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CALCIUM METABOLISMOF BONEIN VITRO. INFLUENCE OF
BONECELLULARMETABOLISMAND PARATHYROID

HORMONE*

By STEIN SCHARTUMAND GEORGENICHOLS, JR.t
(Fromn the Departments of Medicine and Biochemistry, Harvard Medical School, Boston, Mass.)

(Submitted for publication May 8, 1961; accepted June 16, 1961)

As has been pointed out by McLean and Urist
(1) and by Neuman and Neuman (2), the total
Ca concentration in the circulating fluids can be
considered to consist of two parts-that which is
the result of the passive solubility of bone mineral,
and that which is the result of bone cellular meta-
b)olic phenomena. These metabolic phenomena
are thought to raise the Ca concentration above the
level predicted by bone salt solubility and to be in-
fluenced by parathyroid hormone.

By analogy, in an in vitro system the final con-
centration of Ca (and P) in the medium surround-
ing living bone samples should be partly the re-
sult of passive solubility equilibrium between bone
mineral and the medium and partly the result of
cellular metabolic activity. It has been shown in
previous communications from this and other lab-
oratories (3-5) that living samples of bone sur-
vive in vitro for appreciable periods and carry on
active metabolism which can be modified by vari-
ous changes in conditions. Measurement of Ca
and P concentrations under steady state conditions
in the incubation medium of such an in vitro sys-
tem appeared to offer an opportunity to explore the
influence of various aspects of cell metabolism
upon the mobilization of these ions from bone. In
addition, by incubating bone samples in which
cellular activity had been destroyed, the fraction
of the total concentration that could be assigned
to passive solubility phenomena could be estimated.

The studies reported below were undertaken:
first, to determine which fraction of the steady
state Ca and P concentrations in the media could
be attributed to passive solubility of bone mineral
and which fraction appeared to depend upon the

*A preliminary report of this work was presented at
the meeting of the American Physiological Society, At-
lantic City, N. J., April, 1961. This work was supported
by Grants A-854 (C4) and (C5) from the Institute of
Arthritis and Metabolic Diseases.

t Markle Scholar in Medical Science.

metabolic activity of cells; second, to examine
more directly which steps in the metabolic se-
quence and which metabolites of cells might be
associated with mobilization of mineral from bone;
and finally, to explore the effects prior treatment
of the animals with parathyroid hormone might
have on these phenomena.

The results of these experiments indicate that
18 per cent of the Ca concentration maintained by
normal living bones in their surrounding media
was related to metabolic phenomena; about one-
half of this being associated with glucose metabo-
lism. No direct correlation, however, could be
found between rates of lactate production (previ-
ously shown to be the chief end-product of glucose
metabolism in this tissue) and Ca concentration.
Parathyroid hormone treatment increased the to-
tal concentration of calcium 17 per cent above nor-
mal controls. The mechanism of this action ap-
peared to involve both an increase in the passive
solubility of the bone mineral and changes in the
pattern of cellular metabolic effects. No effects
on total P concentrations were observed in any of
the experiments with surviving bone samples.

METHODS

A. Preparation of tissue samples. Adult white Swiss
mice, 7 to 9 weeks old, were killed by cervical vertebra
fracture, and the calvaria removed. The bones were freed
from tendinous and muscular attachments by dissection,
and adherent blood and clots were removed by washing
the samples in ice-cold Krebs-Ringer bicarbonate me-
dium. All bones were kept in fresh media stored on ice
until the start of the incubation. After gentle blotting,
two calvaria were pooled (about 100 mg total weight),
weighed, and placed in the incubating flask.

