Parathyroid Hormone Exerts Disparate Effects on Osteoblast Differentiation
Depending on Exposure Time in Rat Osteoblastic Cells

Toshinori Ishizuya,* & Satoshi Yokose,* Masayuki Hori,
and Akira Yamaguchi*

§ Toshiharu Noda, § Tatsuo Suda, * Shusaku Yoshiki,*

*Department of Oral Pathology, and *Department of Biochemistry, School of Dentistry, Showa University, Tokyo 142, Japan; and *Laboratory for
Bone Metabolism, Life Science Research Institute, Asahi Chemical Industry Co., Ltd., Shizuoka 410-23, Japan

Abstract

It has been reported that PTH exerts bone-forming effects
in vivo when administered intermittently. In the present
study, the anabolic effects of PTH(1-34) on osteoblast differ-
entiation were examined in vitro. Osteoblastic cells isolated
from newborn rat calvaria were cyclically treated with
PTH(1-34) for the first few hours of each 48-h incubation
cycle. When osteoblastic cells were intermittently exposed
to PTH only for the first hour of each 48-h incubation cycle
and cultured for the remainder of the cycle without the hor-
mone, osteoblast differentiation was inhibited by suppress-
ing alkaline phosphatase activity, bone nodule formation,
and mRNA expression of alkaline phosphatase, osteocalcin,
and PTH/PTHTrP receptor. Experiments using inhibitors and
stimulators of cAMP/protein kinase A (PKA) and Ca?*/PKC
demonstrated that cAMP/PKA was the major signal trans-
duction system in the inhibitory action of PTH. In contrast,
the intermittent exposure to PTH for the first 6 h of each 48-h
cycle stimulated osteoblast differentiation. Both cAMP/
PKA and Ca?*/PKC systems appeared to be involved coop-
eratively in this anabolic effect. Continuous exposure to
PTH during the 48-h incubation cycle strongly inhibited os-
teoblast differentiation. Although both cAMP/PKA and
Ca**/PKC were involved in the effect of continuous expo-
sure to PTH, they appeared to act independently. A neutral-
izing antibody against IGF-I blocked the stimulatory effect
on alkaline phosphatase activity and the expression of os-
teocalcin mRNA induced by the 6-h intermittent exposure.
The inhibitory effect induced by the 1-h intermittent expo-
sure was not affected by anti-IGF-I antibody. These results
suggest that PTH has diverse effects on osteoblast differen-
tiation depending on the exposure time in vitro mediated
through different signal transduction systems. These in
vitro findings explain at least in part the in vivo action of
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PTH that varies with the mode of administration. (J. Clin.
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Introduction

In 1929, 4 yr after the discovery of parathyroid hormone,
Bauer et al. (1) reported for the first time that subcutaneous
injection of parathyroid extract stimulated bone formation in
rats. In 1976, Reeve et al. (2) attempted clinical application of
the synthetic fragment of human PTH (PTH(1-34)), in which
they found an anabolic effect of the hormone in four patients
with postmenopausal osteoporosis. To date, a number of in
vivo trials have been conducted to explore the anabolic effect
of PTH in bone metabolism (3-7). Among these, experiments
using intact and osteopenic animals have demonstrated that
intermittent administration of PTH increases bone mass,
whereas continuous infusion causes a decrease (8-10). The in-
crease in bone mass by the intermittent administration was as-
sociated with the parameters of elevated bone formation ana-
lyzed by bone histomorphometry. Continuous infusion of PTH
caused osteopenia, probably due to greater acceleration of
bone resorption than bone formation. Thus, PTH has diverse
effects on bone depending on the mode of administration. This
suggests that PTH may be useful for the treatment of meta-
bolic bone diseases such as osteoporosis by an appropriate ad-
ministration, but the mechanisms of the diverse actions or the
hormone on bone remain obscure.

Several in vitro culture systems of osteoblastic cells have
been available for studying the mechanism of osteoblast differ-
entiation (11, 12). Of these, clonal osteoblastic cell lines are
useful tools for investigating osteoblast differentiation (13-16).
These cells are composed of a relatively homogenous popula-
tion of osteoblastic cells, but express intrinsic properties re-
flecting specific stages of osteoblast differentiation. Another
useful culture system is primary osteoblastic cells isolated from
bone by sequential enzyme digestion (13, 17, 18). Although
these cells are composed of heterogeneous cell populations,
they express various osteoblast phenotypes, including the abil-
ity to form bone nodules in vitro, and are useful for examining
sequential changes of phenotypes occurring during osteoblast
differentiation. Using these culture systems, it has become pos-
sible to examine the direct effects of various hormones and
growth factors on osteoblast differentiation.

A number of in vitro trials have been conducted to investi-
gate the mechanism of action of PTH on proliferation and dif-
ferentiation of osteoblasts using in vitro culture systems, but
the results obtained are inconsistent. For example, PTH stimu-
lated proliferation of primary osteoblastic cells isolated from
human trabeculae (19) and from chick calvariae (20), but in-
hibited proliferation of the rat osteoblastic cell line UMR-106
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(21, 22). PTH suppressed alkaline phosphatase (ALP)! activity
in the rat osteoblastic cell line ROS-17/2.8 (23), but had a stim-
ulatory effect in the mouse osteoblastic cell line MC3T3-E1
(24). The hormone strongly inhibited bone nodule formation
by primary osteoblastic cells isolated from calvariae of rat em-
bryos (25). In addition, several research groups including our-
selves have reported that PTH exerted diverse effects on osteo-
blast differentiation depending on differentiation stage (26-28).
These observations indicate that the action of PTH on osteo-
blasts varies with cell type and experimental conditions. In
most in vitro experiments reported to date, PTH was present
during the entire culture period. These experimental condi-
tions, in which PTH was continuously exposed to the cells, ap-
peared to be inappropriate for elucidating the anabolic effect
of PTH on bone formation in vitro.

