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Tritiated proline was used to follow the pat-

terns of root growth and alveolar-bone pro-

duction associated with tooth eruption in
rhesus monkeys. Alveolar-bone deposition
was seen around the apical regions of both
erupting and functioning teeth, which indi-
cated that the apical region was not spatially
stable.

The main protein in alveolar bone and den-
tin is collagen.' Two thirds of the total
amino acids found in collagen are composed
of glycine, alanine, proline, and hydroxy-
proline.' The hydroxyproline in collagen is
derived almost exclusively from hydroxyla-
tion of proline. Thus the proline molecule
may enter collagen in two ways: as proline
or as hydroxyproline.2 4

Many studies have used radioactive labels
on proline to observe collagen metabolism.
3,5-10 Carneiro and Leblond7 found that
collagenase removed almost all the tritiated
proline labeling in dentin and bone, which
supports the concept that proline in den-
tin and bone is largely attached to colla-
gen. Leblonds observed the incorporation of
14C proline and 3H glycine in developing
dentin and noticed labeling of odontoblasts
within five minutes of injection. Labeling
appeared in the predentin in four hours and
in the newly formed dentin in 35 hours.
These results have been confirmed by sev-

eral later studies which used tritiated pro-

line5,7,9 and tritiated glycine."1
The initial labeling of developing dentin

and bone by tritiated praline or glycine ap-

parently is extremely stable. Anderson5
found an intense initial band of labeled pro-

line in dentin and alveolar bone, which was
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still present 59 days after the injection of
tritiated proline. However, there was evi-
dence of decreasing amounts of labeling in
the dentin and bone formed after the injec-
tion. In another study, 'H-proline labeling of
alveolar bone was still present six months
after injection.'2

Although tritiated proline has been used
to study collagen metabolism in bone and
dentin, there has been little emphasis on
the use of this label as a marker for bone
and dentin production. Baumhammers et al'2
compared growth increments of alveolar
bone and frontal bone in mice using triti-
ated proline as a marker. Formicola and
Ferringo,9 in a study using 3H proline, men-

tioned alveolar-bone and cellular-cementum
formation associated with eruption of teeth
in the rat, but no quantitation of root or
alveolar-bone growth was given.
The purpose of the present study was to

use the fine labeling characteristics of trit-
iated proline as a marker of growth of bone
and teeth in order to study the controversial
relationshipl3-" ' between the apex of the
root and the surrounding bone in develop-
ing and erupting teeth.

Materials and Methods
Two male rhesus monkeys (Macaca mu-

latta) were used in this study. One monkey
had the second permanent molars erupting;
the other monkey had all teeth in function
except four unerupted third molars.
The monkeys were injected intravenously

with both tritiated thymidine (1 mc/gm
body weight, specific activity 6.7 curies/
millimol) and tritiated proline (2 mc/gm
body weight, specific activity 224 mc/milli-
mol). The older animal was killed 30 days
after the injection; the other, 90 days post-
injection. At death, specimens of internal
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organs were taken for postmortem micro-
scopic examination in order to insure that no
systemic disease was present.
The jaws of the animals were fixed in

10% neutral formalin for three weeks. The
maxilla and mandible were cut buccolingu-
ally into sections containing one or two teeth
and were decalcified in 20% ethylenedia-
mine tetracetic acid at pH 7.4. The tissue
specimens were then washed in running
water overnight, embedded in paraffin, and
sectioned buccolingually at 81,.

Radioautography was carried out on a
number of sections from each tooth, using
the technic described earlier.'9 After four
weeks' exposure, the radioautographs were
developed and fixed, the slides were stained
with Ehrlich's acid hematoxylin, and were
mounted with permount. Approximately
every fifth section was counterstained with
eosin.

In this paper, only the labeling associated
with the tritiated proline will be reported.

For each tooth, one section which was
closest to the long axis of the tooth was
selected. Two serial sections on either side
of the central section were also measured,
to insure that the labeling was typical of the
central part of that tooth.
The tritiated proline clearly labeled grow-

ing bone. dentin, and cementum, and on
each section the following measurements
were made (Fig 1):
1. INCREASE IN ROOT LENGTH.-The dis-

tance from the apex of the tooth to the
most apical part of the proline label of
the root.

