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We have previously shown that differentiation of hypertrophic chondrocytes is delayed in mice ex-
pressing a mutated PTH/PTHrP receptor (PTHR) (called DSEL here) that stimulates adenylyl cyclase
normally but fails to activate phospholipase C (PLC). To better understand the role of PLC signaling via
the PTHR in skeletal and mineral homeostasis, we examined these mice fed a normal or calcium-
deficient diet. On a standard diet, DSEL mice displayed a modest decrease in bone mass. Remarkably,
when fed a low-calcium diet or infused with PTH, DSEL mice exhibited strikingly curtailed peritrabe-
cular stromal cell responses and attenuated new bone formation when compared with Wt mice.
Attenuated in vitro colony formation was also observed in bone marrow cells derived from DSEL mice
fed a low-calcium diet. Furthermore, PTH stimulated proliferation and increased mRNAs encoding
cyclin D1 in primary osteoblasts derived from Wt but not from DSEL mice. Our data indicate that PLC
signaling through the PTHR is required for skeletal homeostasis. (Endocrinology 151: 3502-3513, 2010)

he PTH/PTHrP receptor (PTHR) isa class IT G protein-
Tcoupled receptor that, like many other G protein-coupled
receptors, activates several signaling pathways, including the
Gsa-linked adenylyl cyclase (AC)-protein kinase A (PKA)
signaling pathway and the G,;;-linked phosphatidylinosi-
tol-specific phospholipase C (PI-PLC, named PLC here)-pro-
tein kinase C (PKC) signaling pathway in studies in cell cul-
ture (1,2). As with other such receptors, however, few studies
establish whether the activation of multiple G proteins ac-
tually occurs iz vivo and has importance in the action of such
receptors. To explore this possibility, we have generated
knock-in mice with a mutated PTHR, named DSEL (3). The
DSEL receptors, with four mutated residues in the receptor’s
second intracellular loop, can activate AC normally but can-
notactivate PLC (1, 3). In initial studies, we explored the role
of signaling via multiple G proteins by the PTHR in the chon-
drocytes of growing bones. Hypertrophic differentiation of
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chondrocytes is modestly delayed in DSEL mice, indicating
that the PLC signaling pathway via the PTHR is essential for
normal chondrocyte differentiation (3). The PTHR is impor-
tant not only for chondrocyte differentiation but also for
bone formation (4-7) and calcium/phosphate homeostasis.
Here we address the roles of signaling by multiple signaling
pathways in the role of the PTHR in regulating skeletal and
mineral ion homeostasis.

Intermittent PTH administration has been shown to in-
crease bone density, improve skeletal architecture, enhance
biomechanical strength, and reduce fracture risk (8-11),
whereas continuous infusion of PTH causes pathological
changes similar to those seen in clinical hyperparathyroid-
ism, including accumulation of peritrabecular stromal cells,
increased bone resorption, and hypercalcemia (12, 13). De-
spite these striking differences, both intermittent and contin-
uous PTH administration increase both bone formation and

Abbreviations: AC, Adenylyl cyclase; ALP, alkaline phosphatase; BrdU, bromodeoxyuridine;
CFU, colony-forming units; uCT, microcomputed tomography; CTX, C-terminal telopep-
tide a1 chain of type | collagen; FBS, fetal bovine serum; hPTH, human PTH; IP3, inositol
triphosphate; PKA, protein kinase A; PKC, protein kinase C; PLC, phosphatidylinositol-
specific phospholipase C; PMA, phorbol 12-myristate 13-acetate; P1NP, N-terminal
propeptide of type | procollagen; PTHR, PTH/PTHrP receptor; TUNEL, terminal deoxynu-
cleotidyl transferase-mediated dUTP nick end labeling; Wt, wild type.
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bone resorption; the balance of these two responses and
perhaps their mechanisms differ. The mechanistic basis for
these varying responses to PTH has been extensively ex-
plored butis yet to be fully identified (14 -16). Several lines
of evidence suggest that intermittent PTH treatment re-
sults in increased osteoblast number and activity via in-
creased differentiation and survival of osteoblasts (17—
19), whereas continuous PTH treatment leads to increased
osteoclast differentiation and activity through effects on
cells of the osteoblast lineage (20, 21).

The roles of distinct signaling pathways activated by the
PTHR in generating these skeletal responses to PTH are not
fully understood. Studies using amino-truncated PTH ana-
logs that cannot stimulate cAMP production suggested that
such stimulation was required for the anabolic actions of
PTH (22, 23), although subsequent studies suggested that
such analogs are defective in PLC activation as well (11).
Recently, PTHR PLC signaling stimulated by administration
of signal-specific PTH analogs has been shown not to be
required for the anabolic effect of PTH on bone (11), but
other evidence suggests that the cAMP/PKA signaling path-
way alone may not be sufficient to elicit a full anabolic re-
sponse (24, 25). Of course, in these studies using PTH ana-
logs given to normal rodents, the possible importance of
signaling in response to endogenous PTH and PTHrP, ex-
pected to activate both cAMP/PKA and PLC, could not be
evaluated. Clarification of the roles of distinct signaling path-
ways downstream from the PTHR may further understand-
ing of the varying actions of PTH on bone and could facilitate
the design of suitable agents for the treatment of bone dis-
eases such as osteoporosis.