PTH stimulates multiple intracellular signal pathways, in-
cluding those mediated by cAMP, inositol phosphates, and cal-
cium, and activates both protein kinase A (PKA) and C (PKC).
Although the multiple signaling stimulated by PTH seems to
be closely related to the diversity of PTH effects, the roles of
each signal transduction system in osteoblast proliferation and
differentiation are not fully understood.

In the present study, the effects of PTH on osteoblast dif-
ferentiation were examined by treating osteoblastic cells iso-
lated from newborn rat calvariae with PTH(1-34) continuously
or intermittently. We demonstrate here that, when osteoblastic
cells were exposed to PTH continuously, the hormone always
inhibited osteoblast differentiation, but when the cells were
treated intermittently with PTH, it exerted an anabolic effect
on osteoblast differentiation depending on the timing of expo-
sure. These in vitro findings explain at least in part the in vivo
action of PTH that varies with the mode of administration.

Methods

Chemicals. PTH(1-34) was synthesized by Asahi Chemical Industry
(Shizuoka, Japan). The stock solution of the hormone was dissolved
in 4 mM hydrochloride containing 0.1% bovine serum albumin and
stored at —20°C. Stock solutions of phorbol myristate acetate (PMA;
Research Biochemicals, Inc., Natick, MA) and forskolin (Wako Pure
Chemical Industries, Osaka, Japan) were made by dissolving in etha-
nol. Staurosporin (Wako Pure Chemical Industries) was dissolved
in methanol. Adenosine-3’,5'-cyclicmonophosphothioate, Rp-isomer
(Rp-cAMPS) (Biolog Life Science Institute, Bremen, Germany) was
dissolved in alpha-modified minimum essential medium (a-MEM,;
Gibco Laboratories, Grand Island, NY) containing 10% fetal calf se-
rum. Mouse anti-human IGF-I antibody was purchased from Upstate
Biotechnology Inc. (Lake Placid, NY).

Isolation and cell culture of osteoblastic cells. Osteoblastic cells were
isolated from calvariae of 1-d-old Sprague-Dawley rats by sequential
enzymatic digestion as described previously (29). Briefly, calvariae
were minced and incubated at room temperature for 20 min with gen-
tle shaking in an enzymatic solution containing 0.1% collagenase,
0.05% trypsin, and 4 mM Na, EDTA in calcium and magnesium-free
phosphate buffered saline (PBS(—)). This procedure was repeated to
yield a total of six digests. The cells isolated from the last four to six
digests were cultured separately in a-MEM containing 10% FCS and
antibiotics (100 mg/ml of penicillin G and 100 IU/ml of streptomycin).
After reaching a subconfluent state (80-90% confluent), the cells
were removed from each flask and combined together as osteoblastic

1. Abbreviations used in this paper: ALP, alkaline phosphatase; PKA
(or C), protein kinase A (or C).
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cells. Cells were used for all experiments at the second passage as de-
scribed below. They were cultured in a-MEM containing 10% FCS, 5
mM B-glycerophosphate, 50 ng/ml ascorbic acid, and antibiotics.
Since preliminary experiments suggested that the magnitude of the
effects on ALP activity induced by various modes of PTH exposure
varied between the lots of FCS, we selected a suitable lot of FCS
(A0901; Gibco Laboratories), which retained the highest stimulatory
effect on ALP activity after 6-h intermittent exposures were repeated
four times.

Experimental protocol for PTH exposure. Osteoblastic cells were
inoculated at a density of 3.8 X 103 cells/cm? and cultured for 16 h in
the absence of PTH(1-34). Then they were divided into three groups
according to the mode of exposure to PTH: intermittent exposure
group, continuous exposure group, and vehicle-treated group. In the
intermittent exposure group, the cells were exposed to PTH(1-34) for
the first 1, 3, 6, or 24 h of each 48-h incubation cycle, and then cul-
tured in the absence of PTH during the remainder of the cycle. In the
continuous exposure group, the cells were exposed to PTH(1-34)
from day 1 to the end of the culture period. During this period, the
culture medium was changed every 48 h. In the control group, the cul-
ture medium containing vehicle was also changed every 48 h.

Measurement of immunoreactive PTH. To estimate the degrada-
tion of PTH(1-34) during culture, osteoblastic cells at a postconfluent
state were incubated with culture medium containing 10% FCS and
50 ng/ml PTH(1-34); then the amount of PTH(1-34) in the culture
media was determined using an IRMA kit for rat PTH (Immutopics,
Inc., CA) at various time points during the 72-h incubation period.
Preliminary experiments revealed that the standard curve of hu-
man PTH(1-34) using this assay kit was linear (y = 507.089 + 11.337X,
r = 0.9999) from 0- ~ 1,000 pg/ml. The amount of human PTH(1-34)
in the culture media was calculated from this standard curve. The
amounts of immunoreactive PTH in the culture medium containing
10% FCS without human PTH(1-34) were 9.07 pg/ml.