2. INCREASE IN FUNDIC BONE.-The vertical
distance from the border of the alveolar
bone immediately below the central axis
of the tooth to the previously correspond-
ing area outlined by the tritiated proline.

3. TOOTH APEX TO FUNDIC BONE.-The dis-
tance between the apex of the tooth and
the fundic bone below the central axis of
the tooth.
The sections of teeth were divided into

three groups:
1. Erupted and functional teeth.
2. Unerupted teeth still enclosed in bony

crypt.
3. Teeth erupted into the mouth but not yet

in function.
A micrometer disk with a 10-mm scale in

a X 10-wide angle eyepiece was used to
measure increments of bone growth and in-
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FIG 1.-Diagram of section of teeth studied.
Dotted line, 3H-proline labeling. Increase in root
length measured from A to A'. Increase in
fundic bone measured from B to B'. Width of
periodontal space at apex measured from A'
to B.

crease in root length. A X 10 objective lens
was used for the 30-day sections, and a X4
objective lens was used for the 90-day sec-

tion. A mechanical stage was used, and the
direct measurements from the microscope
were converted to millimeters.

Results were tabulated, and comparisons
were made of root growth and bone deposi-
tion in the apical region at the various
stages of development.

Results

Tritiated proline became incorporated in
tissues which were calcifying at the time of
injection. This initial accumulation of pro-
line in bone, dentin, and cementum was seen

on the autoradiographs as a thin band of
dense labeling. Proline continued to label
calcifying tissues for some time after the in-
jection. This subsequent labeling extended
from the initial dense band of labeling to
the periphery of the newly calcified tissues
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as a fine widely dispersed label (Fig 2). At
90 days after injection, bone, dentin, and
cementum still had some dispersed labeling
in the regions of newly formed tissues.
The connective tissues throughout the

sections also were labeled with tritiated pro-
line. This labeling was less concentrated
than that seen in calcified tissues and could
hardly be differentiated from "background."

In bone, the pattern of use and accumu-
lation of labeled proline made it possible to
determine in which direction new bone dep-
osition had occurred. The bone surround-
ing the root apex of erupting and function-
ing teeth showed labeling with proline in all
instance in the 90-day animal (Fig 3). The
pattern of labeling indicated new bone
growth in this region. The amount of new
apical bone formation, measured using the
micrometer eyepiece disk, is given in
the table.

Teeth which were erupting into the oral
cavity showed the most increase in apical
bone formation, although fundic bone was
laid down apically to some teeth which were
functioning. Apical bone formation was
seen in one tooth which was enclosed in a
bony crypt and was at an early stage of root
development; but three other teeth in the
early stages of development showed no such
bone formation.

Increase in root length was seen in all the
teeth studied. This increase was due to for-
mation of both cementum and dentin. In
teeth which were still at the stage of root
formation, the growth of dentin was much
greater than the growth of cementum (Fig
4). Teeth which had been in function for
some time and had completed most of their

FIG 2.-XH-proline labeling of dentin 90 days
after injection, showing dense initial label and
dispersed subsequent label (orig mag X430).

:A

FIG 3.-'H-proline labeling of alveolar bone
90 days after injection (orig mag X23).

root formation showed smaller increments
of root growth; most of this increase was in
cementum.
The pattern of labeling of developing

roots was always the same: the tritiated
proline was laid down in cementum and
dentin as a V-shaped band corresponding to
the pattern of calcification of the root
(Fig 5).

Labeling of cementum was rarely seen in
the more coronal regions of the root. The
proline accumulated mainly in the apical
third of the teeth, which indicated that new
cementum formation was largely confined
to the region of the root apex.

Dentin formation in developing roots was
seen all around the periphery of the future
dental pulp, although the largest growth in-
crements occurred at the developing root
apex. There was no labeling associated with
the preodontoblastic root extension described
in a previous paper,2 thus confirming that
this amorphous structure does not calcify.

