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It is now generally accepted that the end
result of the action of the classical hormone
of the parathyroids is to aid in the mainte-
nance of constant ionic calcium levels of ex-
tracellular fluids. This condition is achieved
primarily through the action of the hormone
on both bone and kidney. A morphological
indication of increased hormonal activity,
particularly in the metaphyseal region of
bone, is an increase in numbers of vsteoclasts.
This relationship between parathyroid func-
tion and osteoclast proliferation has been rec-
ognized for many years(1-3). Also, in earlier
reports, the increase in number of these cells
has been studied under standardized condi-
tions, so that the osteoclast numbers in the
metaphysis of the femur of the rat could be
used as an index of endogenous parathyroid
activity (4,15). However, the role of the
osteoclast is still not completely understood,
although there is evidence to support the sug-
gestion that it is capable of actively reabsorb-
ing bone(5-7). Whether the cell initiates the
reabsorption or phagocytizes the remnants
after bone resorption has been induced by
other agents, has still not been clarified. This
phagocytic action of the osteoclast has been
utilized by Arnold and Jee to study incorpo-
ration of plutonium into these cells(8).

The purpose of the study reported here
was to attempt to destroy osteoclast function
through the radiation emitted by plutonium
incorporated by phagocytosis. Under such
conditions it was hoped to determine whether
parathyroid hormone acted through osteo-
clasts in its control of calcium homeostasis.

* Supported in part by U. S. Atomic Energy Com-
mission.

In previous studies(10,11) it had been shown
that the technique of peritoneal lavage in the
rat stimulated endogenous parathyroid activ-
ity which caused a constant but elevated cal-
cium and hydroxyproline transfer from bone
to extracellular fluid and a proliferation in
osteoclasts. Therefore, at specific times after
administration of the plutonium, the lavage
technique was employed to increase endoge-
nous hormone production so that the effect of
plutonium on osteoclast numbers and on bone
breakdown could be studied.

Materials and methods. All experiments
were conducted at the Argonne National
Laboratories. The plutonium was furnished
in the form of Pu(NO;3)s in 1% sodium
citrate at pH 6.5. Experimental animals were
male Sprague-Dawley rats, 180-200 g, main-
tained on a calcium-free diet for 3 days prior
to use. Ome microcurie of plutonium was in-
jected intraperitoneally at one of the follow-
ing times: (1) 5 days before peritoneal la-
vage, (2) 24 hours before experimental use,
and (3) injections of one microcurie each, at
48 hours and 24 hours before use.

The experimental procedure consisted of
8 or 12 hours of continuous peritoneal lavage,
using a calcium-free, phosphate-free buffered
rinse. This method has been explained in
detail (12). Calcium in the sera and in the
hourly lavage samples was analyzed using a
flame photometric method(13). The analysis
for free hydroxyproline in the sera and lavage
washes has been previously described(14).

Histology. Immediately after the lavage
procedure, the rats were sacrificed and both
femora and in some cases, mandibles, verte-
brae and liver tissues were removed and fixed
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in a modified Bouin’s solution. The femora
were decalcified in 5% formic acid or in 18%
EDTA at pH 7.0 for 3 days. All tissues were
embedded in paraffin and 5 p thick sections
were prepared. Radioautographs were made
by staining the sections with periodic acid
and Schiff’s reagent and then coating the
slides with NTB2 Kodak emulsion. After de-
velopment of the autographs, the tissue was
counterstained with hematoxylin.

Sections of bone tissue adjacent to that
used for autographs were stained, and osteo-
clasts were quantified according to the meth-
od of Toft and Talmage(15).

It was also possible to prepare radioauto-
graphs of tritium labelled compounds incor-
porated in the same tissue containing plu-
tonium because it was found that EDTA
decalcification removed all plutonium. These
autographs were made from sections of femur
after administration of 50 microcuries of
H3-proline to the plutonium treated rats.

Results. Distribution of plutonium. In the
metaphysis, the only significant cellular con-
centration of plutonium was within the osteo-
clast (Fig. 1). In the 5-day injected group
nearly every wosteoclast contained alpha
tracks. In the 24-hour and double injected
groups approximately 50% of the osteoclasts
contained plutonium. All groups also showed
diffuse distribution of alpha tracks within the
new osteoid of the trabeculae, whereas, the
cartilage contained very little plutonium.
While a few of the marrow cells contained
radioactivity, none of the large megakaryo-
cytes showed plutonium incorporation. Be-
cause of the close proximity of osteoblasts to
the newly formed matrix which contained the
plutonium, it was not possible to determine
whether these cells actually incorporated the
label, as the alpha tracks covering osteoblasts
could have originated from the adjoining
matrix.

In the diaphysis, the distribution of alpha
tracks was relatively diffuse in all exposed
mineralized surfaces (Fig. 2). No osteocytes
appeared to concentrate the plutonium; espe-
cially when compared to the concentration
found in the osteoclasts.