Histochemistry. The cells were fixed with 10% neutral buffered
formalin in PBS for 20 min. ALP activity in the cells was determined
histochemically using naphthol AS-MX phosphate (Sigma Chemical
Co., St. Louis, MO) as a substrate, and fast red violet LB salt (Sigma
Chemical Co.) was identified as a coupler as described previously
(30). After staining for ALP activity, mineralized bone nodules were
detected by von Kossa’s staining. To quantify the mineralized bone
nodules, the number of black or brown nodules on von Kossa’s stain-
ing were counted in each well of 6-well plates.

Measurement of ALP activity and calcium content. The cultured
osteoblastic cells were sonicated in 0.1 M Tris buffer, pH 7.2, contain-
ing 0.1% Triton X-100. ALP activity was determined using p-nitro-
phenylphosphate as a substrate in 0.05 M 2-amino-2-methylpropanol
and 2 mM MgCl,, pH 10.5. The amount of p-nitrophenol released was
estimated by measuring absorbance at 410 nm. Protein concentration
was determined using BCA protein assay reagent (Pierce Chemical
Co., Rockford, IL). The remainders of the sonicated samples used for
ALP measurement were incubated with a half volume of 12 N hydro-
chloride for 16 h at room temperature. After centrifugation for 10
min at 6,000 g, the amount of calcium in the supernatant was deter-
mined using a calcium C-Test kit (Wako Pure Chemical Industries).

Northern blot analysis and reverse transcription—-PCR. Total cel-
lular RNA was extracted from osteoblastic cells using a RNaid PLUS
kit (Bio 101 Inc., La Jolla, CA). 20 ng total RNA were electropho-
resed in 1.2% agarose-formaldehyde gels, and RNA was transferred
on nylon membrane filters (Hybond-N; Amersham International,
Little Chalfont, UK). The membranes were hybridized for 2 h at 65°C
with [**P]-labeled cDNA probes for rat ALP, rat osteocalcin, rat pro-
collagen al1(I), rat PTH/PTHrP receptor, and rat B-tubulin, which
were labeled using a multirandom primer oligonucleotide labeling kit
(Boehringer, Mannheim, Germany) and [**P]dCTP (Amersham In-
ternational) according to the manufacturer’s protocol. The relative
expression levels of each signal on the hybridized membranes were
calculated by BAStation 3000, and the membranes were also pro-
cessed for autoradiography.



Complementary DNA was synthesized using SuperScript reverse
transcriptase (Takara Shuzo Co., Osaka, Japan) with oligo dT, and it
was amplified at the total volume of 50 wl by SUPERSCRIPT
Preamplification System kit (GIBCO BRL, Gaithersburg, MD). The
oligonucleotides for rat osteocalcin were as follows: 5'-CCTCA-
TCTGGACTTTATTTT-3' (3'-primer complementary to nucleotides
461-480) and 5'-GAACAGACAAGATCCCACACA-3' (5'-primer
complementary to nucleotides 1-20). The oligonucleotides for rat
glyceraldehyde 3-phosphate dehydrogenase (G3PDH) were as fol-
lows: 5'-ACCACAGTCCATGCCATCAC-3' (5" primer) and 5'-TCC-
ACCACCCTGTTGCTGTA-3" (3’ primer). A total of 30 cycles of
amplification was performed with Takara PCR Thermal Cycler MP
(Takara Shuzo Co.) at 94°C for 30 s, at 65°C for 20-30 s, and at 72°C
for 2 min. Preliminary experiments proved that the PCR conditions
employed were within the exponential phase of the amplification
curve. The PCR products were electrophoresed in a 1% agarose gel,
and the specificity was confirmed by Southern blot. The PCR prod-
ucts transferred on nylon membrane filters (Hybond-N+ membrane)
were hybridized with digoxigenin-labeled internal cDNA probes.

Statistical analysis. The results are expressed as means*=SD. Sta-
tistical analysis between the two groups was performed with Stu-
dent’s ¢ test, and that between the multiple groups was performed
with Dunnett test.

Results

Effects of PTH on osteoblast differentiation depending on
mode of exposure. Fig. 1 summarizes the effects of PTH (50
ng/ml) on the formation of bone nodules after repeating eight
times the intermittent or continuous exposure to the hormone
in each 48-h incubation cycle. Numerous bone nodules that
were comprised of ALP-positive cells and mineralized matri-
ces were found in the control cultures by day 17 (Fig. 1 a).
PTH induced different effects on the number of bone nodules
depending on the exposure time during the 48-h incubation cy-
cle (Fig. 1, b—f). The number of bone nodules in the 1-h expo-
sure group (Fig. 1 b) was smaller than that in the control

a b (o

group, but larger in the 6-h exposure group (Fig. 1 d). In both
the 3- and 24-h exposure groups (Fig. 1, ¢ and ¢), the numbers
of bone nodules were almost identical to that in the control
group. In the continuously exposed group, the number of bone
nodules was markedly reduced (Fig. 1f).

