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Direct stimulation of bone resorption by para-
thyroid tissue extracts has been demonstrated in
transplantation experiments (2, 3) and in tissue
culture (4, 5). Since bone from rats previously
given parathyroid extract could maintain a higher
calcium concentration in the medium than controls
when incubated in vitro (6), it seemed likely that
direct stimulation of bone resorption in culture
would also result in a movement of calcium from
bone to medium. The present studies employ a
technique for measuring such resorption in terms
of the release of radioactive calcium previously
incorporated in embryonic bone. This technique
has provided a sensitive bioassay for parathyroid
hormone preparations (1). However, many
other factors can affect bone resorption in organ
cultures. In the present experiments the effects
of varying culture conditions, particularly pH,
calcium and phosphate concentrations, and oxy-
gen tension, were studied. Sera from patients
with abnormalities of parathyroid function were
added to the culture medium to determine whether
these had any direct effects or might alter the
response to added parathyroid hormone. The
effects of vitamin A, cortisol, triiodothyronine,
and vitamin D were also studied alone and in
combination with parathyroid hormone, since
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these agents have previously been shown to af-
fect bone in vivo (7-14), by local application (15,
16), or in tissue culture (5, 17-21).

Methods 1

Preparation of tissue. Dating of pregnancy was as-
sured by mating large numbers of Rochester Wistar
rats for only 16 hours. Seventeen days later pregnant
animals were injected with 300 to 500 ,uc of Ca'5 as CaCla
solution subcutaneously. On the nineteenth day, the in-
jected rats were sacrificed, the embryos removed, and
the forelimbs separated and kept in Eagle's medium (22)
in a 150-mm Petri dish at 5 to 10° C until dissection.
With a binocular dissecting microscope, the radius and
ulna were dissected free of muscle and the cartilaginous
ends cut off. The bone shaft was washed three times
with Eagle's medium before transfer to a culture ves-
sel. The bone explant consisted of a thin tube of cal-
cified bone matrix surrounding a core of calcified cartilage
with discs of mature cartilage cells at each end (Figure
1). There was often beginning marrow cavity forma-
tion in 19-day embryos, but little hematopoietic tissue
remained after washing.

Culture technique. Small embryo watch glasses were
used, eight of which fitted into a 150-mm glass Petri
dish. The bones were placed on squares of Millipore
filter resting on a metal screen so cut that 0.5 ml of
medium filled the culture vessel to the surface of the
screen. The medium was a mixture of 50% serum and
50% modified Eagle's medium. The final calcium con-
centration in this medium was 7 to 9 mg per 100 ml.
When human serum was used, the final phosphate con-
centration was 3 to 4 mg per 100 ml; when rat serum
was used, the final phosphate concentration was 5 to 8 mg
per 100 ml.

The culture vessels were filled with medium and
test substances and equilibrated with 5% C02, 20% 02,
and 75%o N2 at 370 C in a plastic chamber before the
bones were explanted. The gas was bubbled through
demineralized distilled water at the bottom of the
chamber. The bottom of each Petri dish was lined
with filter paper moistened with Eagle's medium con-
taining phenol red. The change in color of this medium
provided evidence that the cultures had equilibrated with
CO2. After explantation the cultures were maintained

1 A more detailed description of methods and ma-
terials is available on request.
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TABLE I

Effect of parathyroid extract (PTE) and purified parathyroid hormone (PTH)
on bone resorption in organ culture*

Treated/Control ratio

No. Ca45 release Medium Ca concentration
experi-

Material Dose ments Mean ± SE Range Mean 4 SE Range

U/mi
PTE 1.0 16 2.34 ± 0.16 1.30-3.80 1.12 i 0.02 1.01-1.22

0.3 2 2.57 ± 0.07 2.50-2.64 1.11 I 0.02 1.09-1.13

0.1 16 1.67 i 0.06 1.28-2.10 1.05 ± 0.01 0.92-1.16

0.01 5 1.10 ± 0.04 1.02-1.22 0.97 41 0.03 0.87-1.04

PTH 0.3 6 2.76 i 0.05 2.54-2.97 1.14 i 0.01 1.08-1.17

0.1 6 2.09 4 0.21 1.50-2.65 1.07 i 0.03 0.99-1.18

* Mean :i1 standard error and range of values are given for all multiple-dose experiments in medium containing
normal human serum. In each experiment four to six pairs of bones were used at each dose level. Treated/control ratios
underlined once are significantly greater than 1.0 at p < 0.05; underlined twice, at p < 0.01.

under continuous gas flow in the closed chamber for 72
hours.

