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Summary. The purpose of this work was to provide
further knowledge about bone cell kinetics in the
metaphysis of the growing long bone. Seventy rats
were sacrificed from 1 to 120 h after injection of tri-
tiated thymidine. Autoradiographs of 3 um thick
sections of the proximal tibial metaphysis were
studied in a manner which allowed evaluation of la-
beled cell nuclei as a function of increasing age of
metaphyseal tissue. A cell cycle duration study for
osteoprogenitor cells was done. Labeled osteo-
progenitor cells and osteoblasts first appeared at 1 h
post-injection. The great majority of all labeled
osteoprogenitor cells and osteoblasts was found
within | mm of the growth cartilage-metaphyseal
junction (GCMJ) at all times, apparently migrating
with the moving GCMJ. In contrast, labeled osteo-
clast nuclei first appeared at 24 h post-injection
within 0.3 mm of the GCMJ and remained always
with the area of bone surface with which they were
first associated, even as the GCMJ migrated away.
By 5 days post-injection, the source of new labeled
osteoclast nuclei in the metaphysis near the GCMJ
was depleted, whereas that for the osteoblasts re-
mained. The existence of two kinetically different,
as well as ultrastructurally different, members of
the metaphyseal osteoprogenitor cells population is
postulated. A cell cycle time of 39 = 18 h was found
for the osteoprogenitor cell population, but has lim-
ited meaning. A schema for metaphyseal bone cell
movements during longitudinal bone growth is pre-
sented.
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Introduction

Cell kinetics of bone cells in the metaphysis of the
growing long bone was first investigated with triti-
ated thymidine (*H-thymidine) 20 years ago in the
proximal tibia of rats 6 weeks of age [1]. A similar
study of the proximal tibial and rib metaphyses of 6-
day-old rats was completed soon after [2]. The find-
ings of these two studies, summarized below, now
form the basis of current knowledge about bone cell
kinetics in the metaphysis.

The authors agreed on the appearance, if not the
name, of the principal proliferating bone cell (la-
beled with *H-thymidine 1 h after injection). Kem-
ber called it a mesenchymal cell, while Young pre-
ferred the name osteoprogenitor cell, because it im-
plied some connection with bone cells. It was found
most often within 0.5 to 1.0 mm of the growth carti-
lage-metaphyseal junction (GCMJ), located in the
perivascular connective tissue between blood ves-
sels and longitudinally oriented trabeculae of calci-
fied cartilage. It was characterized by poorly visual-
ized cytoplasm and a spindle-to-ovoid-shaped nu-
cleus (Fig. 1).

Kember alone noted that, even though the growth
cartilage was advancing at a rate of 0.125 mm/day at
this site in his animals, the labeled osteoprogenitor
cells were within 0.5 to 1.0 mm of the GCM]J for at
least 7 days after *"H-thymidine injection. He con-
cluded that the osteoprogeunitor cells were migrating
in the metaphysis in the direction of bone elonga-
tion.

By studying animals sacrificed from 1 h to 28 days
after *H-thymidine injection, both authors studied
the differentiation of bone cells. Both found that a
few osteoblasts took *H-thymidine label 1 h after
injection and that the fraction of osteoblasts labeled
began to climb after about 8 h. They concluded that
the cause of this was an influx of cell nuclei which
had acquired *H-thymidine label as osteoprogenitor
cells.
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Fig. 1. Osteoprogenitor cell with *H-thymidine label. Typical
osteoprogenitor cell (*H-P) with *H-thymidine label is seen be-
tween blood vessel (v) and longitudinal hard tissue trabeculae (z).
Numerous unlabeled osteoprogenitor cells (P) are also present.
A number of osteoblasts (F) are present in this area taken from a
0.3 mm band at 1 h after injection of *H-thymidine. (550%, hema-
toxylin and eosin)

Although both agreed that no osteoclast nuclei
were labeled with *H-thymidine at 1 h after injec-
tion, denying proliferative ability for nuclei of
osteoclasts, there were other differences in their
data concerning osteoclast nuclei. Kember noted
that only a few *H-thymidine-labeled osteoclast nu-
clei ever appeared and that they were found in a
random pattern with regard to time and region of
appearance in the metaphysis. Young saw a more
orderly pattern to their appearance. The first la-
beled ones appeared at 9 h after *"H-thymidine injec-
tion, and more continued to appear until a maxi-
mum labeled fraction was reached at 45-50 h post-
*H-thymidine. A finding of Young that has gone un-
heralded is that he studied two metaphyseal zones,
one just adjacent to and a second about 1 mm from
the GCMJ. He noted that labeled osteoclast nuclei
appeared in greater numbers sooner in the proximal
zone than in the distal zone. He also found that the
maximum labeled fraction for osteoclast nuclei was
the same as the initial fraction labeled for osteo-
progenitor cells and concluded that osteoclast nu-
clei, as well as osteoblasts, were descended from
osteoprogenitor cells.

