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Bone alkaline phosphatase (AP) activity
has been shown to be highest in areas of bone
undergoing mineralization (1, 2), but its role
and substrate(s) are not known. Magnusson
et al. (6) performed histochemical studies
which suggest that bone AP in mineralizing
areas might be an alkaline ATPase that uses
Ca-ATP as substrate. In contrast to this con-
cept, Messer et al. (7) have shown evidence
that bone nonspecific AP and ATPase might
be properties of different enzymes.

The effect of parathyroid hormone (PTH)
on bone AP activity has previously been stud-
ied in vitro with conflicting results. Compared
to bones cultured without PTH, mouse cal-
varia incubated with the hormone have been
shown to contain increased AP activity (8),
decreased AP activity (9), and unchanged AP
activity (10). Isolated rat bone cells incubated
with PTH in the medium showed a 40%
decrease in surface AP activity after only 2
hr (11). Luben et al. (12) have isolated a
population of osteoblastlike cells from mouse
calvaria. Incubation of these cells with PTH
causes a substantial decrease in AP activity
after 24 hr. Using embryonic chick tibiae in
organ culture (13, 14), the present study was
undertaken to determine and compare the
effects of PTH on bone AP activity and on
bone ATPase activity. Different effects of
PTH on the two activities would be consistent
with the concept of two separate enzymes.

Materials and methods. Organ culture. Ti-
biae were aseptically removed from 10- to 12-
day old White Rock chick embryos and
rinsed briefly in HEPES (N-2-hydroxyethyl-
piperazine-N'-ethanesulphonic  acid)-buff-
ered salt solution, pH 7.4. The tibiac were
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then placed in 25 ml Erlenmeyer flasks con-
taining 3-5 ml chemically defined culture
medium. The flasks were gassed with 5% CO:
in air, closed with silicone rubber stoppers,
and placed on a rocker platform in a 38°
incubator. All culture media were prepared
by modification of Eagle’s minimum essential
medium as described by Ramp and Neuman
(13). The calcium and phosphate concentra-
tions were 1.8 mM and 1 mM, respectively.
Bovine serum albumin (1 mg/ml) was added
to the media to prevent the PTH from ad-
sorbing to the glass culture flasks. Tibiae were
paired between control and treatment flasks
such that each embryo served as its own
control. The bones were precultured for 24 hr
in medium without PTH to remove extra-
neous AP (enzyme in blood or in the small
amounts of non-bone tissue explanted with
the bone). Preculture removed approximately
25% of the AP associated with noncultured
bones. All of the AP activity lost from the
tibiae during preculture was recovered in the
medium. After preculture the medium was
changed to fresh medium containing either
PTH or the PTH vehicle. The incubation was
then continued for 24 or 48 hr. At the end of
the culture period, the bones were briefly
rinsed in 0.9% NaCl solution. Bones and
media were frozen and stored at —20° until
use.

Unless otherwise noted, the source of PTH
was Lilly Parathyroid Injection. Highly pur-
ified bovine PTH was obtained from Inolex
Laboratories and the synthetic 1-34 peptide
of bovine PTH from Beckman. The vehicle
for Lilly Parathyroid Injection was 0.2%
phenol, 1.6% glycerin, and the vehicle for the
purified and synthetic PTH was 0.001 ¥ HCI,
0.9% NaCl.

Analytical procedure. Bones were homoge-
nized in distilled water with a Polytron ho-
mogenizer (Brinkmann). The homogenate
and culture media were assayed for AP activ-
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ity at pH 9.8 using p-nitrophenylphosphate
(p-NPP) as substrate (15). One unit of en-
zyme activity is defined as one micromole of
substrate hydrolyzed per hr at 38°, and en-
zyme activity is expressed in terms of activity
units (A) per bone. Bone ATPase activity was
determined using the supernatant of the bone
homogenate after centrifugation at 1000g for
10 min to remove large particles. Samples of
supernatant were incubated for 1 hr with 3
mM ATP containing y*?P-ATP (SA = 0.2
Ci/mole), 3 mM MgCl; in 75 mM Tris, pH
8.5, in a total vol of 0.2 ml. In some assays 5
mM levamisole (American Cyanamid Co.,,
Princeton, NJ) was included in the hydrolysis
incubation. The rate of hydrolysis of ATP in
this assay was maximal at pH 8.5, proceeded
at a constant rate during this time period, and
was proportional to the amount of homoge-
nate assayed. The hydrolysis was stopped
with 0.2 ml 10% trichloroacetic acid. Free P;
was extracted with 0.1 ml 5% ammonium
‘molybdate and 0.4 ml isobutanol. After mix-
ing for 30 sec, the samples were centrifuged
at 2000g for 10 min to separate the aqueous
phase from the isobutanol (16). The free P:
in a sample of the isobutanol phase was cal-
culated from the amount of 3P as determined
by liquid scintillation counting and ATPase
activity is expressed as nmole of ATP hydro-
lyzed per bone per hr. Lactate released to the
medium was measured enzymatically (17)
after removal of interfering substances with
Norit A charcoal. The significance levels of
differences between paired control and
treated bones were determined using Stu-
dent’s ¢ test for paired data. A value of P <
0.05 was considered significant. Since this test
of significance is based on the difference be-
tween paired bones, no inference as to the
levels of significance can be made from the
standard error of mean values. Therefore,
these were not included in the figures.
Results. The experiment shown in Fig. 1
was performed to determine the changes in
total AP activity (bone content + medium
content) of tibiae during 48 hr of organ cul-
ture. Tibiae from 11-day embryos were pre-
cultured for 24 hr. One bone from each pair
was then frozen, and the other was placed in
fresh medium and incubated for 48 additional
hr. During the 48-hr incubation, the bone
content of AP activity increased 35% com-
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pared to the preculture level. When the re-
leased activity was added to the bone content,
the total amount of AP activity after 48 hr of
culture was 171% of the preculture activity.
The most likely explanation for these data is
that the tibiae were actively synthesizing AP
in vitro. However, the possibility of activation
of already synthesized enzyme cannot be
ruled out.