Analytic methods. At the end of cultivation the fluid
was removed, and stable and radioactive calcium con-

centration in the medium of each culture was measured.
Phosphate concentration (23) was measured in pools
of four samples from each treatment and control group.

pH was measured in pools of four samples after they had
been re-equilibrated with 5% CO2 at 370 C. The bones
were either fixed in Zenker's solution for histologic
study or put in 0.5 ml of 1 N HCl to dissolve the bone
mineral and measure its radioactivity. Stable calcium
concentration was measured by Edathamil (EDTA)
titration (24). Radioactive calcium was measured in an

automatic liquid scintillation counter (25). Counting
efficiency was 50 to 60% and did not vary by more than
5%o in a given experiment for both samples of culture
medium and HCl solution of bone.

Materials. 1) Parathyroid extract2 (PTE, 100 U per

ml) was added to the medium directly or after dilution
in a solution containing 1.6% glycerol, 0.2% phenol,
and 0.9%o NaCl. The diluent solution alone was added
to the medium cultivating control bones. 2) Parathyroid
hormone (PTH). A single sample of purified para-

thyroid hormone 3 with an estimated potency of 2,500
U per mg was diluted to 40 g per ml or 100 U per ml
in distilled water and added directly. Samples of par-

tially purified hormone from phenol extracts of bovine
parathyroids (26) were also examined in bioassay ex-

periments. 3) Vitamin A. Vitamin A alcohol was dis-
solved in ethyl alcohol and diluted 1:100 in culture me-

dium. Ethyl alcohol alone was added to control cultures.
4) Cortisol. Hydrocortisone sodium succinate 4 was

2 Eli Lilly, Indianapolis, Ind.
3 Kindly provided by Dr. G. Aurbach.
4 Solu-Cortef, Upjohn, Kalamazoo, Mich.

3LE II

Percentage of total Ca45 initially in embryonic bone that was released into medium after 72
hours incubation under various conditions

No. of Ca45 released*
Experi- bone Treated/
ment Treatment pairs Treated Control Control

9 Heat killed
(1 hr at 48 C) 6 29 ± lt 0.50

PTE, 0.1 U/ml 2 86 ± 4 52 + 8 1.65
PTE, 0.5 U/ml 2 94 4± 2t 63 + 1 1.49

14 PTE, 0.01 U/ml 3 47 + 12 36 + 4 1.31
PTE, 0.1 U/ml 5 51 :1 4t 32 i 1 1.59
PTE, 1.0 U/ml 5 94 + 3t 34 + 4 2.76

* Values are mean + standard error in this and all subsequent Tables.
t Significantly different from nonpaired controls from the same litter (p < 0.01).
t Significantly different from paired control bones cultivated in normal human serum (p < 0.01).

104



BONERESORPTIONIN TISSUE CULTURE

dissolved in water and diluted 1:100 in culture medium.
No control vehicle was used. 5) Trijodothyronine was
dissolved in 0.1 M NaHCOsand diluted 1: 100 or 1: 200
in culture medium. 0.1 M NaHCO3alone was used as
a control solution. 6) Thyroid cultivation fluid. Pieces
of rat thyroid were cultured by the technique previously
described for rat parathyroids (27) in media of high or
low calcium concentration. The media were then re-
constituted by the addition of equal volumes of fresh

b. s#;0
<.- '1 mow}>x-ofhhhhIE3*4'

medium, and the final medium calcium concentration was
adjusted to between 7 and 8 mg per 100 ml. The effect
of reconstituted medium was compared with the effect
of fresh medium alone on paired bones. 7) Vitamin D.
Vitamin D3 was added either dissolved in ethyl alcohol
as for vitamin A, or as Vi-De3-Hydrosol,5 a water solu-
ble preparation. No control solution was available for
Vi-De3-Hydrosol. 8) Serum. The standard culture

5 Obtained from Dr. A. Wander, Berne, Switzerland.
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FIG. 1. EFFECTS OF PARATHYROIDEXTRACT (PTE) ANDVITAMIN A WITH ANDWITHOUTCORTISOL, AND SERUMFROM

VITAMIN D-DEFICIENT RATS ON BONE RESORPTION. A to D are cultured in media made with normal human serum.