To better understand the role of PLC signaling via the
PTHR in bone modeling and remodeling and also in calcium/
phosphate homeostasis, we examined the bone phenotype
and serum calcium/phosphate in mutant mice fed either a
standard diet or a low-calcium diet designed to provide a
model of secondary hyperparathyroidism. Here, we demon-
strate that in the basal state, DSEL mice displayed low bone
mass perhaps partly due to increased osteoclast activity in the
primary spongiosa, whereas the mutant mice, when fed a
low-calcium diet or infused with PTH, exhibited strikingly
curtailed peritrabecular stromal cell responses and attenu-
ated new bone formation despite elevated serum PTH. Our
data indicate that PLC signaling through the PTHR is essen-
tial for normal bone turnover.

Materials and Methods

Animals

The DSEL mice used in the present experiment were back-
crossed to the C57/B6 background for more than 10 generations.
All animals were maintained in facilities operated by the Center
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for Comparative Research of the Massachusetts General Hos-
pital, and all animal experimental procedures were approved by
the institution’s Subcommittee on Research Animal Care.

Sample preparation and histological analysis

Both wild-type (Wt) and DSEL homozygous mice were fed
with a standard diet. To induce secondary hyperparathyroidism,
20-d-old mice from both Wt and DSEL homozygous mice were
fed with a low-calcium diet (0.02% calcium and 0.4% phos-
phorus) or a control diet (0.6 % calcium and 0.4% phosphorus)
for 3 wk (low-calcium diet TD 02279 and control diet TD 97191
were purchased from Harlan Teklad, Madison, WI). For histo-
logical analysis, tissues from Wt and DSEL homozygous mice
were fixed with 10% formalin and 70% ethanol. In selected
cases, hind limbs were decalcified with 20% EDTA, and paraffin
blocks were prepared by standard histological procedures. For
selected samples, tartrate-resistant acid phosphatase staining
was performed using a Sigma Chemical Co. (St. Louis, MO) acid
phosphatase detection kit.

Serum biochemistry

Blood was collected by orbital sinus puncture before killing
for serum biochemistry. Serum calcium and inorganic phospho-
rus were assayed with the UV determination kits (Stanbio Lab-
oratory, Boerne, TX). Mouse intact PTH(1-84) was measured in
duplicate using an ELISA kit (Immutopics Inc., San Clemente,
CA). Serum N-terminal propeptide of type I procollagen (P1NP)
and C-terminal telopeptide a1 chain of type I collagen (CTX)
were measured with ELISA kits from Immunodiagnostic Systems
(Fountain Hills, AZ).

Microcomputed tomography (uCT)

wCT analysis of the distal femur was performed using a
desktop microtomographic image system, as described previ-
ously (11).

Tibial trabecular bone histomorphometry

For dynamic histomorphometry, 10-wk-old animals were
injected ip with fluorochromes calcein (2 mg/ml; Sigma) and
demeclocycline (2 mg/ml; Sigma) 3 and 10 d before killing, re-
spectively. Tibiae and vertebrae were collected for histomorpho-
metric analysis. Bones were fixed with 10% formalin overnight
and then 70% ethanol and embedded in methyl methacrylate
resin. Five-micrometer sections were stained with toluidine blue
and von Kossa, and all measurements were performed on the
trabecular area of proximal tibia in a region between 0.5 and 2.5
fields (at X200) distal to the growth plate using a digitizing image
analysis system and a morphometric program, Osteomeasure
(Osteometrics Inc., Atlanta, GA). Fibrosis volume was measured
as peritrabecular stromal cell response and determined by mea-
surement of fibroblastic volume/bone volume in the primary and
secondary spongiosa regions. Fibrosis was defined as multiple
layers of elongated or fusiform cells surrounded by extracellular
matrix that line the trabecular bone surface.

In situ hybridization

In situ hybridizations were performed on paraffin sections
using complementary 3°S-labeled riboprobes (cRNAs) tran-
scribed from the plasmids, kindly provided by the Massachusetts
General Hospital Endocrine Unit histology core facility (26).
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Quantitative real-time PCR

RNA was extracted from bone and cultured primary osteo-
blastic cells using Trizol (Invitrogen, Carlsbad, CA) and was
reverse transcribed into cDNA with SuperscriptRT II (Invitro-
gen). SYBRGreen Universal Master Mix (Applied Biosystems,
Foster City, CA) was used for quantitative, real-time PCR, as
described previously (27). The PCR primer sequences used are as
follows: cyclin D1 forward 5’-gcaaagaggaaggagccagee-3' and
reverse 5'-ggtgatgcagattctatctct-3' and Gapdh forward 5'-tg-
gagtggtgtcttcactact-3’ and reverse 5’-aagcagttggtggtgecaggat-3'.
Relative expression was calculated for each gene by the 2 ~44¢r
method with Gapdh for normalization.

Effect of low-calcium diet on colony formation
in vitro

Tibiae were dissected from 4-wk-old Wt and DSEL mice on
the low-calcium diet or control diet for 1 wk. Epiphyses were
removed and the diaphysis flushed with 15 ml a-MEM using a
20-ml syringe fitted with a 23-gauge needle. Flushed bone mar-
row cells were plated in 12-well plates at 5 X 10° cells per well
and cultured for 14 d with a-MEM supplemented with 10% fetal
bovine serum (FBS), penicillin, and streptomycin at 37 C in a
humidified atmosphere of 95% air and 5% carbon dioxide. On
d 14, the cells were fixed with 10% neutral buffered formalin in
PBS for 10 min. Total number of colonies [colony-forming units
(CFU)-F] and colonies positive for alkaline phosphatase (ALP)
(CFU-ALP) were determined by staining with methylene blue or
with ALP staining buffer (Sigma), respectively. Colonies large
enough to be seen with the naked eye were counted, and counts
were performed blind on coded plates.