B. Heat-inactivation. When bone samples were killed
by heating, the procedure was as follows. Samples of
glucose-free medium were heated to boiling, removed
from the gas flame, and the bone samples quickly added
and kept in the hot media for 1.5 minutes. They were
then transferred to freshly prepared media for incuba-
tion.
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C. Incubation. Unless otherwise indicated the samples
were incubated in a Dubnoff metabolic incubator at 37.80
C in 2 ml of modified Krebs-Ringer media,' buffered to
pH 7.4 with HCO37 and 5 per cent CO2. Penicillin at a
final concentration of 5 U per ml and streptomycin, 0.01
mg per ml, were added to prevent bacterial growth.
Glucose was used as substrate at a concentration of 2 mg
per ml. During the incubation a continuous stream of 95
per cent 02 with 5 per cent CO2 was fed into the hood
covering the flasks, which were left in the incubator
without stoppers. All media were also equilibrated for
10 minutes with the appropriate gas before being placed
in the flasks. Iodoacetate, when used, was at a final
concentration of 0.9 X 10-3 M (6). Normal controls
were incubated and compared with the experimental sam-
ples for each experiment.

D. Injection of parathyroid extract 2 (PTE). Hor-
mone-treated mice were inj ected subcutaneously with
0.15 ml of PTE once daily for 3 successive days, the
last injection being given 18 hours prior to sacrifice.
The control group was injected with 0.15 ml of distilled
water at the same time.

E. Analytical techniques. Aliquots of the media were
analyzed for Ca by the EDTA-calcium chelating method
with murexide as an indicator,3 for P by the method of
Fiske and Subbarow (7), and for lactate by a modifica-
tion of Barker and Summerson's technique (8); pH in
the media was determined by glass electrode with a
Beckman pH meter, model G. In the experiments in
which pH was measured, the flasks were gassed sepa-
rately through rubber stoppers. The pH was measured
exactly 1.5 minutes after the stopper had been removed
from the flask in order to equalize losses of CO2 from
the media that would affect pH.

F. Calculation. There was a tendency for minor shifts
to occur in the absolute values from one day to another,
while the relative differences between controls and ex-
perimental samples remained quite constant. For ex-
ample, on one day the mean Ca value (4 incubations)
was 0.64 mmole per L for viable samples and 0.52 (3
incubations) for heat-inactivated samples. On another
day the mean values (3 incubations in each case) ob-
tained were 0.58 and 0.47. The differences were 0.12 and
0.11 in these two experiments and in each case were sig-
nificantly different, with a p value below 0.001. Com-
parable differences in phosphate concentrations from day
to day were observed. Therefore, all values have been
calculated as per cent of normal controls for each ex-
periment. In all experiments values obtained with living
bone samples incubated in standard media with glucose
under aerobic conditions have been used as normal con-
trols. Bessel's correction for small samples was used
in calculating standard deviations. The significance of
the differences between means was estimated by means
of Students' t-test.

1 The media contained no Ca; P was present at a con-
centration of 0.40 mmole per L.

2 Kindly supplied by Dr. Otto K. Behrens, Eli Lilly Co.
3 0. A. Iseri and P. L. Munson, personal communication.

G. Criterion of bone cell viability. In experiments
where impairment of the cells might have been expected
as a result of the incubating conditions, it was important
that the viability of the bone samples be determined.
Since lactate production is a prominent feature of the
metabolism of bone cells in vitro (3), the rate of lac-
tate production compared with controls in a subsequent in-
cubation under normal conditions was used to judge
viability in living samples. On the other hand, when bone
samples were inactivated by heat, it was equally im-
portant to be sure that the heating procedure resulted in
complete and permanent cessation of cellular metabolism.
Inability of these samples to produce lactate was taken
as evidence that their cells were dead.