These authors conducted studies which allowed
them to speculate on various aspects of the cell
cycle. Kember’s technique of continuous labeling
with *H-thymidine suggested that the growth frac-
tion of osteoprogenitor cells, the fraction actually in
the proliferative cycle, was about 0.5. Young's frac-
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tion of labeled mitoses (FLM) study, interpreted
first by a hand analysis method [3] and later by an
automated method [4], gave a cell cycle time esti-
mate of 33 = 34 h for the metaphyseal osteo-
progenitor cells.

Since the time of these two studies, pioneering
ultrastructural work [5]identifying *H-thymidine-la-
beled metaphyseal osteoprogenitor cells of two
types, ‘‘A-cells” of osteoclast/monocyte-like ap-
pearance, and ‘‘B-cells’’ of osteoblast-like appear-
ance, has appeared and been confirmed [6]. In addi-
tion, there has been an explosion of technology, ex-
periments, and knowledge about bone cells during
the 1970’s which is summarized in several reviews
[7-10].

The purpose of this experiment is to apply autora-
diographic techniques to thinner (3 um) bone sec-
tions than were available to earlier investigators and
to use a more exacting quantitative histologic tech-
nique for examination of aging metaphyseal tissue
[11] to provide new data from an old model. The
new data will be combined with other pertinent re-
cent data to describe the cellular sequence of events
during bone elongation.

Materials and Methods

Animals

Seventy 100-g male Sprague-Dawley rats were obtained from
Hormone Assay Co. (Chicago, ll1.). They were caged five per 0.5
m? cage and permitted 7 days’ acclimation to laboratory condi-
tions [Wayne Lablox fed ad lib.; light cycle (8 a.m.-8 p.m. on);
and 22°C at 40% humidity]. Their daily weights were recorded
during this period. Rats exhibiting atypical growth patterns were
excluded from the experiment. On the day when an individual rat
first reached 170 g in weight, it was injected subcutaneously once
with 0.5 uCi *H-thymidine per gram body weight (16.7 Ci/mM,
New England Nuclear Co., Seattle, Washington). This dose of
%H-thymidine is known to be nonradiotoxic as a cell label, even
when followed for several weeks [12]. The rats were then killed
in pairs, at 1, 2, 4, 6, 8, 10, 12, 16, 20, 24, 28, 32, 34, 36, 38, 40,
42, 44, 46, 48, 50, 52, 54, 56, 60, 70, 80, 90, 100, 110, and 120 h
after *H-thymidine injection. Additional rats were killed singly at
0.5, 1.33, 1.67, 2.5, 3, 65, 75, and 85 h after *H-thymidine injec-
tion.

Histologic Procedures

The sections were prepared to the stage where they were ready
to be stained as described previously [11]. At this point, in com-
plete darkness, the slides were dipped in Kodak’s NTB liquid
emulsion (at 41°C) (LSB-1-4; Catalog# 165 4425; Eastman Ko-
dak Co., Rochester, New York) and allowed to dry overnight in
a low humidity atmosphere at 20°C. They were placed in bakelite
boxes in light-tight cans at —18°C for selected exposure periods.
Sections from animals sacrificed less than 8 h after *H-thymidine
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injection were exposed for 15 days. Those from animals sacri-
ficed 9 to 60 h after *H-thymidine injection were exposed for 30
days. Those from all others were exposed for 60 days. This was
to compensate for the potential dilution of *H-thymidine label of
individual nuclei caused by cell division. At the end of the ex-
posure period, the slides were developed in D-19 and fixed in
Fixer (Eastman Kodak Catalog#’s 146 4593 and 197 1746, Roch-
ester, New York), then rinsed 30 min in running cold tap water.
Staining and mounting was then completed [11]. It is noted that
the pH of the hematoxylin was lowered with citric acid to mini-
mize staining of the gelatin base of the autoradiographic emul-
sion. This procedure was quite helpful in increasing the ability to
identify individual cells more accurately.