Primary osteoblast cultures

Six-week-old tibiae were dissected from Wt and DSEL mice.
After bone marrow was flushed, the dissected bones were minced
and cultured in six-well plates with a-MEM containing 10% FBS
for 5 d, and then the growing primary osteoblastic cells were
plated in slide chambers for proliferation and apoptosis assays or
grown in six- and 12-well plates for in vitro determination of
osteoblast differentiation. Cell proliferation was quantified by
bromodeoxyuridine (BrdU) assay with an i7 situ cell prolifera-
tion kit (Roche, Indianapolis, IN), and apoptosis was determined
by terminal deoxynucleotidyl transferase-mediated dUTP nick
end labeling (TUNEL) assay with an i7 situ cell death kit (Roche).
For cell proliferation experiment, primary osteoblasts were cul-
tured in an eight-well slide chamber with a-MEM containing
10% FBS. Cells at 70% confluence were treated in various ways
for 24 h and labeled with BrdU (0.5 mg/ml) for 2 h. To examine
apoptosis, primary osteoblasts were plated in an eight-well slide
chamber with a-MEM containing 10% FBS. Cells at 90% con-
fluence were cultured with a-MEM containing 0.1% FBS for
24 h and then treated with vehicle or PTH for an additional 24 h.
For in vitro determination of osteoblast differentiation, primary
osteoblasts were cultured in differentiation medium containing
10% FBS, B-glycerophosphate (0.2 mm), and ascorbic acid (50
wmg/ml), and after confluence, cells were refed every 48 h with
differentiation medium containing PTH (100 nm) (so-called con-
tinuous PTH treatment), or cells were treated with PTH in a 4
h/48 h schedule (so-called intermittent PTH treatment), whereby
cells were treated with PTH for 4 h in differentiation medium and
then the medium with peptide was aspirated and cells were rinsed
with a-MEM twice before being refed with fresh differentiation
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medium and incubated for another 44 h before the procedure
was repeated. Osteoblastic differentiation was assessed by von
Kossa stain, ALP activity, and calcium content measurements, as
described previously (28).

cAMP and inositol triphosphate (IP3) measurements
Intracellular cAMP accumulation and IP3 stimulation in

primary osteoblastic cells were measured as described previ-
ously (28).

In vitro intracellular calcium assay

We used a Fluo-4 direct calcium assay kit from Invitrogen
(catalog item F10471) to measure the intracellular calcium re-
sponse to PTH in primary osteoblastic cells. Primary osteoblastic
cells isolated from 6-wk-old tibiae as described above were cul-
tured in a 96-well plates with a-MEM containing 10% FBS.
After confluence, primary cells were treated with human PTH
(hPTH), ionomycin, phorbol 12-myristate 13-acetate (PMA), or
forskolin and incubated with Fluo-4 direct calcium reagent
loading solution for 40 min. After incubation, the fluores-
cence signal was immediately measured using a fluorescence
microplate reader at excitation and emission of 509 and 516
nm, respectively.

PTH infusion

PTH was infused in mice at 4 wk of age. Human PTH(1-34)
was reconstituted in a solution containing 150 mm NaCl, 1 mm
HCI, and 2% heat-inactivated mouse serum and loaded into
Alzet osmotic minipumps (model 1002; Durect Corp., Cuper-
tino, CA). The pumps were equilibrated in 0.9 % NaCl overnight
at 37 Cand then implanted into an interscapular sc pocket under
Avertin anesthesia. Wt or DSEL mice were infused with vehicle
(control) or PTH at a dose of 80 ug/kg - d for 14 d, with six mice
in each group.

Statistics

All values in the paper are expressed as mean = SD or SEM.
Comparisons between groups were made by unpaired two-tailed
Student’s ¢ test for data from iz vitro and serum biochemistry
assays and by ANOVA (two-way ANOVA) with a post hoc
Fisher’s test for data from wCT measurements and histomor-
phometry. P values smaller than 0.05 were considered statisti-
cally significant.

Results

PTHR signaling in DSEL osteoblastic cells

To verify that the signaling properties of the PTHR in
osteoblastic cells in the DSEL mouse resembled those of
this mutant receptor in other settings (1, 3), we measured
cAMP accumulation as an indication of activation of Gs,
and intracellular calcium and IP3 stimulation as indica-
tions of activation of Gg/11. As expected, PTH stimulated
cAMP production in DSEL-derived primary osteoblastic
cells with a dose dependence similar to that seen in Wt
primary osteoblastic cells, whereas PTH induced a cal-
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FIG. 1. PTHR signaling and bone mass in DSEL mice. A, Dose-dependent stimulation of cCAMP
by PTH in DSEL-derived primary osteoblastic cells. Primary osteoblastic cells isolated from Wt
(white bars) and D/D (black bars) mice were cultured in 24-well plates, and after confluence,
cells were incubated with cCAMP assay buffer containing hPTH(1-34) (~0-1000 nwm) or
forskolin (10 wm) for 20 min before CAMP measurement. B, PTH fails to induce intracellular
calcium response in DSEL-derived primary osteoblastic cells. Primary osteoblastic cells (white
bars for Wt cells and black bars for D/D cells) were cultured in 96-well plates, and after
confluence, cells were incubated with Fluo-4 direct calcium buffer containing hPTH (~0-1000
nm), ionomycin (lonom) (10 wm), PMA (10 nm), or forskolin (Fsk) (10 um) for 40 min before
fluorescence signal measurement. Data are expressed as relative fluorescence units (RFU). C,
No PLC activation by PTH in DSEL-derived osteoblastic cells. Primary osteoblastic cells from Wt
and D/D mice were cultured in six-well plates. At 80% confluence, cells were labeled with
[*H]myoinositol for 48 h and then stimulated with hPTH (1000 nm) (black bars) or vehicle
(white bars) for 40 min in the presence of 20 mm LiCl. The cellular content of radioactive IP3
was determined. Values are mean = sp of triplicate wells. *, P < 0.05 vs. vehicle. Each
experiment was repeated twice with similar results. D, Representative micrographs of plastic
sections of tibiae from sex-matched Wt and DSEL homozygous (D/D) male mice at the age of
10 wk, stained with von Kossa. E, wCT analysis of 10-wk-old distal femur from both male and
female Wt (white bars) and D/D (black bars) mice. F, Serum P1NP and CTX were measured in
both Wt and D/D mice at the age of 10 wk. Error bars in E and F represent se (n = 8). *, P <
0.05 vs. Wt mice. BV/TV, Bone volume/total volume; Th. N, trabecular number; Th. Sp,
trabecular spacing.