Upper bone is treated. lower is paired control. Magnification X 70, hematoxylin and eosin stain. A) Experiment
50: radius, 1.0 U per ml PTE vs. control. B) Experiment 50: radius, 1.0 U per ml PTE plus 200 Ag per ml cor-

tisol vs. control. C) Experiment 62: radius, 3 Ag per ml vitamin A vs. control. D) Experiment 62: radius, 3 jzg
per ml vitamin A and 200 A.tg per ml cortisol vs. control. E) Experiment 38: radius, 1.0 U per ml PTE vs. control
in medium made with serum from vitamin D-deficient rats given 60,000 U vitamin D (Vi-Des-Hydrosol) intrave-
nously 24 hours before bleeding. The response is similar to that obtained in normal rat serum. F) Experiment 38:
radius, 1.0 U per ml PTE vs. control in medium made with serum from vitamin D-deficient rats.
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FIG. 2. DOSE RESPONSEDATA FOR THREE PARATHYROID

PREPARATIONS IN EXPERIMENT 82. The dose scale is
logarithmic and is based on the original estimate of po-

tency of each test material. Vertical lines show the
standard error. The reference standard was commercial
parathyroid extract (PTE) assayed by the manufacturer
at 100 U per ml. The response to purified parathyroid
hormone (PTH), originally estimated to have a po-

tency of 2,500 U per mg, was analyzed by a three-dose
factorial assay (29) against PTE. The potency esti-
mated by this assay was 2,950 U per mg with 95% con-

fidence limits of 1,825 to 6,400 U per mg. A sample of
trichloroacetic acid precipitate (TCA-P) from a par-

tially purified phenol extract of bovine parathyroid glands
originally estimated to have a potency of 100 U per mg

was similarly analyzed. The potency by this analysis
was 110 U per mg with 95% confidence limits of 57 to
260 U per mg.

medium was made with 50% normal human serum. The
direct effects and the response to PTE or PTH were

also tested in media made with serum from patients
with parathyroid disorders or with hypercalcemia due to
cancer, serum from normal and parathyroidectomized
rats, and serum from rats maintained on vitamin D-de-
ficient diets (14, 28) or given various doses of vitamin D.

Design and calculations. In each experiment 32 to 72
bones were cultivated from one or two large litters of
eight or more embryos each. Four or more pairs of
bones were used for each treatment, one being treated
and the other serving as the control. Each treatment
was applied in at least two separate experiments. The
ulna contained and released more Ca' than the radius
in some experiments, but this difference was sufficiently
small so that by alternating treatments, responses in
four bones from the same embryo could be compared.
The results are expressed as 1) Ca' release in cpm of
Ca' per 0.1 ml of medium, 2) medium Ca concentration
in mg per 100 ml, 3) treated/control ratio of Ca'5 re-

lease or medium Ca concentration in paired treated and
control cultures, and 4) percentage of Ca'5 release cal-
culated from Ca"5 released and Ca" remaining in bone

where the latter was measured. Statistical significance
was estimated with Student's t test. For PTE and PTH
responses the significance of treated/control ratios greater
than 1.0 was based on a one-tailed distribution; other-
wise a two-tailed test was used. Dose-response experi-
ments were analyzed, with a factorial design for 2 X 3
and 2 X 2 assays (29).