Technique of Microscopic Analysis

At least two sections from each animal were selected. Prior to
starting the analysis, each slide was given a code which obscured
its identity from the reader. The criteria previously established
for cell identification [11] were applied here. A labeled cell nucle-
us was considered one with three or more autoradiographic
grains directly over it.

1. AGE-RELATED TissUE. For this work, only the sections of paired
animals sacrificed at 1, 12, 24, 36, 48, 60, 70, 80, 90, 100, 110, and
120 h after injection of *H-thymidine were selected. A technique
of microscopic examination of metaphyseal tissue of increasing
age similar to that applied in the previous paper [11] was em-
ployed here. A magnification of about 850X (oil immersion)
which allowed easy identification of autoradiographic grains was
used. Bands of tissue 0.2 mm high, with centers at 0.3, 0.7, 1.1,
1.5, 1.9,2.3,2.7, and 3.1 mm from the GCM)J were selected for
data analysis. The exact data collected in each field were num-
bers of: unlabeled osteoblasts, labeled osteoblasts, unlabeled
osteoprogenitor cells, labeled osteoprogenitor cells, unlabeled
osteoclast nuclel, and labeled osteoclast nuclei.

2. CeLL CycLE ANALYsIS. This examination was confined to the
area where most mitotic metaphyseal osteoprogenitor cells were
found, that within 0.5 mm of the GCMJ. All such tissue, from
cortex to cortex, was examined for the numbers of unlabeled
interphase osteoprogenitor cells, labeled interphase osteo-
progenitor cells, unlabeled mitotic osteoprogenitor cells, and la-
beled mitotic osteoprogenitor cells. This work generally required
five or six sections from each animal to give the necessary 100
total mitotic figures.

Data Processing

1. AGE-RELATED TissuE. The average age of the tissue in each
band is calculated by dividing the distance from the GCMJ by the
growth rate. The raw data listed above were stored in a Data
General Eclipse S/130 minicomputer. The following values were
calculated:

a. Fraction of all H-thymidine-labeled metaphyseal nuclei of
one type located in areas of particular age (Fycen typen). FOr €x-
ample, if, at 48 h post-’H-thymidine, there were 100 labeled
osteoprogenitor cell nuclei in the eight bands examined, and 60
were in the 0.3 mm band, this number (F; ;opcas) would be 0.6,
for the 0.3 mm band.
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Fig. 2. Fraction of all *H-thymidine-labeled metaphyseal nuclei
of one type located in areas of particular age. At 1 h after injec-
tion of *H-thymidine, about 60% of all labeled osteoprogenitor
cells are in the first band, 30% are in the second band, and 10%
are in the third band

I hour post-3HTdR

O osteoprogenitors
f3a osteoblasts
I osteoclast nuclei

24 hours pos’t—3HTdR

120 hours post- 3HTdR

b. Median location of labeled nuclei of one type. This is calcu-
lated from the following formula:

d=3.1
z d Fd(cell typen
d=03

For example, if 0.6 of the labeled cells of one type were located
at 0.3 mm and the rest at 0.7 mm, the median location would be
0.46 mm from the GCMJ.

c. Fraction of all nuclei of a particular type in the two young-
est bands labeled with *H-thymidine. For example, if there were
600 osteoprogenitor cells in these two bands, 90 of which were
labeled, this number would be 0.15.
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Fig. 3. Metaphyseal tissue adjacent to GCMJ from rat killed 12 h after injection of *H-thymidine. Irregular outline of GCMIJ (at left)
delimited by last closed cartilage lacunae adjacent to the metaphysis is seen. "H-thymidine-labeled osteoclast nucleus (*H-Cl) is seen.
Other osteoprogenitor cells (P) and osteoclasts (CI) are seen in this area characterized by many blood vessels (v). (350%, hematoxylin
and eosin)

Fig. 4. Metaphyseal tissue of 1.5 mm band from rat killed 5 days after injection of *H-thymidine. Osteoclast with one *H-thymidine-
labeled nucleus (*H-Cl) is present at the bone surface in this relatively aged region of the metaphysis. (550%, hematoxylin and eosin)

d. Fraction of all *H-thymidine-labeled nuclei represented by
the 3H-thymidine-labeled nuclei of one type. For example, if
there were 200 labeled nuclei in the metaphysis, 120 of which
were osteoprogenitor cells, this number would be 0.6 for the
osteoprogenitor cells.