Effect on caicium and free hydroxyproline
transfer. From the data in Table I, it is ob-

FIG. 1. Osteoclast from femur of a rat killed
24 hr after having received one microcurie of plu-
tonium-239.

FIG. 2. General distribution of plutonium-239
in compact bone of diaphysis. The isotope is not
concentrated within osteocytes.

vious that under the conditions of these ex-
periments, the administration of plutonium
produced no significant effect on calcium or
free hydroxyproline levels of the wash re-
moved during peritoneal lavage.

Effect on osteoclast proliferation. The peri-
toneal lavage technique, using a calcium-free
wash, as is routinely employed in our labora-
tories, produces a marked increase of osteo-
clast numbers in the metaphysis of the rat
femur. As illustrated in Table II, the in-
crease averages approximately 75% from a
figure of 33 cells/2.6 sq mm to approximately
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TABLE I. Effect of Plutonium-239 on Caleium and Free Hydroxyproline Levels.

No. of Mg % lavage Mg % serum uM/ml lavage fluid
Group animals calcium caleium hydroxyproline

(A) Lavaged

(1) 5day* 5 58 +.1 .025 == .001

(2) 24 hr* 12 55 +.1 9.3 +.2 .022 +.001

(3) Double injected 5 55 + .1

(4) Non-injected 15 57+ .1 9.6 +.3 .023 +.001
(B) Non-lavaged

(1) Non-injected 5 9.6 +.3

* Amount of time plutonium-239 was in animal.

57 cells after 8 hours of lavage. In the ex-
perimental animals, this average increase was
also noted when the plutonium was adminis-
tered 5 days before subjection to peritoneal
lavage, and at this time most osteoclasts
showed plutonium incorporation (Table II).

When plutonium was administered only 24
hours prior to the lavage, the lavage pro-
cedure failed to produce the expected stimu-
lation in osteoclast numbers, although the
radioisotope did not lower the normal popu-
lation in the non-lavaged rat. In the third
situation, plutonium was administered both
at 48 hours and 24 hours before lavage, and
this resulted in an even greater inhibition
of osteoclastic proliferation (Table IT). How-
ever, there appeared also to be a decrease
in the osteoclast population of the non-la-
vaged, doubly injected rat.

Effect on incorporation of certain tritiated
compounds. In the latter experiments, either

TABLE II. Effect of Plutonium-239 on Osteo-
clast Number within the Femoral Metaphysis.

Avg
osteoclasts/
No. of field
Group animals (2.6 mm?)
(A) Lavaged
I. 8 hr lavage
(a) 5day* 5 57.4 +- 3.1
(b) 24 hr* 12 41.9 + 1.6
(e¢) Non-injected 14 541 + 2.6
II. 12 hr lavage
(a) Double injected 5 354+19
(B) Non-lavaged
(a) 5day* 5 359+ .6
(b) 24 hr* 7 35.4 + 2.3
(e) Non-injected 11 33.0+ 1.5
(d) Doubleinjected 12 27.7 + 1.0%

* Amount of time plutonium was in animal.

t Significantly lower than 5 day injected or non-
injected (P <.001).

! Significantly lower than double injected, 12 hr
lavage group (P <.005).

H3-thymidine or H3-proline was administered
to rats previously given plutonium. The
thymidine was injected one hour prior to
sacrifice at which time it is known to be
incorporated only into the mesenchyme cell
(undifferentiated cell) population of bone
(19). The results of the thymidine adminis-
tration are summarized in Table III. About
20% of the mesenchymal cells incorporated
the H3-thymidine label in the non-irradiated
rats. This agrees with data reported by
others(19,20).  Plutonium administration
(double injected) significantly reduced this
incorporation to 12%.

A preliminary experiment using only 6 ani-
mals is also included, in which H3-proline was
used to give some indication of possible effects
of the plutonium on osteoblast function. No
effect on proline uptake was apparent (Table
IIT).

Discussion. In discussing the results re-
ported above, emphasis will be placed on the
problem of plutonium incorporation in bone,
and how this influenced the formation of
osteoclasts. This will befollowed by a dis-
cussion regarding the question of parathyroid
control of bone remodelling and/or mainte-
nance of extracellular calcium levels.

The physiological effects of plutonium as
a heavy metal are unknown. Its immediate
incorporation into bone is considered to be
related to the inorganic components to which
it is bound(9). Once incorporated, it is not
readily removed and eventually will cause
severe radiation bone damage(16). In this
study, however, the longest burden time was
5 days and no morphological bone damage
could be demonstrated. The data presented
here demonstrate that despite this lack of
gross morphological change, the presence of
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TABLE III. Effect of Plutonium-239 on Thymidine-H? and Proline-H® Uptake.