To investigate further the effects of exposure time of PTH
(50 ng/ml) in each 48-h incubation cycle, ALP activity, calcium
content in the cell layer, and the number of mineralized bone
nodules were quantified (Fig. 2). Intermittent PTH exposure
induced diverse effects on the phenotypes of osteoblastic cells
depending on the exposure time. The 1-h exposure group
showed significant reductions in ALP activity, calcium content,
and the number of mineralized bone nodules compared with
those in the control group. In contrast, the 6-h exposure in-
duced significant increases in these parameters. In both the 3-
and 24-h exposure groups, these parameters were almost iden-
tical to those in the control group. Continuous exposure
strongly reduced ALP activity, calcium content, and the num-
ber of mineralized bone nodules.

Fig. 3 summarizes the time courses of changes in ALP ac-
tivity and calcium content induced by 1- and 6-h intermittent
exposure and continuous exposure to PTH (50 ng/ml). ALP
activity increased time dependently in the control culture (Fig.
3 A). The cells intermittently exposed to PTH for 1 h showed a
lower ALP activity than that in the control group on day 5, and
continued to express lower ALP activities up to the end of the
culture. By contrast, an intermittent 6-h exposure resulted in a
definite increase in the enzyme activity relative to the control
group on days 5, 9, 13, and 17. Continuous exposure reduced
ALP activity significantly compared with the control group
during the entire culture period examined. Fig. 3 B summa-
rizes the time course of changes in calcium content in the cell
layer. In the control culture, amounts of calcium accumulated
in the cell layer became measurable on day 13, and increased
up to the end of the culture. Intermittent 1-h exposure gener-

d = f

Figure 1. Effects of the intermittent and continuous exposure to PTH on the formation of bone nodules. Osteoblastic cells were inoculated in a
well of 6-well plates and exposed to PTH intermittently or continuously after preculture for 16 h. In the intermittent exposure group (b-e), cells
were exposed to 50 ng/ml of PTH for the first 1 (b), 3 (c), 6 (d), and 24 (e) h of each 48-h incubation cycle, and then cultured in the absence of
PTH during the remainder of the cycle. This cycle was repeated eight times, and then the cells were fixed and stained for ALP and von Kossa as
described in Methods. The pink shows ALP activity and the small black dots represent mineralized bone nodules. In the continuous exposure
group (f), the cells were exposed to 50 ng/ml of PTH from days 1 to 17. During this culture period, culture medium was changed every 48 h. In the
control group (a), the culture medium containing vehicle was also changed every 48 h.
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Figure 2. Effects of intermittent and continuous exposure to PTH on
ALP activity, calcium content in the cell layer, and the number of
bone nodules. Osteoblastic cells in a well of 6-well plates were ex-
posed to PTH for various times in each 48-h incubation cycle as de-
scribed in Methods. After repeating this cycle eight times, ALP activ-
ity (A) and calcium content (B) in the cell layer and the number of
bone nodules (C) were measured as described in Methods. Data are
means=*SD of six (A and B) or four cultures (C). *P < 0.01 compared
with the 0-h value.

ated very low calcium content compared with that in the con-
trol group. The intermittent 6-h exposure group showed signif-
icantly higher calcium content than the control group on days
13-21. The cells continuously exposed to PTH accumulated
extremely low levels of calcium in the cell layer throughout the
culture period.

Dose-dependent effects of intermittent and continuous ex-
posure to PTH on ALP activity are shown in Fig. 4. The stimu-
latory effect of 6-h intermittent exposure on ALP activity was
recognized at concentrations higher than 0.05 ng/ml, but the
inhibitory effects of PTH on ALP activity induced by the 1-h
and continuous exposures were evident at concentrations over
0.5 ng/ml.

Fig. 5 shows the effects of the intermittent and continuous
exposures to PTH on the levels of expression of mRNAs for
ALP, osteocalcin, procollagen a1(I), and PTH/PTHrP recep-
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Figure 3. Time course of changes in ALP activity (A) and calcium
content (B) in the cell layer induced by intermittent and continuous
exposure to PTH. Osteoblastic cells were inoculated into a well of
6-well plates, and then exposed to PTH for various times in each 48-h
incubation cycle as described in Methods. Changes in ALP activity
and calcium content in the cell layer were measured every 4 d up to
day 21. Control, O; 1-h intermittent exposure, [J; 6-h intermittent ex-
posure, @; continuous exposure, A. Data are means*SD of three cul-
tures. *P < 0.01 compared with the corresponding control cultures on
each day examined.

tor. Intermittent exposure to PTH had diverse effects on the
expression levels of these mRNAs. The 1-h exposure group
showed decreased levels of ALP, osteocalcin, and PTH/
PTHrP receptor mRNA expression, but no apparent changes
in procollagen a1(I) mRNA expression compared with those
in the control culture. In the 6-h exposure group, mRNA levels
for ALP, osteocalcin, procollagen a1(I), and PTH/PTHrP re-
ceptor were 3.4-,9.4-, 1.6-, and 2.7-fold higher than those in the
control culture, respectively. Continuous exposure to PTH ap-
parently decreased expression of all these transcripts.

Changes in the amount of supplemented PTH during the
culture period. The amount of immunoreactive PTH was not
significantly decreased up to 72 h in the absence of the cells.
When PTH was incubated in the presence of osteoblastic cells,
however, the amounts of immunoreactive PTH gradually de-
creased after 6 h. The residual amount of PTH was 100.8% at
1,99.5% at 3, 84.9% at 6, 74.8% at 12, 53.8% at 24, 36.0% at
48, and 20.3% at 72 h. The estimated amount of human
PTH(1-34) at 48 h was 19 ng/ml. This concentration was suffi-
cient to show its effects as judged by the dose-dependent ex-
periment shown in Fig. 4.