RESULTS

A. Time required to reach steady state and de-
termination of passive solubility component of
Ca and P concentrations

A significant period of incubation was required
before the steady state concentrations of Ca and
P, which the sample would maintain in the me-
dium, were reached. Since a steady state concen-
tration was to be used as the end-point in these
studies, the determination of an appropriate time
of incubation was important. It was equally im-
portant that the concentrations to be expected
on a passive solubility basis be defined, if the role
of cellular metabolism was to be examined.
Therefore, Ca and P concentrations in media were

1.00-

.80-

.40 D SURVIVING BONES
0 HEAT-INACTIVATED BONES

.20-

.00
3 6 9 12 I5 16

HOURS OF INCUBATION

FIG. 1. MEANCA CONCENTRATIONSIN THE MEDIA SUR-
ROUNDING SURVIVING AND HEAT-INACTIVATED BONES.
Data at 6 hours are the same as shown in Table I. Each
point represents the mean of at least 8 incubations. Values
on the ordinate are mmoles per L.
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TABLE I

Effects oj heat inactivation on bones from normal and P TE-treated animals

Ca P Ca XP

Exp. Incub., Controls, Heated, Heated, Controls, Heated, Heated, Controls, Heated, Heated,
day hours normal normal PTE-P# normal normal PTE-PO normal normal PTE-4

1 6 0.64 (4)* 0.52 (3) 0.63 (4) 1.11 (4) 1.03 (3) 0.98 (4) 0.71 (4) 0.54 (3) 0.61 (4)
2 6 0.58 (3) 0.47 (3) 0.56 (2) 0.83 (3) 0.82 (3) 0.80 (2) 0.48 (3) 0.39 (3) 0.45 (2)
3 6 0.59 (3) 0.50 (3) 0.59 (3) 0.77 (3) 0.72 (3) 0.73 (3) 0.46 (3) 0.35 (3) 0.44 (3)

* Figures in parentheses indicate in all tables the number of experiments in each group.

measured after different periods of incubation of
living and heat-inactivated samples. The data ob-
tained in these experiments are shown in Figure
1 and Tables I and II.

The data plotted in Figure 1 indicate that a
steady state for Ca concentration in the medium
surrounding heat-inactivated bone samples was
established by 2 hours, while the maximal concen-
tration for living samples was not reached until
16 hours, although it was closely approached by
6 hours. Practically identical curves were ob-
tained for P concentration.

These results (Figure 1) suggested that the
greatest differences in Ca concentration between
living and dead bone samples would be observed
if the incubations were conducted for 16 hours,
but, as can be seen from Table II, bone samples in-
cubated for this period of time without glucose
were no longer viable. This indicated that if the
relation of glucose metabolism to Ca and P con-
centrations in the medium was to be examined, an
incubation period shorter than 16 hours would be
required. Six hours was selected as a suitable
time. In addition, incubation for 4 hours was
conducted in some experiments.

The concentrations of calcium observed for
living samples after 6 hours varied from day to
day between 0.58 and 0.78 mmole per L (mean,
0.76) while inorganic phosphorus concentrations

TABLE II

Effects of glucose deprivation; normal bone

Ca
Exp. Incub.,
day hours +Glucose s Glucose

4 16 0.73 (3) 0.66 (3)
5 16 0.60 (6) 0.52 (6)
6 16 0.72 (3) 0.66 (3)
7 16 0.80 (3) 0.72 (3)
Viability of samples + 0

varied between 0.72 and 1.11 mmoles per L (mean,
0.92). These mean values are both below those
expected in the extracellular fluid of this species
on the basis of serum analysis, although the rela-
tively higher phosphate concentration is present in
the serum also. The very slowly rising values
(shown for Ca in Figure 1) with increasing pe-
riods of incubation beyond 6 hours suggest that,
had it been possible for the incubation time to be
much longer, values more like extracellular fluid
might have been reached. Unfortunately this was
not practicable, since cellular metabolism be-
comes very variable and tends to slow down or
cease when incubations of more than 24 hours are
carried out.