cium response and IP3 stimulation only in Wt-derived os-
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from both Wtand DSEL (D/D) mice were
examined. DSEL mice displayed a signif-
icant decrease in the amount of trabecu-
lar bone with little alteration in the cor-
tical bone (Fig. 1D). Histomorphometry
of proximal tibial trabecular bone at 10
wk of age demonstrated a significant de-
crease (by 25%) in trabecular volume in
the secondary spongiosa that was asso-
ciated with reduced trabecular number
and thickness and increased trabecular
spacing (Table 1). The decreased trabec-
ular bone volume associated with de-
creased trabecular number and increased
trabecular spacing in the mutant mice
was confirmed by puCT analysis of 10-
wk-old distal femurs (Fig. 1E). To deter-
mine whether the decreased trabecular
bone in the mutant mice was partly
caused by reduced osteoblast activity, os-
teoblast number and dynamic parame-
ters of bone formation were examined.
The histomorphometric analysis showed
that the number of trabecular osteo-
blasts, mineral apposition rate, and bone
formation rate in the mutant mice were
not significantly different from those ob-
served in the Wt control mice (Table 1).
No significant difference in osteoclast
number was observed by histomorpho-
metric analysis of 10-wk-old proximal
tibial trabecular bone in the secondary
spongiosa (Table 1). Serum PINP was
modestly decreased in DSEL mice,
whereas levels of serum CTX were not
significantly different between the two
groups (Fig. 1F).

To examine whether PLC signaling
via the PTHR is more important for
PTH-regulated bone turnover during
rapid growth, histomorphometric analy-
sis was also performed in 6-wk-old tibiae
(Table 1). Decreased trabecular bone as-

teoblasts but not in DSEL-derived osteoblasts (Fig. 1,
A-C). These results indicate that the DSEL mutation of the
PTHR blocks PTH signaling through receptor-Gq/11 cou-
pling but not through receptor-Gs coupling in osteoblastic
cells.

Bone phenotype in postnatal DSEL mice
To determine the role of the PLC signaling pathway via
the PTHR in postnatal bone development, tibiae atage 10 wk

sociated with lowered trabecular number and increased tra-
becular spacing was consistent with that seen in the bones
from 10-wk-old mice. Interestingly, unlike the nonsignifi-
cant change in trabecular bone cellularity observed in 10-
wk-old tibiae, the mutant trabecular bone at age of 6 wk
exhibited a significant decrease in osteoblast number per to-
tal area and a significant increase in osteoclast number per
millimeter of bone surface, suggesting that the PLC signaling
pathway via the PTHR may be required for generation of
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TABLE 1. Histomorphometry of proximal tibial metaphyseal trabecular bone

10 wk old 6 wk old
Measurements Wt D/D Wt D/D

Structural parameters

BV/TV (%) 11.66 = 1.0 8.82 + 0.667 11.34 = 0.95 8.08 = 0.807

Tb.Th (um) 33.05 = 1.37 2891 = 0.92° 2292 = 1.55 21.07 = 1.19

Tb.Sp (wm) 256.7 £19.8 313.9 = 18.6° 186.8 = 18.7 238.4 + 30.57

Tb.N (mm™") 3.65 +0.23 3.02 £0.17° 5.11 = 0.61 3.75 £ 0.32¢
Static parameters

Ob/TA (no./mm?) 191.4 = 19.5 170.2 = 8.1 254.1 + 241 204.6 = 18.5°

N.Ob/BS (no./um) 27.4+1.3 26.1 = 1.1 2533 = 1.12 2534 = 1.14

OdTA (no./mm?) 84.1 +£10.2 72.5 = 6.1 27.07 = 3.48 3152 =538

N.Oc/BS (no./mm) 10.6 £ 1.1 11.6 £ 0.41 2.61+0.34 3.71 £ 0.367
Dynamic parameters

MAR (wm/yr) 564.8 £ 62.4 526.5 = 34.6

BFR/BS (um?>/um? - yr) 183.2 = 19.2 193.0 = 16.5

Data are presented as group mean =+ sem. BFR, Bone formation rate; BS, bone surface; BV, bone volume; MAR, mineral apposition rate; MS,
mineralizing surface; N, number; N.Ob/BS, osteoblast number per bone surface N. OdBS osteoclast number per bone surface; Ob, osteoblast
Ob.S/BS, osteoblast surface per bone surface; Oc, osteoclast; Oc.S/BS, osteoclast surface per bone surface; Sp, spacing; TA, total area; Tb,

trabecular; Th, thickness; TV, total volume.
? P < 0.05vs. Wt (n = 8 per group).

normal numbers of osteoblasts and osteoclasts in young
growing bone.