2. CeLL CycLE ANALYsIS. The raw data above collected from each
animal were submitted to computer analysis by an automatic
method [13].! The method compares the submitted data on la-
beled mitoses and interphase cells to values of labeled mitoses
and interphase cells that are predicted for populations with
known values of the following cell cycle parameters:

T,, the cell cycle duration; T, the duration of DNA synthesis
phase; Tg,, the duration of Gl phase; T, the duration of G2
phase; T, the duration of mitosis; GF, the growth fraction, or
fraction of cells which are actually in the mitotic or proliferative
cycle.

Results

1. AGE-RELATED TISSUE
a. Fraction of all 3H-thymidine-labeled metaphy-
seal nuclei of one type located in areas of particular

'The authors gratefully acknowledge the help of Gerald Vattuone
and Dr. Mortimer Mendelsohn of Lawrence Livermore Labora-
tory.

age (Fyecen wpen) (Fig. 2). Only five post-injection pe-
riods (1, 24, 70, 90, and 120 h) are shown in the fig-
ure, but the histograms are demonstrative of the
data from all animals. At all times from 1 h to 5 days
after “H-thymidine injection, the labeled osteo-
progenitor cells and labeled osteoblasts are found
relatively near the GCMJ. In stark contrast to this,
the osteoclast nuclei display a very different pat-
tern. At 1 h post-*H-thymidine, there are no labeled
osteoclast nuclei anywhere in the bands studied. By
1 day post-*H-thymidine, some appear, all of which
are located in the youngest tissue studied (Fig. 3).
By 70 h, the labeled osteoclast nuclei are spread
over the first four bands, about half of them being
found in the 0.7 mm band. By 90 h post-*H-thymi-
dine, the maximum is in the 1.1 mm band, and at
120 h, the maximum remains in that region, but the
fraction in the 0.3 mm band decreases to almost ze-
ro, whereas that in the 1.5 and 1.9 mm bands in-
creases (Fig. 4). The data suggest that the labeled
osteoclast population and the GCMJ grow further
apart as time after *H-thymidine injection increases.

b. Median location of labeled nuclei of one type
(Fig. 5). This was characterized with respect to time
after the injection of *H-thymidine. From the linear
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Fig. 5. Median location of labeled nuclei of each type. Linear
regression analysis values are found in Table 1

regression analysis, it is concluded that the slope of
neither the osteoblast nor the osteoprogenitor cell
line was significantly different from zero, indicating
that their position in the metaphysis relative to the
GCMJ does not change over the 5-day period. In
the same way, it is concluded that the slope of the
osteoclast nucleus line is highly significantly dif-
ferent from zero (P < 0.001), with a value of 0.0063
mm/h or 0.151 mm/day, similar to the growth rate at
this center.

c. Fraction of all nuclei of a particular type in the
two youngest bands labeled with SH-thymidine (Fig.
6). The fraction of osteoprogenitor cells labeled ini-
tially is about 0.15 and does not change significantly
throughout the study. The fraction of osteoblasts
initially labeled was about 0.02; it rises to about 0.15
between 1 and 70 h (P < 0.001), then does not
change significantly over the remainder of the
study. Wide variation in the data may mask the fact

Table 1. Linear regression analyses from Figures 3-5

&— osteoblosts

o—— osteoprogenitors

o--- osteoclast nuclei
*

0154
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Fraction of Cells

0057

T T T T T T T T
i2 K3 60 80 100 120
Time after Injection of H-Thymidine, hrs
Fig. 6. Fraction of all nuclei of a particular type in the two young-
est bands which are labeled with *H-thymidine. Values for linear
regression analyses are listed in Table 1

that the number of labeled nuclei in the youngest
areas of the metaphysis does diminish by 3 days and
longer after injection of *H-thymidine (Fig. 2).

d. Fraction of all 3H-thymidine-labeled nuclei
represented by the 3H-thymidine-labeled nuclei of
one type (Fig. 7). The fraction of labeled cell nuclei
which is osteoprogenitor cells drops from about 0.6
one hour post-*H-thymidine to 0.2 by 5 days post-
*H-thymidine (P < 0.001). Conversely, the fraction
which is osteoblasts rises from 0.4 to 0.6 (P < 0.001)
over the same period. The fraction which is osteo-
clast nuclei is zero at 1 h, then rises from 0.02 at 24
h to 0.2 by 5 days post-*H-thymidine (P < 0.025).