Results

Effect of parathyroid extract and parathyroid
hormone. The addition of PTE or PTH con-
sistently stimulated bone resorption as indicated
by the greater release of Ca45 from the bone to the
medium in treated cultures (Table I). Resorp-
tion was maximal with doses of 0.3 to 1.0 U per
ml. These bones showed disappearance of osteo-
blasts, complete resorption of the matrix, and
proliferation of fibrous tissue and osteoclasts, with
a disc of hypertrophied cartilage cells remaining
at either end of the explant (Figure 1A). More
than 90%7 of the Ca45 originally incorporated was
released to the medium by the end of cultivation
(Table II). Some resorption also occurred in
control bones. Ca45 release from living control
bones was greater than for bones in which the
cells had been killed by heating to 45 to 50° C.
This release was associated with the appearance
of scattered osteoclasts, although there was little
fibroblastic proliferation, and osteoblasts were still
present in the bony shaft. Variability in control
resorption accounted for much of the variability
in the treated/control ratios for Ca45 release in
response to large doses of PTE or PTH (Table
II; see also Table V).

Doses of 0.1 U per ml of PTE or PTH usually
caused partial resorption. Responses to purified
PTH were not significantly different from the
responses to equivalent doses of PTE. Minimal
effects were obtained with doses of 0.033 to 0.01
U per ml. The use of the treated/control ratio of
Ca45 release to assay the relative potency of dif-
ferent parathyroid preparations is illustrated in
Figure 2.

Medium Ca concentration was significantly in-
creased with 0.1 U per ml or more of PTE and
PTH. The effect was small compared with Ca45
release, since the medium initially contained about
40 pug of Ca and the bones contained less than 10
jig of Ca, some of which was released in control
cultures. Phosphate concentrations in the medium
also increased, and the molar ratio of Ca/P re-
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leased in response to PTE was 1.4 to 1.8, which
is similar to the ratio in bone mineral.

Bone size was a critical factor in parathyroid
response. The data of these experiments are for
bone shafts whose length was 0.9 to 1.3 mm.
Smaller bones showed the histologic effects of
parathyroid hormone, but contained too little cal-
cium for accurate assay. With the larger bone
shafts of older embryos or of 19-day embryos from
small litters, ranging from 1.4 to 1.9 mmin length,
addition of 1.0 U per ml of PTE usually caused
only 10 to 20% more Ca45 release than for paired
controls. PTE and PTH regularly increased the
medium Ca concentration and produced typical
histologic changes, but there was no extensive re-
sorption of the matrix.

Effect of changing calcium and phosphate con-
centrations in the medium. When medium phos-
phate concentration was increased to 12 mg per
100 ml or 4 mM, there was a proportional de-
crease in Ca45 release from both control and
treated bones (Table III), such that treated/con-
trol ratios were the same as for cultures in normal
media. In experiment 84 the ratio of Ca45 re-
lease in normal medium to Ca45 release in high
phosphate medium for bones from the same em-
bryo was 1.80 +.24 for control cultures, 1.70 ±
.21 when 0.3 U per ml PTH was added, and
1.53 +.16 when 0.1 U per ml PTH was added.
These ratios are significantly greater than 1.0
(p < 0.05) but not significantly different from
each other. Histologically, both control and
PTH-treated bones cultivated in high phosphate
medium were less cellular and had fewer osteo-
clasts. When calcium concentration in the me-
dium was varied over a range of 5 to 12 mg per

TABLE IV

Effect of serum from hypercalcemic patients with hyperpara-
thyroidism (H) or bronchogenic cancer (C) compared with

normal human serum (N) or serum obtained after suc-
cessful parathyroidectomy (P)*

Patient's Type of
serum serum No. of

Ca con- Treated/ bone Ca45 release
Patient centration Control pairs Treated/Control

mg/100 ml
Uh 15.6 H/N 4 0.65 + 0.05t
Uh 15.6/9.4 H/P 7 1.00 ± 0.08
Mc 18.9 H/N 4 0.53 4 O.lOt
Do 15.5 C/N 3 0.76 :1: 0.03t

* Medium Ca adjusted to 7 to 9 mg per 100 ml.
t Significantly less than 1.0 at p < 0.01.

100 ml, the final medium Ca concentration re-
flected the initial value, but Ca45 release and his-
tologic changes in response to PTH were similar
to those observed in normal media (Table III).
WhenEDTAwas added in sufficient concentration
(2 mM) to chelate all the calcium initially present
in the medium, release of calcium was increased
in the control bones, but there was no response to
PTH. These bones showed extensive cell ne-
crosis.