Signal transduction of the diverse action of intermittent or
continuous PTH exposure on osteoblast differentiation. In most
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Figure 4. Dose-dependent effects of intermittent and continuous ex-
posure to PTH on ALP activity in osteoblastic cells. Osteoblastic cells
inoculated in a well of 6-well plates were exposed to graded concen-
trations of PTH intermittently or continuously in each 48-h incuba-
tion cycle. After repeating this cycle four times, ALP activity was
measured as described in Methods. Control, O; 1-h intermittent expo-
sure, [J; 6-h intermittent exposure, @; continuous exposure, A. Data
are means=SD of three or four cultures. P < 0.05 and *P < 0.01
compared with the corresponding control cultures on each concentra-
tion examined.

of the experiments described above, cells were exposed to
PTH for 16 or 20 d from the growth phase to the postconfluent
phase. Since this exposure period was too long to investigate
the signal transduction system using various inhibitors and
stimulators, we next examined how many 48-h incubation cy-
cles of intermittent or continuous exposure were necessary for
induction of similar inhibitory or stimulatory effects of PTH
(Table I). When PTH exposure was initiated at a postconflu-
ent state (day 5), only two 48-h incubation cycles were suffi-
cient to mimic the changes in ALP activity induced by four cycles
of treatment starting at day 1. In the postconfluent protocol, 1-h
intermittent exposure and the continuous exposure to PTH
similarly inhibited ALP activity, while 6-h intermittent expo-
sure showed a stimulatory effect. PTH exposure starting at day

a b c¢c d

ALP o -
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B-tubulin S S S -

Figure 5. Effects of intermittent or continuous exposure to PTH on
the expression of ALP, osteocalcin, procollagen o1(I), PTH/PTHrP
receptor, and B-tubulin mRNAs. Osteoblastic cells inoculated in
10-cm dishes were exposed to 50 ng/ml PTH intermittently (lanes b
and ¢) or continuously (lane d). The cells were exposed to PTH for
the first 1 (lane b) or 6 (lane ¢) h in each 48-h incubation cycle, and
this cycle was repeated six times. Lane a shows the control group. The
mRNA levels were compared with that of B-tubulin. The number
shown below each signal indicates the ratio of the expression level be-
tween the respective mRNA and B-tubulin mRNA compared with
those in the control culture.

5 induced similar changes in ALP activity and calcium content
in the cell layer measured on day 17 as in the cells treated with
PTH starting at day 1. These results suggest that only two 48-h
incubation cycles starting at a postconfluent state are sufficient
for investigation of the mechanism underlying the diverse ef-
fects of PTH, depending on the mode of treatment.

Table I. Effects of PTH Exposure at a Postconfluent State of Osteoblastic Cells

Calcium content

ALP activity (nmol/min per pg protein) (g well)
Treatment Days in culture 5d 9d 17d 17d
A Vehicle 0.21%0.01 0.43%0.02 0.83%0.04 223.6%8.0
1-h intermittent exposure to PTH 0.17+0.01* 0.32+0.02* 0.53+0.02* 30.9£5.9*
6-h intermittent exposure to PTH 0.24+0.01* 0.62+0.01* 1.00=£0.07* 407.1£21.7*
Continuous exposure to PTH 0.14=0.01* 0.22%0.01* 0.38%0.02* 22.9+2.4%
B Vehicle - 1-h intermittent exposure to PTH 0.34+0.03* 0.54£0.02* 30.9%5.4*
Vehicle - 6-h intermittent exposure to PTH 0.60x0.02* 1.03£0.05* 407.7+17.4*
Vehicle - Continuous exposure to PTH 0.25*0.02%* 0.39%0.02* 22.9+5.8*

Osteoblastic cells inoculated into a well of 6-well plates were exposed to PTH intermittently or continuously in each 48-h incubation cycle on day 1
(A) or day 5 (B). In this culture system, the cells reached a confluent state on day 4. The cells exposed to PTH starting on day 5 (B) were cultured
without PTH until addition of the hormone. ALP activity and calcium content in the cell layer were measured on the indicated days as described in
Methods. Data are means+=SEM of five cultures. *P < 0.01 compared with the corresponding control groups cultured with vehicle on each day.
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Using this experimental protocol, we measured the ALP
activity and the expression levels of osteocalcin mRNA to in-
vestigate whether the signal transduction systems of cAMP/
PKA and Ca?*/PKC are involved in the diverse actions of PTH
(Figs. 6 and 7). A 1-h exposure to forskolin, a stimulator of
cAMP/PKA, inhibited ALP activity (Fig. 6 A) and the expres-
sion level of osteocalcin mRNA (Fig. 7 A) to the same extent
as a 1-h exposure to PTH. In addition, Rp-cAMPS, a competi-
tive inhibitor of cAMP, antagonized the inhibitory effect of
PTH on the ALP activity (Fig. 6 A) and the expression of os-
teocalcin mRNA (Fig. 7 A) induced by a 1-h intermittent ex-
posure. In contrast, the 1-h intermittent exposure to PMA, a
stimulator of Ca**/PKC, induced no significant change in the
ALP activity (Fig. 6 A) and the expression of osteocalcin
mRNA (Fig. 7 A), compared with the control group. Stauro-
sporin, an inhibitor of Ca?*/PKC and cAMP/PKA, caused no
significant change in the inhibitory effect on the ALP activity
(Fig. 6 A) and the expression of osteocalcin mRNA (Fig. 7 A)
induced by a 1-h intermittent exposure to PTH.