Ca, P, and Ca X P concentrations found in me-
dia after 6-hour incubations of living and heat-
inactivated samples are shown in Table I. Since
Ca, P, and Ca X P concentrations were lower for
heat-inactivated samples, it can be inferred that
82.4 per cent of the Ca concentration, 95.2 per
cent of the P concentration, and 78.1 per cent of
the Ca X P concentration were the result of pas-
sive mineral solubilty. The balance could be at-
tributed to cellular activity. The depression in
Ca concentration produced by inactivation of cells
due to prolonged deprivation of glucose (Table II)
approached that produced by heat-inactivation.
This finding, together with the similarity in Ca
concentration at 2 hours between living and heat-
inactivated samples (Figure 1) suggests that in
both experiments the reduction was the result of
cessation of cellular metabolism rather than of
changes in mineral solubility produced by heat or
changes in Ca and P diffusion produced by the
heating process.4

4Additional evidence in favor of this view was obtained
from incubations at a low pH where no differences were
seen between living and heat-inactivated bones (un-
published studies).
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TABLE III

Effects of glucose deprivation; normal bone

Ca P Ca XP (Glucose-i glucose)
Exp. Incub.- --
day hours +Glucose s Glucose +Glucose s Glucose +Glucose s Glucose Ca P

8 4 0.70 (4) 0.63 (4) 0.62 (4) 0.60 (4) 0.45 (4) 0.39 (4) +0.07 +0.02
9 4 0.78 (4) 0.70 (4) 0.64 (4) 0.61 (4) 0.50 (4) 0.43 (4) +0.08 +0.03

10 4 0.77 (4) 0.73 (4) +0.04
11 4 0.91 (4) 0.85 (3) 0.55 (4) 0.59 (4) 0.50 (3) 0.50 (3) +0.06 -0.04
12 4 0.63 (4) 0.61 (4) 0.59 (4) 0.62 (4) 0.37 (4) 0.38 (4) +0.02 -0.03
13 4 0.80 (4) 0.73 (4) 0.56 (4) 0.58 (4) 0.45 (4) 0.43 (3) +0.07 -0.02

14 6 0.78 (3) 0.68 (3) 0.99 (3) 1.01 (3) 0.78 (3) 0.69 (3) +0.10 -0.03
15 6 0.71 (3) 0.66 (3) 0.93 (3) 0.96 (3) 0.66 (3) 0.64 (3) +0.05 -0.03
16 6 0.74 (2) 0.65 (2) 0.95 (2) 0.90 (2) 0.71 (2) 0.59 (2) +0.09 +0.05
17 6 0.66 (3) 0.64 (3) 1.07 (3) 1.04 (3) 0.71 (3) 0.67 (3) +0.02 +0.03

B. Effects of changes in glucose metabolism

1. Glucose deprivation. While glucose depri-
vation for 16 hours was not compatible with sur-

vival, 4 and 6 hours without this substrate was

well tolerated since, in a subsequent incubation of
the same samples with glucose, the lactate pro-

duction was resumed at close to the normal rate.
As can be seen from Table III, lack of glucose
depressed Ca concentration 7 and 8.2 per cent and
lactate production 91.1 and 94.1 per cent after 4
and 6 hours, respectively. The Ca X P products
were similarly reduced. In none of these experi-
ments was there any difference in P concentrations,
while the differences in Ca concentrations, al-
though small, were highly significant. Differences
in the Ca X P product (due almost wholly to
changes in Ca) were statistically significant after
6 hours.

In separate experiments the influence of the
presence of glucose on heat-inactivated bones was

studied. No significant differences in Ca or P

between samples incubated with and without glu-
cose were found and, hence, the possibility was ex-

cluded that the effects of glucose were unrelated
to its metabolism.

