, these
results applying to the fully -calcified
tissues.

The hard tissues were then decalcified
by putting them into solutions of hyrdo-
chloric acid, trichloracetic acid or
ethylene-diaminetetra-acetic acid (EDTA)
at 4° G. and at intervals the number of
free N-terminal and e amino groups was
determined, and at the same time the
degree of demineralization was estimated.

Dentin—The reactive N-terminal amino
groups either did not change or rose to an
insignificant extent during the deminerali-
zation of both ox and human dentin. On
the other hand, the number of reactive e
amino groups (chiefly of lysine and
hydroxylysine) rose in a linear manner
when plotted against demineralization, so
that when decalcification was complete,
over 96 per cent of the total number in the
protein reacted (Fig. 2).

Bone. When decalcification of this
tissue was first carried out, followed by
dinitrophenylation, most erratic results
were obtained as decalcification pro-
ceeded. While the number of N-terminal
amino groups did not alter, the amount of
free ¢ amino groups rose or fell in an un-
predictable manner. It is possible, using
EDTA, to combine the processes of de-
mineralization and dinitrophenylation so
that they can be carried out simultaneous-
ly. When this w”s done, it was found that
a linear relationship also obtained with
bone, between the number of reactive e
amino groups and the degree of decalcifi-
cation, over 93 per cent of the e amino
groups being free to react with complete
demineralization (Fig. 2). In the case of
dentin, it did not matter if the two proce-
dures were simultaneous or successive.
There is some difference, probably at the
molecular level, between the collagen of
dentin and bone. When the apatite crys-
tals have been removed from bone colla-
gen, it must undergo some molecular re-
arrangement during which the ¢ amino
groups have their activity masked, unless
they are “caught” at once by DNFB.
Dentin collagen is much more stable, but
it too, if stored for a long time, loses the
reactivity of its € amino groups.
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Soft tissue collagen. This was treated
with the demineralizing agents employed
on dentin and bone, but no change at all
occurred in the number of reactive N-
terminal and ¢ amino groups.

Thus there seems to be a fundamental
difference between the collagens of soft
and hard tissues, and possibly between
those of dentin and bone. Soft tissue
collagen has only about two-thirds of
its e amino groups in a reactive state,
whereas in hard tissue collagen, after com-
plete decalcification, virtually all these
groups are free. Furthermore, it is obvious
that there is a very intimate association
between the ¢ amino groups and the
apatite crystal. The concept we have
developed is that calcification being a pro-
cess of crystallization of apatite, a specific

Fig. 1.— Chemical reactions involved in

Sanger’s DNFB method.

Fig. 2.— Availability of e-lysyl and hy-
droxylysyl amino groups of hard tissue
collagens to DNFB during demineraliza-
tion. Oj denote successive deminerali-
zation and dinitrophenylation of ox dentin
and human dentin respectively; +, O,
A, denote simultaneous demineraliza-
tion and dinitrophenylation of ox dentin,
ox bone and human dentin respectively.
(Reproduced with permission from the
Biochemical Journal).

collagen, with charges at specific points on
the amino acid .chain, could form a “ tem-
plate3for the seeding of the crystals. The
fact that -the crystals are first deposited at
the cross-banding, where basic and acidic
amino acids are believed to be concen-
trated, supports this idea. Thus for calci-
fication to occur in a tissue, a specific type
of collagen must be present and this may
well explain why some tissues containing
collagen will calcify, while others do not.

In order to see if “natural® decalcifica-
tion or lack of calcification was accom-
panied by an increase in the number of re-
active £ amino groups, calf bone was com-
pared with ox bone, and dentin from rats
with rickets with dentin from normal rats.
In each case, the number of free ¢ amino
groups in the calcified tissue was more than
dbuble in the young or rachitic material,
than in the mature bone or dentin, which
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appears to be an interesting confirmation
of our concept.

Another aspect of calcification in which
we have become increasingly interested is
the role played by mucopolysaccharides
in the mineralization of tissues. These
mucopolysaccharides are polysaccharides
incorporating hexosamines, and the best
studied are the acid mucopolysaccharides
having hexuronic acid in their molecule,
and a group esterified with sulphuric acid
known as the chondroitin sulphates,
which occur in large amounts in cartilage,
and as heparin, the 'well known anti-
coagulant. The ground substance of all
connective tissues contains mucopoly-
saccharides; cartilage has a high content
of chondroitin sulphate, but dentin and
bone contain much less.