2. CELL CYCLE ANALYSIS
The fraction of labeled mitoses curve which best fits

Cell type Slope Vi R Slope different
from zero (P <)
Figure 3
Osteoprogenitor cells —-0.00024 +0.152 0.38 No
Osteoblasts
1-70 h +0.0018 +0.017 0.91 0.001
60-120 h -0.0002 +0.172 0.17 No
Osteoclast nuclet
24-70 h +0.0029 -0.034 0.97 0.005
60-120 h —0.0008 +0.18 0.45 No
Figure 4
Osteoprogenitor cells -0.0018 +0.597 0.96 0.001
Osteoblasts +0.0011 +0.395 0.91 0.001
Osteoclast nuclei +0.00056 +0.024 0.73 0.025
Figure 5
Osteoprogenitor cells +0.0003 +0.45 0.18 No
Osteoblasts +0.0012 +0.37 0.55 No
Osteoclast nuclei +0.0063 +0.22 0.96 0.001
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Fig. 7. Fraction of all labeled nuclei represented by labeled nuclei
of one type. Values for linear regression analyses are found in
Table 1

the rendered data is shown in Figure 8. The data on
cell cycle phase durations which are derived from
that curve are listed in Table 2.

Discussion

The purpose of this work was to attempt to further
previous work [ 1, 2] by using technical advances of
thinner sections and orderly analysis of metaphy-
seal tissue, to make for more accurate identification
of both cells and regions of tissue. The data are in-
terpreted in light of more recent data which have
contributed to the understanding of bone cell lin-
eage and function.

Among the data of Kember and Young confirmed
in this study are (a) the eventual accumulation of
H-thymidine-labeled osteoblasts and osteoclast nu-
clei in the same fraction as the original osteo-
progenitor cell *H-thymidine-labeled fraction, (b)
the migration of some osteoprogenitor cells along
trabeculae in the direction of bone elongation, and

Table 2. Cell cycle phase durations and growth fraction for osteo-
progenitor cells

Phase Duration (h) Coefficient of
variation

T, 38.9 0.45

T, 6.5 0.2

Te 30.5 0.57

Tee I.1 0.27

T 1.0 0.28

GF 0.9 0.2
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Fraction of labeled Mifoses

60 8 100
Hours post 3H-Thymldme

Fig. 8. Fraction of labeled mitoses curve for osteoprogenitor
cells. This curve was iteratively fitted by the computer program
to FLLM curves with known values for phase durations. The best
fit values are seen in Table 2

{¢) the "H-thymidine-labeling of osteoblasts at 1 h
after injection of *H-thymidine.

The most striking new finding of the current study
is the difference in metaphyseal osteoblast and
osteoclast kinetics. Such a difference was suggested
but not clearly defined in Young’s data. Once *H-
thymidine-labeled nuclei are incorporated into
osteoclasts in young metaphyseal tissue, the labeled
nuclei (hence, the osteoclasts) remain associated
with the same region of trabecular hard tissue, even
as the GCMJ grows away, for at least 5 days. The
osteoclasts and the bone seem to age together. In
addition, the source of *H-thymidine-labeled osteo-
clast nuclei is nearly depleted by 5 days post-*H-
thymidine, whereas that for the osteoblasts per-
sists.

Although individual osteoblasts probably also re-
main with the trabeculae with which they are initial-
ly associated, this phenomenon is masked since la-
beled nuclei are lost from identification as osteo-
blasts as they either become incorporated into bone
as osteocytes or lose histologic features which iden-
tify them as osteoblasts (i.e., Golgi body, basophilic
cytoplasm). The appearance of a few labeled mem-
bers in the osteoprogenitor cell/osteoblast popu-
lations in lower regions of the metaphysis at 5 days
post-*H-thymidine is representative of this second
possibility. In addition, whereas the source of *H-
thymidine-labeled osteoclast nuclei in new meta-
physeal tissue is nearly depleted by 5 days after in-
jection of *H-thymidine, that for the *H-thymidine-
labeled osteoblasts in new metaphyseal tissue per-
sists.

The most likely explanation for these findings is
that, although both osteoblasts and osteoclast nu-
clei are spawned by the light microscopic osteo-
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progenitor cell population, they arise from two ki-
netically different, as well as ultrastructurally dif-
ferent (5), subpopulations in the metaphyseal
osteoprogenitor cell population. In one sub-
population, that for the osteoclasts, all labeled
members, with or without cell division, eventually
are incorporated as nuclei into osteoclasts. In the
other, that for the osteoblasts, *H-thymidine is in-
corporated, the cell divides, then one daughter cell
becomes an osteoblast and the other migrates along
the trabeculum in direction of bone elongation, to
supply new metaphyseal tissue with osteo-
progenitor cells for osteoblasts.