2. Iodoacetate inhibition. In an attempt to lo-
calize the effect of glucose metabolism, glycolysis
was blocked at the triose phosphate dehydrogenase
level with iodoacetate (IA). When this inhibitor
was added to the media (Table IV), Ca was de-
pressed 5.1 and 5.9 per cent and lactate 94.1 and
94.5 per cent after 4 and 6 hours. The Ca X P
product was decreased 7.9 per cent at 6 hours.
Again the differences in Ca were highly significant,
while P was not significantly influenced. How-
ever, two possibilities exist that this effect of IA
was not due solely to interference with glucose
metabolism. First, the IA ion as such might have
an effect on the passive solubility of bone mineral,
and second, IA might kill the cells (9); but, when
samples were incubated without substrate, or with
pyruvate instead of glucose, IA had no significant
influence on Ca concentrations. If the cells had
been killed, lower Ca concentrations would have
been expected on the basis of the data obtained
with heat or glucose deprivation, as shown in
Tables I and II. On the other hand, if IA had had

TABLE IV

Effects of iodoacetate (IA) inhibition; normal bone

Ca P Ca XP

Exp. Incub., Controls, +IA, Controls, +IA, Controls, +IA,
day hours normal normal normal normal normal normal

18 4 0.66 (4) 0.62 (4)
19 4 0.80 (3) 0.75 (3)
20 4 0.69 (3) 0.66 (3)

21 6 0.71 (6) 0.67 (6) 0.89 (6) 0.86 (6) 0.64 (6) 0.58 (6)
22 6 0.70 (4) 0.65 (4) 0.87 (4) 0.88 (4) 0.61 (4) 0.58 (4)
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TABLE V

Effects of anaerobiasis; normal bone

Ca P Ca XP

Exp. Incub., Controls, Anaerobic, Controls, Anaerobic, Controls, Anaerobic,
day- hours normal normal normal normal normal normal

23 4 0.78 (4) 0.76 (4) 0.64 (4) 0.62 (4) 0.50 (4) 0.47 (4)
24 4 0.80 (4) 0.80 (4) 0.63 (4) 0.64 (4) 0.50 (4) 0.51 (4)
25 4 0.80 (4) 0.75 (4) 0.64 (4) 0.62 (4) 0.51 (4) 0.47 (4)

26 6 0.75 (6) 0.75 (6) 0.91 (6) 0.93 (6) 0.68 (6) 0.71 (6)
27 6 0.70 (4) 0.66 (3) 0.87 (4) 0.90 (3) 0.61 (4) 0.60 (3)

a direct effect on passive mineral solubility, this
should have been reflected by change in Ca con-

centration in experiments using samples incu-
bated without substrate or with pyruvate.

3. Anaerobiasis. It has been suggested by other
workers that the metabolically dependent fraction
of the circulation Ca++ concentration might be due
to the local production of citric acid by the bone
cells (2, 10-14). However, the amounts of ci-
trate produced by bone cells in vitro is extremely
small (1 to 2 per cent) compared with lactate (3).
Furthermore, since about 80 per cent of the glu-
cose utilized by the cells could be accounted for
as lactate, it was suggested that lactic acid might
be of primary and citric acid of only secondary
importance in mobilizing Ca and P from bone
mineral in vivo (3). For these reasons it was

of interest to explore the effects of increased rates
of lactate production on Ca and P concentrations.

In Table V the results of experiments in which
samples were incubated anaerobically (nitrogen
95, CO2 5 per cent) are compared with controls
under aerobic conditions. The results are ba-
sically the same after 4 and 6 hours. Anaero-
bically, 15.5 to 17.8 per cent more lactate was pro-

duced, while the Ca, P. and the Ca x P products
were not significantly affected. In fact, in both
series of experiments Ca values, the chief variable,

were slightly depressed. These experiments there-
fore suggest that the rate of lactate production
per se is not the critical factor involved in the mo-

bilization of Ca from bone mineral.

C. Studies with bone from animals treated zeith
parathyroid hormone
Bones from mice injected with parathyroid hor-

mone were incubated for 6 hours with and
without glucose and compared with controls.
Thus, each experiment consisted of four groups.

There were three samples in each group, and four
such experiments were conducted. The values ob-
tained are shown in Table VI and Figure 2.
Three points of interest should be noted.