Effects of changing pH. PTE could stimulate
Ca release and cause typical histologic changes
over a range of pH in the medium of 6.78 to 7.45.
The pH of medium from treated and control cul-
tures was the same within 0.05 pH U in six of
seven experiments. Medium Ca concentration
was usually higher for both control and treated
cultures in media of low pH. When the pH of
the medium was increased to 7.6 by the addition
of bicarbonate (Table III), the effect of PTE on
Ca45 release was inhibited, and Ca45 release and
medium Ca concentrations of control cultures were
decreased. Histologically, the PTE-treated cul-
tures showed only slight fibroblastic proliferation
and few osteoclasts.

Effects of hyperoxia. The response to para-
thyroid hormone was inhibited when bones were
cultivated in an atmosphere of 95%o oxygen, 5%o
CO2 (Table III). Control bones showed similar
values for Ca45 release and medium Ca concen-
tration whether cultured in 95% or 207o% oxygen.
Histologically, these bones showed a response
similar to that seen in alkalosis.

Effects of different sera. Ten samples of serum
from patients with hypercalcemia due to para-
thyroid adenoma or cancer and four samples of
hypocalcemic serum from patients with hypo-
parathyroidism were compared with normal hu-
man serum in paired bone cultures. In six in-
stances the pre- and postoperative sera from the
same patients were available for comparison. Se-
rum from patients with hypercalcemia did not
increase bone resorption, nor did sera from pa-
tients with hypocalcemia decrease bone resorption
in tissue culture. There were no significant dif-
ferences when pre- and postoperative sera from
the same patients were compared directly. In
three instances, bones cultured in serum from pa-
tients with marked hypercalcemia actually inhibited
Ca45 release when compared with bones cultured
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in normal human sera, but there was no differ-
ence in the effect of pre- and postoperative serum
from one of these patients (Table IV). o .f°

There was no difference in resorption between E 8
paired bones cultured in media made with serum a '
from normal or parathyroidectomized rats, and " "
the response to parathyroid extract was similar
in both sera. The treated/control ratio for Ca45
release in response to 1.0 U per ml of PTE was O
1.8 +.08 in six experiments in which the medium U c
was made with normal rat serum. Although this H i 4)

ratio is not significantly different from that in X
normal human serum, the degree of resorption
seen histologically in response to PTE was usu-
ally less in rat serum (Figure 1E). Some sam-
ples of human serum appeared to stimulate Ca45 0 + -

release in both PTE-treated and control bones b . c O.
(Table V; see also experiment 9, Table II). Re-
sults with serum from vitamin D-deficient rats
are presented below. , ;E :

-H + -HInteractions of parathyroid extract, vntamin A, v
and hydrocortisone (Table VI). Vitamin A (3 $0
to 10 lcg per ml) stimulated the release of Ca45
from embryonic bone and increased medium Ca
concentration, but these effects were not so great a 00

7

as those obtained with 1.0 U per ml of PTE. vl
Histologically, vitamin A-treated bones differed 0 :

from those treated with parathyroid extract. 0s
There was less proliferation of fibroblasts and v

osteoclasts despite considerable loss of matrix co

(Figure 1C). When a submaximal dose of PTE Wd

(0.1 U per ml) was added to vitamin A-treated
cultures, more extensive resorption resulted, leav- v
ing only a small remnant of fibroblasts and ->aC6
osteoclasts. U

The large dose of cortisol employed in these t .|||
studies had no effect on Ca45 release from bone' -H -H -H *|C
or on medium Ca concentration. Histologically, 4) > . .
there were less connective tissue growth and more a Zr3
pyknosis of cartilage cells in these cultures. Addi- OT 44A)
tion of cortisol completely inhibited the effects -a

4)~ ~ ~ ~ >

of vitamin A, and the appearance of the bone after 6 d E
combined treatment was like that of treatment EE

o0
with cortisol alone (Figure iD). Cortisol dimin- Z -

.

ished the response to 1 U per ml of PTE to some e E .Y;< < W

extent; however, the treated bones still showed Z@ = X X Or.
stimulation of Ca45 release and the typical histo- S 8

4044
logic response to PTE (Figure 1B). W tX co

Effects of triiodothyronine and thyroid culti- *
vation fluid. The addition of 0.5 to 1.0 jug per
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ml of triiodothyronine did not stimulate bone re-
sorption directly, alter the response to 0.1 U per
ml of PTE, or cause any consistent histologic
change. The fluid that had previously been used
to cultivate thyroid glands also had no effect on
bone resorption whether the original culture had
been in medium of high or low Ca concentration.