Effect of low-calcium diet on bone remodeling

We have previously shown that activation of PLC by the
PTHR requires much higher concentrations of PTH than
activation of AC requires (29). We hypothesized that phys-
iological stresses that lead to high PTH levels might bring out
the actions of PTHR-stimulated PLC in bone. Serum PTH
can be increased by either continuous infusion of PTH to
mimic primary hyperparathyroidism or by feeding mice a
low-calcium diet that causes secondary hyperparathyroid-
ism (12, 30). To evaluate the role of PTH-induced PLC sig-
naling in bone turnover, bone responses were examined in a
model of secondary hyperparathyroidism caused by a low-
calcium diet. Twenty-day-old mice were placed on either a
control diet or a low-calcium diet for 3 wk. As expected,
blood calcium levels fell and PTH levels rose similarly in both
genotypes of mice (Table 2). Interestingly, the blood phos-

phate fell in the Wt mice but increased in the DSEL mice
(Table 2). These differing phosphate responses may primar-
ily reflect differences in the renal response to PTH in these
mice. The low-calcium diet caused a similar loss of body
weight (decreased by approximately 20% compared with
control diet) in both Wt and D/D mice. When stained for
phosphate through von Kossa staining, both the Wt and
DSEL mice exhibited dramatically lowered levels of bone
mineral on the low-calcium diet (Fig. 2A). The low-calcium
diet caused extensive lowering of cortical bone mass in both
Wt and DSEL mice (Fig. 2, B and C), whereas increased
trabecular bone volume observed in Wt mice fed a low-cal-
cium diet was attenuated in D/D mice (Fig. 2C). Interestingly,
the peritrabecular space, normally occupied by hematopoi-
etic cells, in the Wt mice on the low-calcium diet was filled
with the fibroblast-like stromal cells, most striking in the
metaphyseal region, whereas such a peritrabecular stromal
cell response to the low-calcium diet was not present in the

TABLE 2. Effect of low-calcium diet on serum parameters

Male mice Female mice
Measurements Wt D/D Wt D/D

Serum intact PTH (pg/ml)

Control diet 59 =124 106.2 £ 22.3 83.1 £ 22.1 1455 *+ 29.1

Low-calcium diet 591.5 £ 65.2¢ 504.7 = 55.59 607.1 = 59.4° 607.6 = 90.3°
Total serum calcium (mg/dl)

Control diet 8.39 = 0.36 8.95 + 0.41 8.04 = 0.19 73 +0.5

Low-calcium diet 7.54 £0.2¢9 6.65 = 0.48° 7.01 £0.33° 5.95 = 0.43
Serum inorganic phosphorus (mg/dl)

Control diet 8.13 = 0.37 9.54 + 0.62 9.03 = 0.54 9.44 + 0.26

Low-calcium diet 6.22 = 0.24° 13.36 = 1.3° 7.84 = 0.51° 12.08 = 1.01°

Data are presented as group mean = SEM.

2 P < 0.01 vs. control diet (n = 8 per group).
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FIG. 2. Effect of calcium-deficient diet on bone turnover. A, Representative micrographs of
proximal tibiae; B, diaphyseal cortical bone from both Wt and D/D mice fed a low-calcium diet
or a corresponding control diet for 3 wk after weaning, stained with von Kossa for mineral,
hematoxylin and eosin (H&E) for histology, and Masson-Goldner trichrome for bone matrix, as
indicated. Both groups of mice on the low-calcium diet showed a similar dramatic loss of
bone mineral and cortical bone mass, but H&E stain demonstrated a striking difference
(indicated by insets) in metaphyseal trabecular bone turnover between Wt and D/D mice on
the low-calcium diet. C, Histomorphometric measurements of diaphyseal cortical bone
thickness and metaphyseal trabecular bone volume in 6-wk-ld Wt and D/D mice fed low-
calcium and control diet, as indicated. Error bars represent se (n = 6); *, P < 0.05 vs. control

diet; #, P < 0.05 vs. Wt.

DSEL mice (Figs. 2A and 3A). Substantial amounts of dis-
organized bone containing a high density of osteocytes and
unmineralized matrix, as shown in red by Masson-Goldner
trichrome staining (Fig. 3A), were observed only in the Wt
but not in the DSEL mice fed the low-calcium diet. Such
irregular bones are very similar to woven bone and probably
represent newly formed bone; this finding suggests more
rapid bone formation in the Wt mice.

Masson-Goldner

B Low Ca diet
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Peritrabecular fibroblast-like
stromal cells are diminished in
DSEL mice

Continuous PTH treatment in rats
causes the accumulation of peritrabecu-
lar stromal cells, increased bone resorp-
tion, and accumulation of poorly miner-
alized extracellular matrix on bone
surfaces (10, 30). Primary hyperparathy-
roidism is associated with continuously
increased PTH levels, and this disease is
characterized by accumulation of os-
teoid, focal bone resorption, increased
bone formation, and peritrabecular mar-
row fibrosis (peritrabecular stromal cell
response). To demonstrate the extent of
the peritrabecular stromal cell response
to the low-calcium diet, we measured the
fibrosis volume in the tibial metaphyseal
region. No peritrabecular fibrosis is
present in the normal bone. Surprisingly,
little peritrabecular fibrosis was observed
in the mutant mice on the low-calcium
diet, whereas the Wt mice on the low-
calcium diet displayed extensive peritra-
becular fibrosis, most strikingly in the
metaphyseal region (Fig. 3B). These peri-
trabecular stromal cells strongly express
osteopontin and collagen al(I) mRNAs
(Fig. 3C), suggesting that they may be
preosteoblasts (30).