6-h intermittent exposure to forskolin or PMA failed to
mimic the stimulatory effect on the ALP activity (Fig. 6 A) and
the expression of osteocalcin mRNA (Fig. 7 A) of PTH ap-
plied in the same manner. Addition of either Rp-cAMPS or
Staurosporin completely blocked the stimulatory effects of the
6-h intermittent exposure to PTH on the ALP activity (Fig. 6A4)
and the expression of osteocalcin mRNA (Fig. 7 A). These re-
sults suggest that cAMP/PKA and Ca**/PKC are coopera-
tively involved in the stimulatory effect on the ALP activity
and the expression of osteocalcin mRNA induced by the 6-h
intermittent exposure to PTH.

We examined further whether forskolin and PMA have
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$P < 0.01 between the two groups
connected with the dotted lines.

Forskolin (M)

synergistic effects on the ALP activity and the expression of
osteocalcin mRNA in the 6-h intermittent exposure group
(Figs. 6 B and 7 B). A high concentration (104 M) of forskolin
increased ALP activity, but it failed to reach the same extent
as the enzyme activity induced by 6-h intermittent exposure to
PTH. A high concentration (10~ M) of PMA inhibited ALP
activity (Fig. 6 C), but lower concentrations (10~° and 1071 M)
of PMA had no significant effects (data not shown). Simulta-
neous treatment with forskolin at concentrations lower than
1073 M and various concentrations of PMA induced no signifi-
cant changes in ALP activity, whereas simultaneous exposure
to high concentrations of forskolin (107* M) and PMA (107~°
and 1078 M) significantly stimulated not only ALP activity, but
also the expression of osteocalcin mRNA to the same extent as
that induced by the 6-h intermittent exposure to PTH (Figs. 6
Band 7 B).

Continuous exposure to forskolin or PMA strongly inhib-
ited the ALP activity (Fig. 6 A) and the expression of osteocal-
cin mRNA (Fig. 7 A) to the same extent as continuous expo-
sure to PTH. Adding either Rp-cAMPS or Staurosporin failed
to block the inhibitory effect of continuous exposure to PTH
on ALP activity (Fig. 6 A) and the expression of osteocalcin
mRNA (Fig. 7 A).

Effects of anti-IGF-I antibody. Several lines of evidence
have indicated that IGF-I is involved in the anabolic action of
PTH on the proliferation and differentiation of osteoblasts.
Therefore, we investigated the role of IGF-I in PTH-induced
ALP activity and expression of osteocalcin mRNA using a
neutralizing antibody (Fig. 8, A and B). In the control culture,
the IGF-I antibody induced no significant changes in the ALP
activity and the expression of osteocalcin mRNA at any con-
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Figure 7. Effects of stimulators and inhibitors of cAMP/PKA and Ca?*/PKC on the expression of osteocalcin mRNA. Osteoblastic cells inocu-
lated in a well of 6-well plates were cultured for 5 d. They were exposed twice to the indicated reagents intermittently or continuously in each 48-h
incubation cycle (A). The osteoblastic cells were exposed twice to various concentrations of PMA and/or forskolin for the first 6 h in each 48-h
incubation cycle (B). The expression of osteocalcin mRNA and G3PDH mRNA was determined as described in Methods. PTH int.-6, 6-h inter-

mittent exposure to PTH.

centrations examined. Adding the antibody dose dependently
inhibited both the ALP activity and the expression of osteocal-
cin mRNA induced by the 6-h exposure to PTH. The maxi-
mum concentration of the antibody used (80 wg/ml) reduced
the levels of ALP activity and the expression of osteocalcin
mRNA to those in the control culture. Addition of the anti-
body induced no significant change in the ALP activity or the
expression of osteocalcin mRNA induced by the 1-h exposure
to PTH.

Discussion

In the present study, we examined the in vitro effects of con-
tinuous and intermittent exposure to PTH on differentiation of
osteoblastic cells isolated from calvariae of newborn rats to in-
vestigate the mechanism of action of PTH on bone formation
that varies with the mode of administration in vivo. Continu-
ous exposure to PTH strongly inhibited osteoblast differentia-
tion by suppressing ALP activity, expression of ALP, osteocal-
cin, and procollagen a1(I) mRNAs and the formation of bone
nodules. These results support the previous observation that
continuous exposure to PTH inhibited osteoblast differentia-
tion in various cells. Intermittent exposure to PTH in each 48-h
incubation cycle exerted disparate effects on these phenotypes
depending on the period of exposure. When osteoblasts were
exposed intermittently to PTH only for the first hour of each
48-h incubation cycle, ALP activity, expression of ALP and os-
teocalcin mRNAs, and the formation of bone nodules were
similarly inhibited compared with those in the control cells.
However, when osteoblasts were exposed to PTH intermit-

tently for the first 6 h of each 48-h incubation cycle, these pa-
rameters were significantly increased. On the other hand, in-
termittent exposure to PTH for the first 3 or 24 h of each 48-h
cycle induced no significant increase in the phenotype. These
results indicate that the action of PTH on osteoblast differenti-
ation differs depending on the exposure time to the hormone
in vitro.