Effect of vitamin D and serum from vitamin
D-deficient animals (Table VII). Large doses
of vitamin D in aqueous or alcoholic solution did
not stimulate bone resorption. Histologically,
there were some pyknosis of nuclei and death of
cells with the larger doses of vitamin D em-
ployed. When both vitamin D and PTE were
added together, the typical parathyroid response
was obtained, apparently unaltered by the presence
of vitamin D. Since the direct addition of vitamin
D might not have provided a physiologically ac-
tive material, the effects of serum from vitamin
D-deficient, vitamin D-treated, and normal rats
on bone cultures were examined. In five of nine
experiments, the addition of 1.0 U per ml of
PTE did not increase Ca45 release significantly
and caused little histologic change (Figure iF)
when the medium was made with serum from
vitamin D-deficient rats. When serum from ani-
mals treated with various doses of vitamin D
while on a deficient diet was used, the response to
PTE increased significantly in four experiments.
However, the PTE response was usually less than
that observed in cultures made with serum from
normal rats. Serum from vitamin D-deficient
animals given a massive dose of 60,000 U of vita-
min D intravenously 24 hours before sacrifice did
not stimulate bone resorption directly, but did
restore the response to PTE (Figure lE). In
two of the four experiments in which PTE did
stimulate bone resorption significantly in vita-
min D-deficient serum, there was diminished Ca45
release in both control and PTE-treated cultures
(for example, experiment 67, Table VII). The
difference was similar to that observed with a
high phosphate concentration, but in these ex-
periments phosphate concentration remained be-
tween 5 and 7 mg per 100 ml. When the data
were pooled, the mean treated/control ratios for
Ca45 release in response to 1 U per ml of PTE
were 1.47 ± 0.09 for vitamin D-deficient medium
and 1.81 + 0.07 for normal medium (p < 0.01).

Discussion

The ability of parathyroid extract or hormone
to stimulate bone resorption in tissue culture can
be quantitated and, under suitable conditions, pro-
vides a sensitive bioassay for parathyroid activity.
However, many other variables can affect bone
resorption in control cultures and hence can af-
fect the response to added PTE or PTH. Para-
thyroid responses were observed in culture media
with pH ranging from 6.8 to 7.4, calcium concen-
trations ranging from 5 to 12 mg per 100 ml, and
phosphate concentrations ranging from 3 to 12
mg per 100 ml, although there was a decrease in
the amount of calcium released and in the degree
of histologic change in response to PTH in high
phosphate medium. The pH of the medium at
the end of cultivation was the same for treated
and control cultures. The experiments with
EDTA show that removal of calcium from the
bone by chelation did not produce a typical para-
thyroid response, but rather caused marked cell
damage. This damage may be due to the low
ionized calcium concentration or to chelation of
some other essential ion. If parathyroid hormone
acted by producing acids at the surface of the
bone with the resulting dissolution of mineral and
a movement of calcium and phosphate along their
concentration gradients into the extracellular fluid,
one might expect the response to depend more
upon the calcium, phosphate, and particularly the
hydrogen ion concentrations in the medium (30).
It is likely that the cells at the surface of bone
can overcome to some extent limitations imposed
by changes in the concentration of ions in the
bathing medium.

A marked diminution in parathyroid effect was
observed when the medium pH was above 7.6
or when the cultures were gassed with 957o oxy-
gen. These effects might be due to interference
with the production or release of some metabolic
acid required for parathyroid effect, to inactiva-
tion of PTH, or to nonspecific toxicity. Gold-
haber (5) showed that high oxygen tension could
stimulate bone resorption directly. This was not
observed in the present study, but only a single
high concentration of 02 was tested.