Diminished stromal cell response
and bone formation in
PTH-infused DSEL mice

Similar phenomena were also ob-
served in mice with continuous PTH in-
fusion. In Wt mice, continuous PTH
infusion caused both peritrabecular stro-
mal cell responses and disorganized bone
formation similar to those observed in
Wt mice fed a low-calcium diet, whereas
such stromal cell responses and disorga-
nized bone formation were dramatically
attenuated in DSEL mice with continuous PTH infusion (Fig.
4A). Consistent with the observed alterations in metaphyseal
trabecular bone after PTH infusion, levels of serum P1NP, a
marker of bone formation, were significantly increased in Wt
but not in DSEL mice receiving continuous PTH adminis-
tration, whereas levels of serum CTX, a bone resorption
marker, were elevated in both groups of mice (Fig. 4B). Con-
tinuous PTH infusion caused similarly undetectable serum
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normal or low-calcium diets for 1 wk
were plated in culture for 2 wk. Inter-
estingly, on the low-calcium diet, Wt
mice increased the numbers of CFU-F
and CFU-ALP, whereas the DSEL mice
failed to increase the numbers of both
kinds of colonies (Fig. SA), presumably
reflecting a failure of these mice to gen-
erate the colony-forming cells in vivo.
Activation of PKC by PTH signaling
has been implicated in the mitogenic ac-
tion of PTH on osteoblastic cells (31,
32). To determine whether osteoblastic
cells from the DSEL mouse exhibited
abnormalities in cellular proliferation
in response to PTH, we stimulated pri-

o AR & % mary osteoblastic cells derived from

Control diet Low Ca diet both Wt and DSEL mice with PTH.

B 1 C Wt DID PTH treatment significantly increased

° Bwt * the number of BrdU-positive cells in os-

__ &{@bmD teoblastic cells derived from Wt but not

£ .l from DSEL mice. Furthermore, the ef-

E - fect of PTH to increase cell prolifera-

g tion in the Wt primary osteoblastic

21 cells was not mimicked by treatment

0- with [G',R"]hPTH(1-28), a signal-
Control Low Ca

FIG. 3. DSEL mice on the low-calcium diet exhibited strikingly curtailed peritrabecular stromal
cell accumulation, new bone formation, and hypertrophic expansion. A, Representative
micrographs of proximal tibial metaphyseal trabecular bone from mice fed a low-calcium diet
or a corresponding control diet for 3 wk after weaning, stained with hematoxylin and eosin
(H&E) for histology (X20 magnification), showing expanded hypertrophic chondrocytes (as
indicated by the black bracket) and accumulation of peritrabecular fibroblast-like stromal cells
(indicated by arrows) in Wt but not in D/D mice fed the low-calcium diet, and stained with
Masson-Goldner trichrome (x40 magnification), demonstrating massive disorganized newly
formed undermineralized bone, shown in red, in Wt but not in D/D mice fed the low-calcium diet.
B, Measurements of peritrabecular fibrosis. Fb.V/TV, Fibrosis volume/total volume. *, P < 0.05 vs.
control diet; n = 6. C, Osteopontin in situ in proximal tibiae on the low-calcium diet for 3 wk.

intact PTH and elevated serum calcium in both Wt and D/D
mice, whereas serum phosphate was significantly decreased
in Wt but notin D/D mice after PTH infusion (Fig. 4B). At the
end of PTH infusion, both Wt and D/D mice showed a similar
decrease in body weight (by approximately 15% compared
with vehicle-infused control mice) and appeared to be sick,
but the level of serum creatinine in both Wt and D/D mice
with PTH infusion was not significantly increased compared
with vehicle-infused control mice (data not shown), suggest-
ing that both mice after PTH infusion were not in severe renal
failure.

Attenuated colony formation and proliferation in
DSEL-derived bone marrow cells and primary
osteoblasts

To examine the effect of the DSEL mutation on osteo-
blast progenitors, bone marrow cells from mice on the

selective peptide with defective acti-
vation of PLC/PKC signaling by the
PTHR (28, 33). In contrast, basic fi-
broblast growth factor, a potent mi-
togenic stimulator in osteoblastic
cells (34), had a similar stimulatory
effect on cell proliferation in primary
osteoblastic cells from both Wt and
DSEL mice (Fig. 5B).

PTH fails to induce cyclin D1 mRNA expression in the
primary osteoblastic cells derived from DSEL mice
Increased expression of cyclin D1 leads to increased cell
proliferation in many tissues, and recently, cyclin D1 has
been implicated as a primary target of mitogenic signals in
osteoblastic cells (35-39). To determine whether failure of
PTH to stimulate proliferation in DSEL-derived primary os-
teoblasts is in part due to curtailed induction of cyclin D1 by
PTH, we next examined cyclin D1 mRNA expression in the
primary cultures of osteoblastic cells after PTH treatment. In
the primary osteoblasts derived from Wt mice, PTH treat-
ment significantly increased cyclin D1 mRNA levels in a
time-dependent manner, whereas such induction of cyclin
D1 by PTH was not seen in the DSEL-derived primary os-
teoblasts (Fig. 5C). Furthermore, PTH-mediated induction
of cyclin D1 mRNA was mimicked by treatment with PMA
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PTH administration (16, 18). To deter-
mine whether the antiapoptotic action of
PTH might be dampened in bones of
DSEL mice, we next examined the effect
of PTH on apoptosis of primary osteo-
blasts derived from both Wt and DSEL
tibiae. The proportion of osteoblastic
cells undergoing apoptosis, as deter-
mined by TUNEL labeling, was signifi-
cantly decreased by PTH in primary os-
teoblastic cells from both Wt and DSEL
mice (Fig. 6A). This normal antiapop-
totic response in DSEL-derived primary
osteoblasts suggests that PLC/PKC sig-
naling through the PTHR is not critical
for osteoblast survival and that the low
bone mass in the DSEL mice probably
does not result from altered antiapop-
totic actions of PTH in osteoblasts in
DSEL mice.