Discussion
There was no evidence of bone deposition

associated with the apical regions of the
two teeth with developing roots. which sug-
gests that no occlusal movement with dep-



254 KENNLY AND RAMFJORD

INCREMENTS OF ROOT GROWTH, APICAL ALVEOLAR BONE PRODUCTION, AND
WIDTH OF PERiODONTAL SPACE AT TOOTH APEX

Preroot formation

Early root formation

Eruptillg into mouth

Erupted

#17
# 1

#16
#32
#15
#29
#28
#20

#6
8

#30
#15
#18
#17
'28

3
#6

90 days
90 days
30 days
30 days
90 days
90 days
90 days
90 days
90 days
30 days
30 days
30 days
30 days
30 days
30 days
30 days
90 days
90 days

A-,-- '
I increase ii

I e Tugth
of Ioot

( ll 1n)

0.78
0.73
0.18
0.26
1.30
1.13
1.65
1.28
1.68
0.13
0.04
0.02
0.20
0.23
0.22
0.10
0.13
0.18

13 13'
Ilucre use

\picial
Alv-, lar

limic
(ni 1I)

None
None
0.03
None
0.58
2.37
1.60
1.75
1.28
0.17
0.08
0.08
None
None
None
None
1.63
1 68

A'- 1
D)ista1 nce
fr}inRt4
A 'x to

Alveol.I r
13ole
( ,II,I)

0.38
0.78
0.22
1.01
0.68
0.56
0.65
0.73
0.73
0.47
0.43
0.15
0.44
0.10
0.30
0.45
0.65
0.15

FIG 4. 'H-proline labeling of developing FIG S.-3H-proline labeling of dentin and
root apex at 30 days, showing increase of cementum in V-shaped pattern (90 days) (orig
root length due to dentin production (orig mag X 208).
mag X 236).
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osition of bone at the fundus had occurred.
Baume,2' in a histologic and radiographic
study of eruption in the rhesus monkey,
made similar observations; Carlson,22 in a
cephalometric study of developing teeth in
children, reported that there was either a
decrease or no change in the distance be-
tween the lower border of the mandible and
the open ends of the developing crowns.

Most authors15'23-26 have reported a pat-
tern of apical bone deposition after root for-
mation has begun, but Baume21 saw bone
resorption, and, then, later in root develop-
ment, bone deposition. In the present study,
apical bone deposition occurred around all
the erupting teeth and many of the function-
ing teeth during the 90-day period of in-
vestigation. It therefore seems unlikely that
the apical region is a stable point from
which eruption occurs, as has been sug-
gested previously.131"8'27 However, it must
be remembered that eruption of a tooth into
the oral cavity will be accompanied by re-
modeling of the alveolar process of the max-
illa or mandible. Therefore, even though a
tooth may be moving with respect to the
immediate bone around it, the resultant erup-
tive movement into the mouth will be modi-
fied by resorption or deposition of the alve-
olar process and by any increase in root
length.

Although this study was concerned only
with measurement of the vertical movements
of alveolar-bone growth, there was in all
cases evidence of lateral movement of the
socket during eruption of the tooth.

Increase in root length was present to
some degree in all the teeth studied. If it is
assumed that the distance between the de-
veloping root apex and the apical alveolar
bone is constant, then the amount of vertical
tooth movement would be equal to the in-
crease of root length plus the movement of
vertical alveolar-bone growth of the apex.
Thus, at 90 days, the maximum amount of
vertical tooth movement seen was 3.50 mm.

Teeth which were in functional position
before injection of the tritiated proline also
showed increase in root length, and some
showed bone deposition. This active erup-
tion is thought to be a compensation for
attrition.15,24,25,28
Some investigators1425'29 believe that

growth of bone lining the socket is an im-
portant mechanism causing eruption, where-
as others'6'26 feel that this bone is passively

laid down as a result of tooth movement.
In this investigation, it was not possible to
relate these changes directly to the mecha-
nism of eruption.

Conclusions
The production of alveolar bone around

the apexes of erupting and functioning teeth
indicated that the apical region is not spati-
ally stable but is an area of dynamic bone
deposition.

Further studies are required to investigate
the changes occurring in the entire bony
crypt around erupting teeth.
The deposition of bone was associated

with an increase in root length. The root
growth in erupting teeth consisted mainly of
dentin with a much smaller increment of
cementum, whereas functioning teeth showed
much less root growth, which was mainly
an increase in cementum.

It is likely that the increase in root length
and the deposition of fundic bone in teeth
which were functioning for some time may
be a compensatory mechanism associated
with attrition. This requires further investi-
gation.
The administration of the isotopes was by Carlos E.

Nasjleti, and the histologic sections and radioautographs
were prepared by Jean I. Simons and Virginia W.
Hartog at the Veterans Administration Hospital, Ann
Arbor, Mich.
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