First, in the hormone-treated group with glu-
cose present as substrate the concentrations of
Ca and the Ca X P product were higher than
for their normal counterparts. This is in agree-

ment with the findings of others (15, 16). Sec-
ond, the glucose effects on the concentrations of
Ca and the Ca X P product were relatively more

pronounced in the hormone-treated group than in
controls, suggesting synergistic effects of glucose
and hormone on the mobilization of Ca. The
relative differences between samples with and
without glucose for both groups are shown in
Figure 2. This pattern was the same in all ex-

TABLE VI

Effects of treatment with PTE (in vivo) and of glucose *

Ca P Ca XP (Glucose-I glucose)
Exp. Incub.,
day hours +Glucose i Glucose +Glucose s Glucose +Glucose s Glucose Ca P

14 6 0.92 (3) 0.74 (3) 1.00 (3) 0.96 (3) 0.92 (3) 0.71 (3) +0.18 +0.04
15 6 0.83 (3) 0.76 (3) 0.92 (3) 0.88 (3) 0.77 (3) 0.67 (3) +0.07 +0.04
16 6 0.84 (2) 0.70 (2) 0.88 (2) 0.85 (2) 0.73 (2) 0.60 (2) +0.14 +0.03
17 6 0.77 (3) 0.68 (3) 1.03 (3) 1.04 (3) 0.80 (3) 0.71 (3) +0.09 -0.01

* The data for samples from normal animals incubated on the same day appear in Table III.
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FIG. 2. "STEADY STATE" CA AND CA X P CONCENTRATIONSIN THE MEDIA

SURROUNDINGBONESFROMNORMALAND PTE-TREATED ANIMALS. Data from
Table VI. Note the increase in the relative differences between samples in-
cubated with and without glucose in the PTE group.

periments reported here and in a preliminary ex-

periment run for 4 hours. There are several re-

ports showing that the hormone is capable of
modifying cell metabolism (4, 15-17), and in the
present study such effects were demonstrated by
an increase in lactate production of 22.3 per cent.
Third, it appears that the values for Ca concen-

tration and the Ca X P product were higher for
the hormone-treated samples than for controls
even without glucose, although the difference for
the product was not significant. These findings
suggested that the passive solubility of the bone
mineral might have been increased by parathyroid
treatment and that part of the increases in Ca con-

centration might have been the result of increases
in passive solubilization of the mineral.

This suggestion was supported by the results
of subsequent experiments using heat-inactivated
bones from PTE-treated animals. The Ca con-

centrations and the Ca x P concentration prod-
ucts were significantly higher in these samples
than in untreated heat-inactivated samples incu-
bated at the same time (Table I).5 The Ca con-

centrations observed were practically as high as

5 This was true even after the bones had been washed
by incubation for 1 hour before the ordinary incubation
in fresh media.

for normal, living bones supplied with glucose.
Thus, the mineral of bones from PTE-treated ani-
mals appears to have an increased solubility inde-
pendent of metabolism of surviving cells.

D. Effects of final pH in the medium

It is well known that the solubility of bone
mineral increases as pH decreases. Thus, if in

o GLUCOSEPRESENT

* GLUCOSEABSENT

Ca

110

100 -

90 -

7.40

0

0 0 0

0 0

* 0
0

a
o 0

0 * 0 0 *

a 0
0

* 0

0

.

7.45 7.50 7.55

p H

7.60 7.65

FIG. 3. "STEADY STATE" CA CONCENTRATIONSVS FINAL

PH IN THE MEDIA SURROUNDINGBONES INCUBATED WITH

AND WITHOUTGLUCOSE. Note lack of correlation between
Ca concentrations and final pH.
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CALCIUM METABOLISMOF BONEin vitro

these systems major pH changes occurred in the
media during incubation, such changes alone might
have been responsible for the mobilization of Ca
from the bone samples. However, pH remained
quite constant in the media including those in
which pH changes might have been possible due to
acid production by actively metabolizing cells.
The variations that did occur could not be cor-
related with the final Ca concentrations observed.
In Figure 3, pH values at the end of incubation
are plotted against Ca concentrations to illustrate
this point. The values are from experiments in
which the effects of the presence of glucose were
studied. It is apparent that only minor pH varia-
tions occurred, and these were practically equally
distributed between the two groups. Also, Ca
concentrations were independent of pH in this
range. In the other experiments of this series a
similar lack of correlation between Ca concen-
tration and final pH of the medium was found.