To assess whether PLC signaling
through the PTHR is important for
PTH-mediated differentiation of osteo-
blastic cells, primary osteoblasts were
isolated from 6-wk-old tibiae of Wtand
e DSEL mice and treated with PTH con-

Vehicle PTH
B 20 = 40 150 _ 20
= 15 30 g 2 ot = 15| 2 a
1 = =z
.§ b __E_ C -E. 100 ks
2 10 S 20 B | E
g |5 x o i a || §®
. o |©° : S 0
T o (SR wt wo| 3
Wt D/D Wt D/D o wt DD

FIG. 4. DSEL mice with PTH infusion exhibited curtailed peritrabecular stromal cell responses
and bone formation. A, Representative micrographs of proximal tibia from 4-wk-old mice
receiving continuous infusion of hPTH (80 ug/kg - d) or vehicle through sc implantation of
Alzet mini-osmotic pumps for 2 wk, stained with hematoxylin and eosin (H&E) for histology
(x40 magnification), showing dramatic accumulation of peritrabecular fibroblast-like stromal
cells (indicated by arrows) in Wt but not in D/D mice, and stained with Masson-Goldner
trichrome and von Kossa (x40 magnification) demonstrating massive disorganized bone
formation in Wt but not in D/D mice. B, Serum P1NP, CTX, intact PTH(1-84) (PTH), total
calcium, and phosphorus (Pi) were measured in Wt and D/D mice after infusion with vehicle
(white bars) and PTH (black bars). Error bars represent se (n = 6). a, P < 0.05 vs. vehicle; b,

P < 0.05 vs. Wt PTH; ¢, P < 0.05 vs. Wt vehicle.

but not by treatment with either [G',R'"’]hPTH(1-28) or
8-bromo-cAMP (Fig. 5C), indicating that activation of the
PLC/PKC pathway by the PTHR is essential for PTH to in-
duce cyclin D1 expression and to stimulate proliferation of
osteoblastic cells.

PTH efficiently prevents apoptosis and regulates
osteoblast differentiation in DSEL-derived primary
osteoblastic cells

An antiapoptotic action of PTH has been proposed to be
a mechanism underlying the increased osteoblast number
associated with the anabolic response of bone to intermittent

tinuously or intermittently to deter-
mine the effect of PTH on osteoblast
differentiation. In cells from both Wt
and DSEL mice, continuous treatment
with PTH similarly suppressed ALP ac-
tivity, as determined by staining cells for
enzyme activity or by measuring enzy-
matic activity in cell extracts. PTH also
similarly inhibited mineralization, shown
by von Kossa stain of cells for phosphate
and by measuring calcium content in the
cell layer, in both types of primary osteo-
blastic cells. Furthermore, intermittent
PTH administration dramatically in-
creased ALP activity and mineralization
in primary osteoblastic cells from both Wt and DSEL mice
(Fig. 6B). The similar differentiation responses to PTH in
cells from the Wt and DSEL mice suggests that PLC signaling
through the PTHR is not required for PTH-mediated osteo-
blast differentiation at least i vitro.

Pi (mg/dL)

wt D/D

Discussion

Although the PTHR signaling pathways have been exten-
sively studied for decades (40—44), the role of PLC signaling
via the PTHR in vivo remains incompletely understood, es-
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FIG. 5. Decreased colony formation and proliferation in DSEL-derived primary bone and bone marrow cells. A, Decreased colony formation in DSEL-
derived bone marrow cells. Bone marrow cells from 4-wk-old tibiae on either a low-calcium diet (Ca diet) or a control diet for 1 wk were cultured in12-
well plates for 14 d. The cultured plates were stained with methylene blue for total number of colonies (CFU-F) or with ALP staining solution to count
positive colonies for ALP (CFU-ALP). Counts of colonies were performed blind on coded plates. *, P < 0.05 vs. Wt control diet; #, P < 0.05 vs. Wt low-
calcium diet (n = 4). B, In vitro osteoblast proliferation. Primary osteoblasts were treated with vehicle (Veh), 100 nm hPTH(1-34) (PTH), 100 nm
[G",R"IhPTH(1-28) (1-28), or 10 ng/ml basic fibroblast growht factor (bFGF) for 24 h and labeled with BrdU for 2 h. In situ anti-BrdU fluorescein (green)
and 4',6-diamidino-2-phenylindole (DAPI) (blue) stain were performed and BrdU-positive cells were counted, as shown in bar graph (two wells per
treatment in three independent experiments). *, P < 0.05 vs. vehicle. C and D, Real-time PCR detection of cyclin D1 mRNA expression in primary
osteoblastic cells isolated from Wt and D/D mice (C) or from D/D mice (D). Primary osteoblasts were treated with 100 nm hPTH(1-34) (PTH) or
[G",R™IhPTH(1-28) (1-28) (C) or with 10 nm PMA and 100 um 8-bromo-cAMP (8Brom) (D) for 0-24 h, as indicated. Transcript expression of the cultured
cells was determined by quantitative RT-PCR with primers specific for cyclin D1. Data are expressed as percent basal levels, and similar results were

obtained in three independent experiments.