This understanding has great implications for
study of cell cycle times in bone cells. First, the
metaphysis remains the major place where suf-
ficient mitoses are present to make an FLLM study
possible in a steady-state bone cell model. Even at
this, by cell kinetic standards, the study is difficult,
being limited to autoradiography and relatively ar-
duous FLM analysis. Second, no cell cycle time
study of preosteoclasts would ever be possible be-
cause there is no repeated division of labeled cells,
a necessity in FLM studies. Third, the results of this
study (39 = 18 hours) and Young’s (33 = 34 h) take
on dubious meaning because the *H-thymidine-la-
beling of both preosteoclasts and preosteoblasts
was studied, prior to the disappearance of labeled
preosteoclasts. Fourth, the lower variability of the
current study may be happenstance due to technical
improvements of sectioning and autoradiography,
but is surely not due to study of a pure osteo-
progenitor cell population. A study of pure pre-
osteoblasts might finally yield a well-defined T, for
proliferating bone cells. There is reason to hope that
cell cycle analysis of relatively pure populations of
bone cells from the calvaria of fetal rats could yield
meaningful results, when done by the method of
flow microfluorimetry [14].

An interesting difference in the current data and
that of Young is that he first found *H-thymidine-
labeled osteoclast nuclei after 9 h, whereas the cur-
rent study did not detect such cells until 24 h after
injection of *H-thymidine. Young’s data are cor-
rect; he studied the youngest metaphyseal tissue,
that just adjacent to the GCMJ, whereas the young-
est tissue characterized by the current data is some
0.2-0.4 mm from the GCMJ, about 1.8 days of age.
'The site of initial labeling of osteoclast nuclei is
most likely the youngest metaphyseal tissue (Fig.
3). The cells then remain stationary as the GCMJ
grows away, placing them within range of the data
collection procedure of this study by 24 h post-in-
jection,

It is suggested that the GCMJ is the initial site of
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appearance of new osteoclasts or precursors in the
metaphysis. Studies of resorption-defective osteo-
petrotic mice done some years ago support this
idea. When osteopetrotic mice were in either per-
manent or temporary parabiotic union with normal
littermates, the first site where resorption returned
toward normal was just beneath the GCMIJ in the
growing long bones [15, 16]. The inference is that
competent osteoclasts arrived at this site first in the
osteopetrotic animals, just as did the *H-thymidine-
labeled ones in the normal animals of the current
study.

Kember’s data suggest the presence of small
numbers of *H-thymidine-labeled osteoprogenitor
cells at 1 mm and further into the metaphysis 5 to 14
days after injection of *H-thymidine. This trend
emerges again in the current data. The source for
such cells is not clear, but may represent (a) *H-
thymidine-labeled nuclei released from osteoclasts,
(b) released osteocytes previously labeled with *H-
thymidine while osteoprogenitor cells or osteo-
blasts, or (c) cells now identified as osteoprogenitor
cells, which went through an osteoblastic phase,
then entered a resting phase at the bone surface,
never becoming buried in bone as osteocytes. Since
the cells appear in tissue 1.1 to 1.5 mm from the
GCMIJ, 7 to 10 days of growth time has elapsed.
This may be somewhat short for osteoclast nucleus
lifespan, and quite probably very short for the dura-
tion of the osteoprogenitor cell-osteoblast-osteo-
cyte release sequence. The resting osteoblast ex-
planation seems most acceptable.

It has been suggested that osteocyte nuclei re-
leased by osteoclastic bone resorption are a source
of new osteoclast nuclei [17, 18]. However, the data
clearly show that the initial site of appearance of
labeled nuclei in osteoclasts is near the GCMIJ,
which is coincidentally a site of little bone and
hence, few osteocytes. With few osteocytes avail-
able in this region, it is doubtful that they could be a
source for osteoclast nuclei. Although this indirect
reasoning does not rule out the released osteocyte
nucleus as a source for osteoclast nuclei, other
more likely pathways are clearly present in this
model.