DISCUSSION

In this study a correlation has been demon-
strated between the rate of bone cellular metabo-
lism and steady state Ca concentrations in the
media. Except for the experiments with heat-
inactivated bones, no significant changes were
obtained for P concentrations. When changes
were seen in the Ca X P product, they were due
to changes in Ca. Just why this was true is not
clear, but in view of the fact that bone mineral
may exhibit molar Ca/P ratios from 1.3 to 2, dif-
ferences in Ca may be more pronounced than for
P when bone salt goes into solution. Furthermore,
in equilibration studies with human powdered bone
it has been demonstrated that lowering pH from
about 7.8 to 6.6 resulted in steadily increased Ca
concentrations, while total P concentrations re-
mained unchanged (18). Consequently, if the
metabolic effects demonstrated in the present stud-
ies were related to acid production and lowering
of pH at the crystal surface (rather than in the
medium), no change in total P might be seen. It
should be noted that were citric acid the important
metabolite, changes in P would be expected from
Neuman's data, since he and his collaborator have
shown that the increased solubility of hydroxyapa-
tite caused by citrate in the surrounding fluid is
accompanied by increases in phosphate which ap-

pears to be displaced from the crystals by citrate
in the equilibrium system which he studied (2).

A factor that might contribute to Ca and P mo-
bilization would be an increased ionic strength due
to accumulation of metabolites in a closed system,
but for such changes to cause a significant de-
crease in the activity coefficients of Ca and P in
the medium and thus increase the apparent mobili-
zation of these ions, they would have to be far
greater than those observed here. The maximal
change that could be attributed to ionic strength
changes in these systems was one-eighth of the
rise seen in Ca concentrations. Thus, changes in
ionic strength do not appear to have contributed
significantly to the phenomena observed.

The maintenance of higher Ca X P concentra-
tions in the media surrounding living rather than
dead bones is in agreement with the findings of
others. Basset and Nordin found that human
bones, killed by repeated freezing-thawing reached
equilibrium with a lower Ca X P product than
that of viable bones (5). The results are also
supported by Raisz, Au and Tepperman, who re-
cently reported higher Ca concentrations in the
incubating fluids for living than for heat-inacti-
vated bones, using weanling rats (16). All these
results most probably are related to the presence
of cell activity in viable samples. The findings
strongly support the concept that cell activity is
involved in the regulation of serum Ca X P levels,
and is at least partly responsible for the supersatu-
ration of normal serum.

The absence of glucose as a substrate for sur-
viving bones resulted in a depression of Ca con-
centrations that approximated 50 per cent of the
depression observed in heat-inactivated bones, and
the bones killed owing to glucose starvation for
16 hours exhibited Ca values between these two
groups. The reason that the depression in all
three groups was not the same may be that in the
glucose-deprived groups endogenous sources of
carbohydrate, although very small, may have been
utilized. In addition, metabolism of other en-
dogenous substrates may have contributed. In
any case, the results indicate that the rate of car-
bohydrate metabolism in the bone cells significantly
affects the Ca concentrations that will be main-
tained in the surrounding fluids.

In the iodoacetate group the depression in Ca
concentrations was significant but somewhat less
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than in the glucose-deprived group. This might
beiexplained partly by the increased ionic strength
due to IA, and partly by metabolism above the
block. However, the Ca X P products were the
same in both groups, and the results suggest that
the chief effects of glucose are dependent upon
metabolism beyond triose phosphate dehydrog-
enase.