No. of % labelled % labelled
Group animals osteoblasts mesenchyme cells

(A) Thymidine

(1) Pu*® double injected 3 12.0 =+ .5*

(2) No Pu= 3 19.2 + .6
(B) Proline

(1) Pu*® double injected 2 96.0 = 1.0

(2) No Pu>* 4 94.2 + 1.2

Notes: Animals sacrificed 30 min after tritiated proline injections; one hour after tritiated

thymidine injection.

* Significantly lower than no Pu*® injected group (P <.001).

the heavy metal within 24 hours interfered
with mitotic activity of the mesenchyme pop-
ulation and with the formation of osteoclasts.
Five days later these effects are no longer seen,
indicating a change in the distribution of plu-
tonium during the intervening time. This
transient and localized effect on mitotic ac-
tivity and osteoclast formation is considered
to support our recent postulate(22) which
suggested that under increased parathyroid
hormone activity, additional osteoclasts are
derived directly from the undifferentiated
mesenchyme population. The decreased thy-
midine uptake by these cells in the 24 hour
plutonium treated rat and their subsequent
failure to form additional osteoclasts under
parathyroid stimulation suggest a basic inter-
ference by the isotope in the process of differ-
entiation of these mesenchyme cells(17,18).
However, whether the function of the mature
differentiated bone cell is unchanged after
short term alpha irradiation has yet to be
determined. Our data, while limited, indi-
cate that the osteoblast continues to take
up tritiated proline, and that the process of
collagen formation is normal. Since osteo-
clastic activity in the metaphysis is con-
cerned with remodelling and breakdown of
both old and newly formed bone, it is not
surprising that by 5 days, most, if not all,
of these cells contain plutonium, confirming
the earlier observation of Arnold and Jee(8).
The ability of osteoclasts to concentrate the
plutonium suggests that the existing members
of this population continue to function with-
in this time period.

Our final point centers around the data
showing that this type of experiment, though
affecting osteoclast formation, does not pre-

vent the expected parathyroid effect on cal-
cium and hydroxyproline removal by peri-
toneal lavage. The ability of bone to respond
to parathyroid stimulus and maintain the
expected rate of calcium removal despite the
plutonium effect on metaphyseal osteoclasts
confirms similar findings produced by other
agents, such as paraaminosalicylic acid, or
after long term thyroidectomy(21,22). It ap-
pears, therefore, that the size of the viable
population of osteoclasts in the metaphysis
has little, if any, bearing on parathyroid con-
trol of calcium homeostasis. While these
studies give no evidence of extensive damage
to osteoclast function by 5 days, Arnold and
Jee(8) reported that by 9 days after plu-
tonium administration, most osteoclasts ap-
peared to be damaged. As the result of ex-
tended plutonium treatment, these authors
suggested that the bone remodelling process
had been destroyed. Because of the heavy in-
corporation of plutonium into osteoclasts by
5 days, and subsequent damage to cells by
9 days(8), the function of metaphyseal osteo-
clasts in calcium homeostasis is open to
question.

In conclusion, therefore, these and sup-
porting data suggest that while the classical
hormone of the parathyroids normally stimu-
lates the formation of osteoclasts in those
areas of bone where active remodelling oc-
curs, this stimulation for osteoclastic prolife-
ration is distinct and separate from the ac-
tivity of this hormone in the maintenance
of calcium homeostasis. These data do not
permit us to suggest the area and cell types
in bone responsible for rapid calcium mobili-
zation, except to point out that they are not
cells readily susceptible to damage by plu-
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tonium. Nor can the effect be through osteo-
blasts, which are readily damaged by other
agents without concomitant effects on cal-
cium removal(22).

Summary. A study of the distribution of
plutonium-239 in bone, and its effects on bone
cells has been presented and correlated with
endogenous parathyroid activity. There was
no measurable effect on the function of exist-
ing osteoblasts or osteoclasts during this short
term (5 day) experiment. Also, incorpora-
tion of plutonium into osteoclasts did not
disrupt the ability of parathyroid hormone
to maintain normal calcium levels. However,
it could be demonstrated that plutonium, for
the first 48 hours after administration, af-
fected certain of the undifferentiated bone
cells, which in turn prevented the increased
osteoclast production normally seen following
endogenous parathyroid stimulation.

The plutonium-239 used in this study was pre-
pared through the courtesy of Dr. Arthur Linden-
baum of Argonne National Laboratories.
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The incubation and organ culture of bone
fragments have been used by several work-
ers to examine the behavior of bone (in
vitro) under the influence of parathyroid
extract or exogenous parathyroid hormone
(1-6). However, little work has been done

* Aided in part by A[E.C. and NI.D.R.

to assess possible endogenous parathyroid
effects in such systems(5).

Recent studies from our laboratory have
dealt primarily with the effects of endogenous
parathyroid hormone on bone metabolism in
2iv0(8). Some studies on incubated bone
tissue have also been reported(7,9,10). The
purpose of the studies presented here was