Some years ago, it was suggested that monocytes
were the precursors of osteoclast nuclei [19]. More
recently, it has been shown that monocytes them-
selves can bring about bone resorption [20, 21]. The
kinetic behavior of preosteoclasts and osteoclasts in
the growing long bone metaphysis provides addi-
tional evidence that they are related to the mono-
nuclear phagocyte series. For review, the mono-
nuclear phagocyte series is divided into three
groups of cells: the marrow residents, promon-
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ocytes; the bloodstream residents, monocytes; and
the tissue residents, mononuclear phagocytes [22,
23]. The sequence of events in the life of a mono-
nuclear phagocyte is listed. Promonocytes synthe-
size DNA, divide, then within as little as 2 h release
their progeny to the bloodstream as monocytes.
Monocytes, cells on the way from marrow to tissue
with a mean transit time of 32 h, are not DNA-syn-
thesizing cells. Following an injection of *H-thymi-
dine, the monocyte population is initially unlabeled
but is subsequently composed of heavily labeled
members, released from marrow after one post-*H-
thymidine promonocyte division, and lightly la-
beled ones, released from marrow after two or more
post-injection divisions. Following a *H-thymidine
injection, a few labeled mononuclear phagocytes
appear within 1 h. Significant numbers appear at 18-
24 N after injection and then nearly disappear by
about 72-96 h post-*H-thymidine [24]. These kinet-
ics bear some similarity to the sequence of appear-
ance of labeled osteoclast nuclei in the zone nearest
the GCMIJ, where none are present at the start,
some begin to appear by 10 h, a maximum appears
at 60-70 h, and most disappear by 100+ h. It is pos-
sible that *H-thymidine label in preosteoclasts of
this study was caused by either or both (a) incorpo-
ration of *H-thymidine in DNA-synthesizing pre-
osteoclasts, or (b) delivery to tissue from the blood-
stream of monocytes of the heavily labeled type. Ei-
ther source would provide for the incorporation of
labeled nuclei into osteoclasts as seen in this study.
It is most likely true that monocytes provide a con-
tinuous flow of new mononuclear phagocytes to the
tissue of the GCMJ region, but at 50 h (1.5 times the
mean transit time from marrow to tissue) or more
after “H-thymidine injection, the lack of label would
indicate that they are mainly from the lightly labeled
monocyte population. Their labeling is then of such
low intensity that, despite the lengthened periods of
autoradiographic exposure employed for long-term
animals, they are no longer detectable as labeled
cells. This coincides with the description of labeling
seen in the tissue nearest the GCMJ.
*H-thymidine-labeled osteoblasts 1 h after injec-
tion have been seen repeatedly [1, 2, 25-27]. The
explanation for this may now be clearer than it has
been in the past. A group of experiments relying on
mitotic figure counts [28] or grain counts [25] had
reached the conclusion that, in these cells, *H-
thymidine incorporation was associated with the
synthesis of metabolic DN A and not with cell repli-
cation. An elegantly designed experiment, using the
jejunal crypt model of Appleton, superceded the
quantitative problems of grain counts, cell counts,
and mitotic figure counts, and proved beyond a rea-
sonable doubt that every crypt cell taking up *H-
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thymidine divides within 12 h [29]. Although that
work has not been repeated for bone cells, it seems
reasonable to believe that osteoblasts would follow
basic cell proliferation rules. Furthermore, there
are several examples of tissues in which individual
cells both proliferate and make structural or en-
zyme proteins, as would osteoblasts in dividing and
synthesizing new bone matrix simultaneously.
These include antibody-producing cells [30], pig-
mented retinal cells [31], rat heart ventricle cells
[32], cultured chondrocytes [33], parotid gland cells
[34], and erythrocytes [35]. Certainly there are ex-
ceptions to all rules, but this indirect line of reason-
ing is presented in an attempt to characterize osteo-
blasts as a typical functional population with some
proliferative ability, especially in a zone where the
need for both new cells and new bone tissue is
great.