In the experiments in which the effects of glu-
cose deprivation and iodoacetate were studied, a
decrease in lactate of approximately 95 per cent
was accompanied by a decrease in the Ca X P
product of approximately 7 per cent. As appears
from the experiments under anaerobic conditions,
this simultaneous reduction does not mean that the
product is directly influenced by the amount of
lactate produced; rather, it suggests that the Ca X
P product is diminished when metabolism, as ex-
pressed by the dwindling lactate production, is
being slowed down.

On the basis of the results reported, a tentative
diagram illustrating the components of the total
Ca concentration in the incubating media sur-
rounding bone from normal and parathyroid hor-
mone-treated animals can be constructed as shown
in Figure 4. For the control animals the fraction
of the total Ca that can be assigned to passive
solubility is 82 per cent, while 18 per cent can be
considered the result of cellular activity. As can'
be seen, approximately one-half of this cellular

D2 PASSIVE SOLUBILITY
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FIG. 4. COMPONENTSOF "STEADY STATE" CA CONCEN-

TRATIONS IN THE MEDIA SURROUNDINGBONESFROMNOR-

MAL AND PTE-TREATED ANIMALS UNDERVARIOUS INCU-

BATING CONDITIONS. Data from Tables I and VI.

"metabolic" fraction seems related to glucose me-
tabolism and the remainder to other metabolic
processes. In the parathyroid hormone-treated
group the increment in total Ca concentration can
be almost entirely attributed to increases in pas-
sive mineral solubility under the experimental
conditions used here. However, although there
is no apparent increase in the total size of the
cellular "metabolic" component as compared with
controls, the distribution between that which is
glucose-dependent and that which is not has
changed. The Ca-mobilizing effect related to glu-
cose is enhanced, and the effect related to other
metabolic phenomena is correspondingly reduced.
A similar diagram for Ca x P products showed
the same types of distribution.

The significance of the modification of the pat-
tern induced by the hormone is unknown; the
mechanism by which the hormone increases the
passive solubility of the mineral remains equally
obscure, although it may be related to the increase
in citrate content in dry bone which appears fol-
lowing treatment with parathyroid hormone (15,
19). As has been pointed out by Thompson
(20), the presence of citrate in synthetic hydroxy-
apatite increases the relative solubility of such
minerals. Another possibility might be that hy-
drogen ions from acid metabolites displace Ca ions
from the crystal surface, as suggested by Neuman
(2, 14). Such an effect on the solid phase would
change the thermodynamic properties of the crys-
tal and increase the solubility of the mineral (14).

SUMMARY

1. Mouse calvaria have been incubated in vitro
until a steady state distribution of Ca and P be-
tween medium and sample was reached. These
studies were designed to examine the relative im-
portance of passive mineral solubility and various
aspects of bone cellular metabolism in the main-
tenance of Ca and P concentrations in body fluids.

2. Inactivation of cellular activity by heat and
by long-lasting starvation depressed Ca concen-
trations in the media 17.6 and 12.6 per cent, re-
spectively. In surviving bone, glucose depriva-
tion and iodoacetate (IA) inhibition decreased Ca
8.2 and 5.9 per cent, respectively, and lactate pro-
duction about 94 per cent. These differences were
all highly significant (p < 0.001). P concentra-
tions, however, were roughly the same in all ex-
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periments with surviving bones. While anaerobi-
asis increased lactate production 15.3 per cent, Ca
was slightly decreased. The results support the
concept that mobilization of Ca and P from bone
mineral and the regulation of serum levels of
these ions are dependent upon the rate and pat-
tern of bone cell metabolism. Effects of glucose
metabolism are dependent upon steps beyond triose
phosphate dehydrogenase, but the rate of lactate
production seems only indirectly involved.

3. Prior treatment with parathyroid extract
(PTE) increased Ca 16.8 and lactate 22.3 per
cent in the media surrounding surviving bones.
The increment in Ca concentration due to the
hormone treatment appeared to be the result of
a) an increase in passive solubility of the mineral,
and b) a modification of the pattern of cellular
metabolic effects.
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