The data in Fig. 2 show that while tibiae
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Fi1G. 1. Synthesis of AP by ll-day chick embryo
tibiae. Paired bones were precultured for 24 hr. One
bone from each pair was then frozen and the other was
cultured an additional 48 hr in fresh medium. Bone
homogenates and the 48 hr incubation media were as-
sayed for AP. Each bar represents the mean value for
eight tibiae. ** P < 0.01 compared to paired precultured
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F1G. 2. Effect of PTH on the release of AP by 12-
day chick embryo tibiae in organ culture. Bones were
paired between media containing control and PTH (0.3
U/ml) media. Serial samples of media were collected
during the 48 hr incubation (after preculture) to monitor
the release of AP. Each point represents the mean value
for five tibiae. ** P < 0.0, ***P < 0.001 compared to
paired control bones.
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cultured in control medium released AP at a
constant rate, PTH (0.3 U/ml) caused a de-
crease in released activity. After 6 hr the AP
activity in the medium of PTH-treated bones
was significantly lower than in control me-
dium according to the paired ¢ test, even
though the difference between the means is
quite small. By the end of the 48-hr culture
period the PTH medium contained only 36%
of the control activity. Addition of PTH to
medium containing AP did not alter the AP
activity, indicating that there was no direct
inhibition of the AP enzyme by PTH (data
not shown).

The effect of PTH to decrease the amount
of AP activity released by tibiae was reflected
in the bone content of AP activity. Figure 3A
shows the bone content of AP after 48 hr of
culture in medium containing three doses of
PTH: 0.003, 0.03, and 0.3 U/ml. The decrease
in bone content (Fig. 3A) and release (Fig.
3B) of AP caused by PTH is related to the
concentration of PTH in the medium, with a
concentration as low as 0.03 U/ml resulting
in more than a 30% decrease in AP activity
after 48 hr.

Three different preparations of bovine
PTH (parathyroid extract, highly purified
hormone, and the 1-34 peptide fragment) all
caused similar decreases in AP activity. In-
cubation in medium containing 1 U/ml of
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FiG. 3. Dose-related effect of PTH on the bone con-
tent (A) and release (B) of AP. Tibiae from 12-day chick
embryos were paired between control medium (open
circles) and PTH-containing medium (closed circles).
After preculture and incubation for 48 hr, bone homog-
enates and culture media were assayed for AP activity.
There was no significant difference in either the bone
content or release of AP by control bones in different
dose groups. Thus, these values were pooled and are
represented by a single open circle. Each closed circle
represents the mean value for five tibiae. *P < 0.05,
*** P < 0.001 compared to paired control bones.
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either highly purified or synthetic hormone
caused the same 60-70% reduction of both
bone content and release of AP activity as
observed with parathyroid extract.

Studies demonstrating that bone AP will
hydrolyze ATP (18, 19) have led to the pro-
posal that bone AP may function as an ATP-
ase, possibly to provide energy to increase Ca
efflux from bone cells (5). Because it was
clear that PTH decreased the AP activity of
embryonic chick tibiae (Figs. 1-3), the exper-
iment shown in Fig. 4 was performed to
determine whether the bone ATPase activity
was similarly decreased. As in previous ex-
periments, bones were precultured in control
medium for 24 hr and then cultured for 48 hr
in medium containing either PTH (1 U/ml)
or vehicle. The ATPase assay was performed
both in the presence and absence of levami-
sole (5 mM), an inhibitor of nonspecific bone
AP (20, 21). At this concentration, levamisole
caused total inhibition of the bone nonspe-
cific AP assayed using p-NPP (data not
shown). At the end of the 48-hr culture pe-
riod, the total ATPase activity of PTH-treated
bones was the same as that of the control
bones (Fig. 4B), in contrast to the AP activity
of PTH-treated bones which was again mark-
edly decreased (Fig. 4A). When the ATPase
activity due to nonspecific AP was eliminated
by including levamisole in the ATPase assay,
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Fi1G. 4. Effect of PTH on the bone content of AP
(A), total ATPase (B) and ATPase in the presence of 5
mM levamisole (C). Tibiae from 11-day embryos were
incubated in medium containing PTH (1 U/ml) for 48
hr after a 24 hr preculture. Enzyme activity is expressed
as quantity of substrate hydrolyzed per bone per hr, so
that comparisons can be made between AP and ATPase
activity. The mean (£SE) of the differences between the
ATPase activities of paired, PTH-treated and control
bones (C) is 87 + 23. Each bar represents the mean value
of 8 tibiae. ** P < 0.01, *** P < 0.001 compared to paired
control bones.
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the ATPase activity of PTH-treated bones
was 160% of the activity of control bones
(Fig. 4C). Three additional experiments sim-
ilar to the one shown in Fig. 4 have confirmed
this finding. The data shown in Fig. 4 indicate
that bone contains at least two phosphatase
activities at alkaline pH: a nonspecific alka-
line phosphatase (AP) that is decreased by
PTH, and an ATPase that is increased by
PTH.