The interest in this context is the
evidence that mucopolysaccharides and
especially chondroitin sulphate, are con-
cerned in calcification. Using radio-
sulphur Belanger (1955a) found a relation-
ship between the distribution of this ele-
ment and the site of calcification in epiphy-
seal cartilage. Earlier Boyd and Neuman
(1951) had suggested that the binding of
calcium by cartilage was connected with
its sulphate content. Acid mucopoly-
saccharides stain metachromatically with
toluidine blue and metachromasia has been
found to be greatest in areas of cartilage
about to become calcified and in areas
about to become bone (Freeman, 1956).
Vincent (1955) found a preosseous zone in
osteones which was orthochromatic with
toluidine blue but the reaction changed
to metachromasia where the tissue began
“to manifest a strong affinity for calcium®

Fig. 3.— Transverse section of
labial side of rat incisor tooth,
stained with Sudan Black after
pyridine treatment, (a) den-
tin, (b) predentin, (e) pulp.
Note darkly stained line at
dentin-predentin junction, x
430. (Reproduced with per-
mission from Nature).
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(Lacroix, 1956). Other experiments which
show competition of calcium with other
ions such as strontium and also with
toluidine blue, during calcification, sup-
port the idea that chondroitin sulphate is
involved.

Work with growing teeth, using radio-
sulphur, has shown very similar results.
Belanger (1954) found sulphur to be laid
down at the dentin-predentin junction
shortly after injection, and to move “out-
wardsBwith the accretion of more dentin.
The same was seen in newly formed
enamel (Belanger, 1955b), and the inter-
pretation in each tissue was that a sul-

phated mucopolysaccharide was involved
in calcification.

Fig. 4.— Longitudinal section of labial side
of rat incisor tooth stained with Sudan
Black after pyridine treatment. (a)
enamel organ, (b) organic’'enamel, (c)
dentin, (d) predentin, (¢) odontoblasts.
Note deeply stained line at dentin-
predentin junction and also the deeper
staining of the enamel nearest the amelo-
blasts and also to the left of the section, as
the enamel is calcifying, x. 140.

Fig. 5.— Part of the maxillary alveolar bone
of rat stained with Sudan Black after
pyridine treatment. At the top is an
osteoclast, and below (a) a row of osteo-
blasts. A deeply staining line is seen on
the appositional side separated from the
osteoblasts by a narrow preosseous layer,
x 430. (Reproduced with permission from
Nature).

Fig. 6.— Longitudinal section of tibial epi-
physeal cartilage of young rat, stained
with Sudan Black after pyridine treat-
ment. Note the staining of the matrix
between the hypertrophic cells (a). x 220.

August 15, 1958
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The only puzzle that has not been ex-
plained is why all cartilage, which contains
chondroitin sulphate, and is very meta-
chromatic, does not necessarily calcify.

In tackling this problem at the Unit, it
was noticed that Sudan Black B stains
heparin in Mast cells strongly, but no
other mucopolysaccharide. Hadadian and
Pirrie (1948) found that pyridine precip-
itated hyaluronic acid, and it was thought
that by such means a more specific re-
action might be obtained.

When tissues were stained with Sudan

of the D.ASA.

Black with no other treatment, they were
a uniform pale blue, except for the gran-
ules of Mast cells which were a deep blue-
black. When, however, the tissues were
first treated with pyridine, quite a different
picture was found, and all areas where cal-
cification was being initiated stained a
deep blue. Thus in dentin, the dentin-
predentin junction stained, (Fig. 3) and
in enamel, the part which was becoming
acid-soluble (Fig. 4). Bone was bounded
by a thin preosseous layer which did not
stain, but there was an intensely staining
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line where the preosseous layer joined the
calcified bone (Fig. 5). In epiphyseal
cartilage the matrix stained between the
hypertrophic cells (Fig. 6) at the level
where calcification begins (Irving, 1958).