pecially regarding the regulation of bone modeling and re-
modeling. To examine the roles of distinct signaling path-
ways in vivo, we have generated a knock-in mutant mouse
that expresses the PTHR with the DSEL mutation instead of
the Wt receptor (3). The DSEL receptor stimulates AC nor-
mally but fails to activate PLC (1, 2). The DSEL mice exhibit
amild delay in hypertrophic differentiation of chondrocytes
during embryonic development, indicating that PLC signal-
ing through the PTHR is important for embryonic chondro-
cyte differentiation (3). In the present study, we demonstrate

that in the basal state, the DSEL mice at 10 wk of age dis-
played reduced trabecular bone mass in both tibiae and fe-
murs. However, the mechanism underlying the low bone
mass in the mutant mice in the basal state is difficult to an-
alyze, because histomorphometric parameters of trabecular
bone cellularity and bone formation rate were not signifi-
cantly altered in the secondary spongiosa of tibiae from 10-
wk-old DSEL mice. The decreased bone mass may reflect
abnormal modeling early in life. The mutant mice exhibit a
modest decrease in osteoblast number and increase in
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FIG. 6. Effect of PTH on apoptosis and differentiation in primary osteoblastic cells. A, In vitro osteoblast apoptosis was quantified by TUNEL assay.
Primary osteoblasts cultured in an eight-well slide chamber, were treated with vehicle or hPTH(1-34) (100 nm) for 24 h, and then in situ fluorescein
(TUNEL, green) and 4',6-diamidino-2-phenylindole (DAPI) (blue) stain were performed. TUNEL-positive cells were counted as apoptotic cells
(percent, as shown in bar graph). Data are represented as mean = st (two wells per slide in three independent experiments). *, P < 0.05 vs.
vehicle (t test). B, Effect of PTH on osteoblast differentiation in vitro. Primary osteoblastic cells isolated from 6-wk-old tibiae were cultured in six-
well or 12-well plates with a-MEM containing 10% FBS, and after confluence, cells were cultured with differentiation medium and treated
continuously (freshly adding PTH every 48 h) or intermittently (adding PTH for 4 h in every 48 h) with 100 nm hPTH(1-34) for 4—6 wk. Mineralization was
assessed by von Kossa stain and calcium (Ca) content (bar graph) was measured in acid extracts of the cultures (bar graph). ALP activity was determined

by stain and also measured enzymatically (bar graph) (28).

osteoclast surface density at 6 wk of age. Those changes dur-
ing growth, combined with possible indirect consequences of
the growth plate abnormality, might explain the decreased
bone massat 10 wk of age. Alternatively, the modest decrease
in serum P1NP, a marker of bone formation, at 10 wk in the
DSEL mice may reflect a decrease in bone formation at that
age missed in the histomorphometric analysis of the tibial
trabecular secondary spongiosa.

DSEL mice at age of 6 wk, when fed a low-calcium diet,
developed secondary hyperparathyroidism with elevated
levels of serum PTH and substantial cortical bone loss but
failed to develop peritrabecular stromal cell and woven bone
responses, whereas Wt mice exhibited disorganized bone

and extensive peritrabecular fibroblast-like stromal cell ac-
cumulation in response to the low-calcium diet. These stro-
mal cells strongly express mRNAs encoding al(I) collagen
and osteopontin, markers of the osteoblast lineage, suggest-
ing that they are preosteoblasts, and this observation is very
similar to that seen in rat continuously infused with PTH
(30). Lotinun et al. (30) pulse labeled these stromal cells with
thymidine and showed that, after stopping the PTH infusion,
these cells disappeared, and radioactive thymidine appeared
rapidly in mature osteoblasts. These data suggest that at least
some of the stromal cells are osteoblast precursors. The data
here suggest that the accumulation of these stromal cells in
response to high levels of PTH requires PLC signaling
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through the PTHR. Such accumulation could be explained
by a variety of mechanisms. Here we show that the Wt mouse
responds to continuously elevated levels of PTH by increas-
ing the number of cells capable of forming colonies (CFU-F
and CFU-ALP) in vitro and that the DSEL mouse fails to
demonstrate this response. This finding suggests that one
locus of action of the PTHR that requires PLC activation
involves early cells in the mesenchymal lineage, directly or
indirectly. In UMR106 and primary osteoblastic cells, PTH
stimulates proliferation, and such a stimulatory effect was
shown to be dependent on activation of PKC (31, 435, 46).
Interestingly, PTH failed to increase proliferation in the
DSEL-derived primary osteoblastic cells, whereas PTH treat-
ment significantly stimulated proliferation in the Wt-derived
primary osteoblastic cells, and such a stimulatory effect of
PTH is not mimicked by a PLC/PKC-defective peptide
[G',R"™]hPTH(1-28). Furthermore, PTH induced expres-
sion of cyclin D1 mRNA, an important part of the mitogenic
response in the Wt primary osteoblastic cells but failed to
increase cyclin D1 mRNA in cells from the DSEL mice. Fur-
thermore, treatment with a PKC activator stimulates cyclin
D1 mRNA in cells from DSEL mice. Our data indicate that
PLC signaling by the PTHR is important for the stimulatory
effect of PTH on cyclin D1 expression and for proliferation
in osteoblastic cells. Interestingly, PTH treatment in vitro has
asimilar effect on apoptosis and on differentiation in primary
cultured bone cells derived from both Wt and DSEL tibiae.
Taken together, these findings suggest that the stromal cell
accumulation in response to high levels of PTH in Wt mice
results from a proliferative response to PTH that requires
activation of PLC.

In summary, our findings iz vivo indicate that the PLC
signaling pathway via the PTHR is essential for normal
bone modeling and remodeling and for the stromal cell
response to elevations of PTH levels. This iz vivo evidence
for roles of PLC signaling on bone in response to PTH
broadens the possible strategies for mimicking or enhanc-
ing the effects of PTH in diseases such as osteoporosis.
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