Discussion. This study demonstrates for the
first time, by using a selective inhibitor, the
existence of an ATPase activity in bone which
can be distinguished from nonspecific alka-
line phosphatase. In contrast to AP activity,
which was decreased in tibiae cultured in
medium containing PTH, this specific ATP-
ase was shown to be substantially increased
in PTH-treated bones.

Bone AP, the enzyme inhibited by levam-
isole, has been associated with mineral dep-
osition since 1923 when Robison discovered
an enzyme in ossifying cartilage which would
hydrolyze hexosemonophosphoric acid es-
ters, and suggested a role for this enzyme in
bone calcium phosphate deposition (1). Since
that time, alkaline phosphatase has been lo-
calized in osteoblast plasma membranes and
matrix vesicles in areas undergoing mineral-
ization (2). In spite of the fact that AP occurs
in mineralizing areas and seems to be neces-
sary for the process of mineral deposition, no
mechanism for this process has been clearly
demonstrated. Nevertheless, the inhibition of
bone AP activity by PTH suggests that PTH
may exert an acute inhibitory effect on bone
mineral deposition.

The present study did not determine
whether the decrease in AP activity caused
by PTH was due to inhibition of synthesis of
new enzyme, or to the inhibition of the activ-
ity of the enzyme. Work with HeLa cell AP
has suggested that cellular cAMP may be
involved in regulating AP activity (22). In
HeLa cells, agents leading to an increased
intracellular cAMP concentration also caused
decreased AP activity. It is possible that the
bone cell cAMP which is increased by PTH
(23) may be responsible for the decrease in
AP activity.

Studies of alkaline phosphatase from rat
odontoblasts involved in dentin formation
have demonstrated the presence of a nonspe-
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cific AP, as well as a Ca-ATPase (21), which
is active in the presence of 0.5 mM levami-
sole. Rat odontoblast AP activity was nearly
completely inhibited by 0.5 mM levamisole,
while the chick bone AP in the present study
was only partially inhibited by levamisole
concentrations less than 5 mM. The differ-
ence between the concentrations of levami-
sole required to inhibit mammalian bone AP
and avian bone AP is consistent with a recent
report by Reynolds and Dew (24) which
showed that levamisole was ten times more
potent as an inhibitor of mammalian bone
AP than as an inhibitor of avian bone AP.
As in the present study, they showed that 5
mM levamisole resulted in near total inhibi-
tion of avian bone AP.

It has been suggested (21) that in odonto-
blasts, the AP functions to remove minerali-
zation inhibitors such as inorganic pyrophos-
phate and to increase the local phosphate
concentration while the Ca-ATPase acts as a
Ca’" transporting enzyme to accumulate
Ca?* ions in the cells. These two odontoblast
enzymes may be analogous to the two phos-
phatases studied in the present work. How-
ever, the increase in bone ATPase that re-
sulted from culture from PTH suggests that
the ATPase may function in PTH-stimulated
Ca?* efflux from bone cells rather than in
accumulation of Ca** for mineral deposition.
Ramp (5) has shown that an early effect of
PTH is to increase the efflux of calcium from
bone to medium without increasing the P;
release. It was suggested that this apparent
stimulation of “Ca pumping” might be due
to an increased ATPase activity. The ATPase
that is not inhibited by levamisole and is
increased in PTH-treated bones may be this
enzyme.

Summary. Addition of PTH to the medium
of embryonic chick tibiae in organ culture
caused a decrease in AP activity. Total ATP-
ase activity was the same in control and
treated bones, but ATPase activity assayed in
the presence of levamisole, an inhibitor of
bone AP activity, was greater in PTH-treated
bones. These data suggest that there are at
least two different phosphatase activities in
bone with optimal activity at alkaline pH: a
nonspecific alkaline phosphatase which is de-
creased in PTH-treated bones, and an ATP-
ase which is increased by the hormone.
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