In undecalcified teeth toluidine blue
stained strongly only the dentin-predentin
junction (Fig. 7), thus giving a similar
picture to Sudan Black, but in epiphyseal
cartilage the entire width stained meta-
chromatically, so there was not correlation
here between the two stains.

A number of other techniques were em-
ployed in an endeavour to identify the
sudanophil component. It was not affect-

Fig. 7.— Longitudinal section of labial side
of rat incisor stained with toluidine blue.
(a) enamel, (b) dentin, (c) predentin, (d)
odontoblasts. Note the intense staining
line at the dentin-predentin junction,
x 430.

Fig. 8.— Longitudinal section of tibial epi-

physeal cartilage of rachitic rat, stained

! with Sudan Black after, pyridine treat-

| ment. No staining at all is seen round the
] hypertrophic cells, x 220.

I Fig. 9.— Section of area similar to that in
Fig. 8. Rachitic rat treated with vitamin
D 4 days previously. The sudanophil
material has reappeared round the hyper-
trophic cells, x 220.

ed by pepsin or by hyaluronidase, but this
latter enzyme is known not to be very
effective on histological material. Per-
chloric acid, which removes ribonucleic
and deoxyribonucleic acids, likewise failed
to abolish the stain. The sudanophil areas
were not specifically stained with the
periodic acid-Schiff reagents. The methy-
lene blue extinction method indicated
that a lightly sulphated mucopolysaccha-
ride was possibly involved.

In order to confirm that the Sudan
Black staining was really associated with
calcification, a number of rats with pro-
nounced rickets were studied. The epiphy-
seal cartilage of these rats showed no
Sudan Black staining, (Fig. 8), but three
days after vitamin D dosage, the stainable
material returned at the same time that
calcification of the cartilage recommenced,
(Figs. 9 and 10). Exactly the same was
found in bone. In dentin during rickets,
the predentin becomes wide, and dentin
calcification is retarded but not stopped,
(Fig. 11). When vitamin D was given, the
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sudanophil material reappeared at the
right distance from the pulp, and was also
scattered throughout the rachitic pre-
dentin as proper calcification was re-
sumed, (Fig. 12).

It thus appears certain that the sudan-
ophil material is associated with the initia-
tion of calcification and is probably a
mucopolysaccharide, but not chondroitin
sulphate. Its exact nature is as yet un-
known — experiments are now under way
in an attempt to identify it.

To reconcile these findings with those
reported above on collagen, the following
tentative theory has been evolved. The
sudanophil substance acts as a 4primer5
for calcification, since in its absence no cal-
cification occurs. The specific type of
collagen is needed for the seeding of the
crystals and also for the apatite crystals to
“stick to”, forming a stable -calcified
structure such as dentin and bone. Once
the crystal of apatite is formed, the role of
the mucopolysaccharide is over and it is
possibly removed. The collagen’s func-
tion now is the maintenance of the struc-
ture of the mineralized material.

Summary

A Dbrief account is given of the composi-

Fig. 10.— Same section as Fig. 9, stained
with silver nitrate to show calcification.
Note the intense reaction, and also that in
Fig. 9 only the area where calcification is
being initiated stains with Sudan Black,
x 220.
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Fig. 11.— Longitudinal section of
labial side of incisor of rachitic

rat. (@) enamel organ, (b)
enamel, (c) dentin, (d) pre-
dentin, (e) odontoblasts and

pulp. Note in comparison with
Fig. 4 that the predentin is
wider, but calcification has not
stopped and the sudanophil
material is still present, x 140.

Fig. 12— Section of area similar
to that in Fig. 11. Rachitic rat
dosed with vitamin D 4 days
previously. Notation same as
Fig. 11, save that (e) is a mix-
ture of dentin and calcifying
predentin. Note the line of new
calcification at the dentin-
predentin junction and the cal-
cification occurring in the rachi-
tic predentin, x 140.

tion and some of the factors involved in
the calcification of dentin, enamel and
bone.

From work done at the Dental Research
Unit it is concluded that a specific muco-
polysaccharide in dentin and bone acts as
a primer for mineralization, and that the
calcifiability of these tissues resides in a
specific type of collagen which differs in
several ways from that of the soft tissues.
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