The sensitivity of embryonic bone to parathyroid
hormone is sufficient to detect 0.01 U per ml PTE
on bioassay. The failure to detect any increase
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in bone resorption in media containing serum

from patients with hyperparathyroidism indicates
that the concentration of biologically active hor-
mone is probably less than 0.02 U per ml (20
mUper ml). Serum from patients with severe

hypercalcemia actually inhibited bone resorption
compared with normal human serum. Berson,
Yalow, Aurbach, and Potts (31) have developed
a sensitive radioimmunoassay technique that can

detect as little as 1.5 mUper ml of bovine para-

thyroid hormone. They found concentrations on

the order of 3.0 mU per ml in patients with
hyperparathyroidism and were able to detect im-
munologically active material in some, but not all,
normal subjects. Tashjian, Levine, and Munson
(32) found no parathyroid hormone activity in
human serum using a complement fixation im-
munoassay technique that can detect 20 to 35 mU
per ml.

The sensitivity of the present technique is
greater than that of the usual rat assay (33) and
requires less hormone, but is less precise and
more time consuming. The index of precision
(A) of tissue culture assays has been 0.28 to 0.34
compared to 0.18 to 0.28 for rat assays and 0.08
to 0.17 for immunoassay by complement fixation.
Nevertheless, the method has been useful in de-
tecting the small amounts of bone-resorbing ac-

tivity secreted by single rat parathyroids in tissue
culture (27) and in assaying other preparations
where only a small amount of material is available.

The effects of parathyroid extract on bone in
tissue cultures were compared with the effects of
vitamin A, cortisol, triiodothyronine, and vitamin
D. Vitamin A in large doses was found to stimu-
late bone resorption as measured by release of
previously incorporated Ca45 and by the increase
in medium Ca concentration. Vitamin A did not

produce the histologic picture characteristic of the
response to PTE; moreover, a further effect could
be produced by adding PTE. Bone explants
nearly disappeared when treated with 3 ug per ml
of vitamin A plus 0.1 U per ml of PTE. The
effect of vitamin A, but not that of PTE, could
be completely inhibited by the addition of cortisol
as previously reported by Fell and Thomas (18).
The studies of Lucy, Dingle, and Fell (34) sug-

gest that the resorption of cartilage matrix in the
presence of vitamin A is the result of the release
of proteolytic enzymes in the tissue. Dingle (35)

has shown that vitamin A can cause direct re-
lease of proteolytic enzymes from a lysosomal
preparation of rat liver. Addition of PTE to
such a preparation did not cause any release of
proteolytic enzyme (36). PTE does not cause
the extensive resorption of cartilage that is seen
with vitamin A. On the other hand, vitamin A
intoxication usually does not lead to hypercal-
cemia. These findings suggest that parathyroid
hormone and vitamin A stimulate bone resorption
by quite different mechanisms. The possibility
that a synergistic relationship between vitamin A
and PTE is of importance in physiologic or patho-
logic bone resorption deserves further study.

In the present study, cortisol had no direct
effect on bone resorption. Cortisol caused a par-
tial inhibition of PTE response, but this may
represent a nonspecific toxic effect of the large
dose employed. In whole animals, there is evi-
dence that adrenal cortical steroids inhibit bone
formation but have little effect on bone resorption
(11). In rats, antagonism between the effects of
cortisone and PTE has been observed (10, 37, 38)
particularly in renal toxicity; however, cortisone
only occasionally reverses the hypercalcemia of
hyperparathyroidism in man (39).

In the present study, triiodothyronine did not
affect bone resorption directly or alter the response
to PTE. In hyperthyroidism, bone turnover is
increased and hypercalcemia may occur' (12).
In tissue culture, triiodothyronine can cause ac-

celeration of differentiation in cartilaginous bone
rudiments and has a variable effect on growth
(19, 20). Gaillard (21) found that thyroxin
could affect the cartilage and the osteoblasts in
cultures of 14- to 16-day mouse embryo radius,
but did not cause an increase in osteoclasts or re-

sorption of bone matrix.
Although the role of bone in the hypercalcemia

of vitamin D intoxication has been questioned
(14), there is evidence for direct stimulation of
bone resorption by excessive amounts of vitamin
D (5, 16). There is also evidence that the para-
thyroid glands cannot maintain normal serum
calcium concentration in the absence of vitamin
D. In vitamin D-deficient rats with hypocalcemia
there is little change in serum calcium concentra-
tion in response to exogenous PTE (40, 41). Ap-
parently increased endogenous hormone also fails
to maintain serum calcium in vitamin D deficiency,
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since hypocalcemia develops despite an increase in
parathyroid activity (42).