These findings about bone cell behavior during
bone elongation are of interest to hard tissue radio-
biologists and may explain an observed paradox.
Following single injections of bone-seeking radio-
isotopes like ***Pu, osteosarcoma development
shows a predilection for trabecular bone. This is
true for both growing and adult animals. If radiation
decays striking proliferating bone cells is a critical
event in the induction of osteosarcoma, one might
expect this predilection to be accentuated near the
ends of growing long bones in beagles, where prolif-
erative bone cells abound. However, there is no ex-
tra tendency for osteosarcoma development near
the ends of growing long bones in such animals [36],
when compared to young adult animals. This cell
kinetics study provides a possible answer. First,
highly proliferative osteoprogenitor cells are con-
stantly moving into new metaphyseal tissue, which
contains relatively little nuclide when compared to
older bone present at the time of injection. The
cells, although still proliferative, have a smaller
chance to be struck by a radiation decay than if they
had stayed in old tissue. Second, proliferative pre-
osteoclasts divide once and become incorporated
into osteoclasts where they are nonproliferative,
and represent little risk for cancer induction, even
though they remain in old, nuclide-laden tissue.
Third, only osteoblasts of low proliferative poten-
tial remain in old tissue where nuclide concentra-
tion is high, and they are likely to become incorpo-
rated into bone, where their proliferative life also
ends.

It is wise to summarize at this point by tying the
current data to those produced in the past in an at-
tempt to deduce the most likely sequence of events
surrounding cell proliferation in the metaphysis of a
growing long bone (Fig. 9). The principal prolif-
erating bone cells of the metaphysis are osteo-
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Fig. 9. Conceptual representation of bone cell population kinetic
behavior during bone elongation. The growth cartilage-metaphy-
seal junction (GCMJ) is at the top of the figure. A pair of longitu-
dinal calcified cartilage septae with an intervening blood vessel
and perivascular tissue is depicted. The preosteoblast-osteoblast
population at the left of the blood vessel shows a mitotic cell
which will send one cell migrating in the direction of bone elon-
gation and the other to be an osteoblast. The preosteoclast-
osteoclast nucleus population at the right shows a monocyte ar-
riving in the tissue as a mononuclear phagocyte, then trans-
forming to or joining a pre-existing osteoclast, with or without
cell division. In actuality, the populations are not on separate
sides of the blood vessel, but function while intermingled

progenitor cells, located mainly within 1 mm of the
GCMI and between blood vessels and calcified lon-
gitudinal septae of hard tissue (cartilage and bone)
[1, 2]. There are two types of such osteoprogenitor
cells, which are intermingled and indistinguishable
with the light microscope, but which are readily
identified under fairly low power electron micro-
scopic examination (10,000-15,000%) [5]. The first
is preosteoclasts, which are cells similar in appear-
ance to monocytes, which are loaded with mito-
chondria and free ribosomes, as are osteoclasts.
They also have considerable phagocytic ability [6].
The second is preosteoblasts, which are cells with a
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large amount of rough endoplasmic reticulum and a
poorly developed Golgi body. These properties sug-
gest that differential dye staining of relatively thin (1
nm) sections of metaphyseal tissue may allow iden-
tification of the two types without electron micros-
copy in the future.

The preosteoclasts are actually the bone equiva-
lent of the mononuclear phagocyte of other soft tis-
sues which also possess proliferative capabilities
under some conditions in the liver [37, 38], the lung
[39], and the peritoneum [40-42]. They are depos-
ited in the tissue as circulating monocytes, which
enter the metaphysis through blood vessel pores
just adjacent to the GCMJ [43, 44]. The evidence for
blood vessel delivery of preosteoclasts to bone is
supported directly by a number of studies [44-52],
but direct delivery from hematopoietic cells via mi-
gration through bone marrow cannot be excluded.
Although in this position, the preosteoclast may ei-
ther synthesize DNA and divide and have both
daughter cells incorporated into osteoclasts, or join
an osteoclast without proliferation. The osteoclasts
thus formed are stationary in the metaphysis, as the
GCMJ moves away, maintaining an association
with one region of hard tissue. Their fate is uncer-
tain, but it is possible that their lifespan is approxi-
mately equal to that of the trabecula with which
they are initially associated, which is about 3 weeks
(3.5 mm/(0.17 mm/day)) or 20.5 days.

In contrast, preosteoblasts migrate along trabec-
ulae with the velocity of bone elongation. Each divi-
sion gives one daughter to become an osteoblast
and one to migrate and maintain the preosteoblast
population in tissue added to the metaphysis by the
degeneration of transverse septae to cause opening
of cartilage lacunae. Osteoblasts themselves have
both proliferative and matrix synthesis functions in
this area of high cell recruitment and new matrix
synthesis. Although many osteoblasts are encased
in bone subsequent to their period of osteoid syn-
thesis [ 1, 53], it seems possible that a few remain at
the bone surface and resume the appearance of
osteoprogenitor cells at longer times after their ini-
tial labeling.
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