We reported that intermittent injection of PTH into nor-
mal rats increased the number of ALP-positive colony forming
unit-fibroblastic (CFU-F) in bone marrow (31). We also re-
ported that the continuous exposure to PTH stimulated osteo-
blast differentiation in immature osteoblasts, but inhibited it in
more mature cells during the differentiation of osteoblastic
cells isolated from calvariae of newborn mice (28). These re-
sults suggest that the anabolic effect of PTH can be explained
at least in part by the stimulation of proliferation and differen-
tiation of osteoprogenitor cells. Bellows et al. (25) demon-
strated that the continuous exposure to PTH inhibited bone
nodule formation in osteoblastic cells isolated from calvariae
of embryonic rats. The inhibitory effect of PTH occurred at a
late stage in the differentiation of osteoprogenitor cells, proba-
bly preventing differentiation of preosteoblasts into osteo-
blasts (25). In addition, Dobnig and Turner (6) recently re-
ported the possibility that the increased osteoblast number and
bone formation by intermittent injection of PTH were due to
the activation of preexisting bone lining cells to osteoblasts,
but not the stimulation of proliferation of osteoprogenitor
cells. Thus, the target stage of PTH action during osteoblast
differentiation has not been fully clarified. To elucidate this,
we investigated the effects of various modes of PTH exposure
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Figure 8. The effects of neutralizing
antibody against IGF-I on the ALP
activity and the expression of osteo-
calcin mRNA induced by intermit-
tent exposure to PTH. Osteoblastic
cells inoculated in a well of 12-well
plates were cultured for 5 d, and
then the cells were exposed to PTH
(50 ng/ml) intermittently in each
48-h incubation cycle. This cycle
was repeated twice in the presence
and absence of various concentra-
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on the differentiation of osteoblastic cells isolated from new-
born rat calvariae, because these cells showed the diversity of
stages of osteoblast differentiation from immature to mature
osteoblasts according to the period in culture. Time course
analysis showed that both the stimulatory effect on ALP activ-
ity by 6-h intermittent exposure to PTH and the inhibitory ef-
fects of 1-h intermittent and continuous exposure to the hor-
mone occurred from the growth phase, and the effects became
more apparent at the postconfluent phase. In addition, the dif-
ferences between inhibitory and stimulatory effects induced by
various modes of PTH exposure were more conspicuous in the
number of bone nodules, calcium content in the cell layer, and
expression of osteocalcin mRNA, which reflected terminal dif-
ferentiation of osteoblasts, than that in ALP activity. These re-
sults suggest that the diverse action of PTH induced by the dif-
ferent exposure times occurs at various stages of osteoblast
differentiation, but it is more prominent in mature than imma-
ture osteoblasts. This may be related to PTH/PTHrP receptor
expression levels, since levels of this transcript increased with
time in culture in the osteoblastic cells used in this study (data
not shown). The recent reports by Lee and co-workers (32,
33), in which they demonstrated by in situ hybridization a high
level of PTH/PTHrP receptor mRNA expression in osteo-
blasts covering the bone surface, supports this working hy-
pothesis.

Exposure to PTH induces downregulation of its receptor in
the target cells (34, 35). In the present study, we demonstrated
that the expression level of PTH/PTHrP receptor mRNA was
differently regulated by repeating the intermittent and contin-
uous exposure of PTH; 1-h intermittent exposure showed a
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slight decrease, 6-h intermittent exposure showed a marked in-
crease, and continuous exposure showed a marked decrease in
the expression of PTH/PTHrP receptor mRNA. When PTH
was added to osteoblastic cells in a postconfluent state, similar
changes of the level of PTH/PTHrP receptor mRNA expres-
sion were observed; the level of PTH/PTHrP receptor mRNA
expression was first downregulated 2 h after PTH exposure,
followed by a marked upregulation from 4 to 8 h after expo-
sure, and it was apparently downregulated at 48 h after the
continuous exposure (data not shown). These changes may be
closely related to the mechanism of the diverse action of PTH.
It is important to characterize the nature of PTH/PTHrP re-
ceptor including its affinity and binding capacity to the ligand.

It is possible to speculate that the diverse action of PTH
might be due to degradation of the hormone during the cul-
ture. To address this issue, the stability of PTH during culture
was estimated by measuring the residual amounts of the hor-
mone. The residual amount of PTH(1-34) in the culture media
48 h after its addition was sufficient for its effects as judged by
the dose-response study. This suggests that the disparate ef-
fects of PTH induced by the different exposure times were due
to the direct action of the hormone, and not to degradation of
the hormone during culture.