In the present study, no direct effect of vitamin
D on bone resorption was demonstrated. Some
dependence of parathyroid hormone effect on vita-
min D or its metabolic products was suggested
by the observation that the PTE response was
decreased or absent in some experiments when
bones were cultured in media containing serum
from vitamin D-deficient animals. The variable
results could reflect differences in the amount of
vitamin D in the embryos, which came from nor-
mally fed mothers. Differences in PTE response
have also been observed with different human and
rat sera that could not be ascribed to differences
in vitamin D intake or in endogenous parathyroid
activity in the donor animals. Some samples of
human serum were found to stimulate bone re-
sorption to a considerable degree without added
PTE.

In an attempt to identify the factors responsible
for such resorption, serum fractions have been
separated by gel filtration and assayed for bone-
resorbing activity (43). Bone-resorbing activity
has been found in low molecular weight peptide
fractions of normal serum and also in serum from
parathyroidectomized animals. Further studies
on such materials may enable us to improve the
precision of bioassay in organ cultures of embry-
onic bone by controlling their effects and to iden-
tify factors other than parathyroid tissue that may
regulate bone resorption physiologically.

Summary

1. The addition of 0.01 to 1.0 U per ml of
parathyroid extract (PTE) or purified parathy-
roid hormone (PTH) to the medium was found
to stimulate resorption in 72-hour cultures of bone
shafts of radius and ulna from 19-day rat embryos.

2. Radioactive calcium injected into pregnant
rats was incorporated in the embryonic bone. Re-
sorption could then be measured in cultures as
the release of Ca45 and the effect of PTH or PTE
treatment as the ratio of Ca45 released from treated
bones to that released from paired controls
(treated/control ratio).

3. Calcium concentration in the medium could
be varied from 5 to 12 mg per 100 ml and pH
from 6.8 to 7.4 without inhibiting parathyroid

response. In media of high phosphate concentra-
tion (12 mg per 100 ml) absolute values for Ca
release were decreased in both control and PTH-
treated bones, but the treated/control ratio was
little altered.

4. Hyperoxia (95 % °2, 5% CO2) or a high
pH (7.60) markedly diminished the parathyroid
response. A high pH also decreased Ca45 release
from control bones. The addition of 2 mM
Edathamil (EDTA) increased Ca45 release from
control bones and abolished the PTH effect; these
explants were not well preserved.

5. Variations in resorption were encountered
when bones were cultivated in media made with
different samples of human and rat serum. These
differences could not be ascribed to variations in
parathyroid activity. There was no difference in
bone resorption between paired bones cultured in
media made from serum from patients with hyper-
parathyroidism before and after parathyroidectomy.

6. Vitamin A (3 to 10 ug per ml) increased
release of Ca45 and stable calcium from embryonic
bone. The effect was less than that of a maximal
dose of PTE (1 U per ml). Addition of PTE
(0.1 U per ml) to vitamin A further enhanced
resorption.

7. A large dose of cortisol (200 MAg per ml) had
no apparent effect on cultures of embryonic bone.
This dose inhibited the effect of vitamin A com-
pletely but only partly inhibited the PTE effect.

8. Triiodothyronine (0.5 and 1.0 Mg per ml)
had no effect on bone resorption directly or on
the response to PTE. Culture fluid from rat
thyroids similarly had no effect on bone resorption.

9. The addition of vitamin D in alcoholic or
aqueous solution or sera from animals treated with
large doses of vitamin D did not stimulate bone
resorption directly. The response to PTE was
diminished when the culture medium was made
with the serum from vitamin D-deficient rats
compared with the culture media made with sera
from vitamin D-treated rats or rats on a normal
diet.
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