The diverse action of PTH induced by the different expo-
sure times might be caused by differences in intracellular sig-
naling mechanisms, since cross talk between the two signal
transduction systems, cCAMP/PKA and Ca?*/PKC, occurs in
osteoblasts after PTH stimulation (20, 36, 37). To confirm this,
we conducted experiments using stimulators and inhibitors of
cAMP/PKA and Ca**/PKC. Intermittent 1-h exposure to for-



skolin mimicked the inhibitory effect on the ALP activity and
the expression of osteocalcin mRNA induced by intermittent
exposure to PTH with the same time schedule. In addition,
Rp-cAMPS completely blocked the inhibitory effect of PTH
on the ALP activity and the expression of osteocalcin mRNA
induced by 1-h intermittent exposure. In contrast, PMA failed
to mimic the inhibitory effect on ALP activity and the expres-
sion of osteocalcin mRNA by the 1-h intermittent exposure,
and Staurosporin could not block the inhibition of the ALP ac-
tivity and the expression of osteocalcin mRNA by 1-h inter-
mittent exposure to PTH. These results indicate that cAMP/
PKA is the major signal transduction system involved in the
inhibitory effect of 1-h intermittent exposure to PTH. Inter-
mittent exposure for 6 h to either forskolin or PMA failed to
mimic the stimulatory effect on ALP activity and the expres-
sion of osteocalcin mRNA induced by 6-h intermittent expo-
sure to PTH, but the simultaneous addition of forskolin (107* M)
and PMA (107°-10"8 M) stimulated the ALP activity and the
expression of osteocalcin mRNA to the same extent as that in-
duced by the 6-h intermittent exposure to PTH. In addition,
the stimulatory effect of 6-h intermittent exposure to PTH was
almost completely blocked by either Rp-cAMPS or Stauro-
sporin. These results suggest that independent activation of ei-
ther cAMP/PKA or Ca?*/PKC is not sufficient to induce the
anabolic effect of 6-h intermittent exposure to PTH, and that
both cAMP/PKA and Ca?*/PKC are cooperatively involved in
the mechanism of this effect. Continuous exposure to forskolin
or PMA mimicked the inhibitory effect on the ALP activity and
the expression of osteocalcin mRNA induced by continuous
exposure to PTH, but the addition of Rp-cAMPS or Stauro-
sporin failed to block this inhibitory effect of PTH. These re-
sults suggest that both cAMP/PKA and Ca>*/PKC signal trans-
duction systems are involved in the inhibitory action of
continuous exposure to PTH, but they act independently on its
inhibitory effect. Turksen et al. (38) reported that forskolin
had a biphasic effect on the formation of bone nodules in a cul-
ture system similar to that used in the present study; the con-
tinuous exposure or the repeated short term exposure (1 h ev-
ery 2 d for 21 d) to a high concentration of forskolin (107> M)
significantly inhibited the formation of bone nodules, but the
exposure to a low concentration of forskolin (107 M) stimu-
lated it. They also suggested that the former inhibitory effect
was mediated by an increased level of intracellular cAMP, but
the latter stimulatory effect was evoked by a mechanism differ-
ent from the cAMP-dependent process (38). These results are
consistent with our findings that cAMP/PKA signaling may in-
hibit the formation of bone nodules, when it does not act coop-
eratively with a Ca?*/PKC signaling. Thus, the diverse action
of PTH, depending on the exposure time, may be caused by
the different usage of the signal transduction systems with
PTH stimulation.

Scutt et al. (20) reported that short term (5- to 30-min)
PTH treatment stimulated cell proliferation of osteoblasts iso-
lated from chicken calvariae, compared with long term treat-
ment with the hormone. They suggested that the stimulation of
cell proliferation induced by the short term PTH treatment
was due to selective regulation by cAMP/PKA. Their findings
may be related to the suppression of osteoblast differentiation
induced by the 1-h intermittent exposure to PTH in our exper-
iment, in which cAMP/PKA was also a major signal transduc-
tion pathway. Since the suppression of ALP activity by 1-h in-
termittent exposure to PTH was blocked when the treatment

was conducted in the presence of hydroxyurea (data not
shown), this PTH action might be due to the stimulation of cell
proliferation with the hormone through activation of cAMP/
PKA. In contrast, the stimulatory effect on the ALP activity
induced by 6-h intermittent exposure to PTH was reproduced
even in the presence of hydroxyurea (data not shown). This
suggests that mechanisms other than cell proliferation are in-
volved in the stimulatory effect of the 6-h intermittent expo-
sure to PTH. One of the candidates involved in this mecha-
nism is IGF-I.

Hock et al. reported that the stimulation of osteoblast dif-
ferentiation by IGF-I occurs even in the presence of hydroxy-
urea (39). Several reports suggested that the anabolic action of
PTH in bone is mediated by IGF-I (40-43). In our study, the
stimulation of the ALP activity and the expression of osteocal-
cin mRNA by 6-h intermittent exposure to PTH were almost
completely inhibited by addition of a neutralizing antibody
against IGF-1, although the inhibition of the ALP activity and
the expression of osteocalcin mRNA by the 1-h intermittent
exposure to PTH was not affected by this antibody. Continu-
ous exposure of IGF-I (100 nM) induced a significant increase
in the number of bone nodules in osteoblastic cells used in the
present study (unpublished observation). In addition, Watson
et al. demonstrated by an in situ hybridization technique that
the expression of IGF-I mRNA was increased in bone of PTH-
treated animals (44). Taken together, the anabolic effects of
PTH on bone formation involves, at least in part, the action of
IGF-I. Since the action of IGF-I is regulated by a complicated
mechanism including interactions with IGF-I, IGF-I receptors,
IGF-I binding proteins (IGFBPs) and IGFBP proteases, fur-
ther studies are necessary to determine conclusively the role of
IGF-I in the action of PTH.

In conclusion, PTH exerts diverse effects on osteoblast dif-
ferentiation depending on the time schedule of exposure to the
hormone in vitro. The present in vitro study provides insight
into the mechanism of the diverse action of PTH in bone in
Vivo.
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