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Abstract

The primary goal of this study was to determine whether the IGF1R in mature osteoblasts and
osteocytes was required for the catabolic actions of continuous parathyroid hormone (cPTH).
lgfirwas deleted from male and female FVN/B mice by breeding with mice expressing cre
recombinase under control of the osteocalcin promoter (?“Vigfr1~"). Littermates lacking the

cre recombinase served as controls. PTH, 60 ug/kg/d, was administered continuously by Alzet
minipumps for 4 weeks. Blood was obtained for indices of calcium metabolism. The femurs

were examined by micro-computed tomography for structure, immunohistochemistry for IGF1R
expression, histomorphometry for bone formation rates (BFR), mRNA levels by qPCR, and bone
marrow stromal cell cultures (BMSC) for alkaline phosphatase activity (ALP*), mineralization,
and osteoblast-induced osteoclastogenesis. Whereas cPTH led to a reduction in trabecular bone
volumef/tissue volume (BV/TV) and cortical thickness in the control females, no change was found
in the control males. Although trabecular BV/TV and cortical thickness were reduced in the

OCN 1gfr1~~ mice of both sexes, no further reduction after cPTH was found in the females, unlike
the reduction in males. BFR was stimulated by cPTH in the controls but blocked by /gfirdeletion
in the females. The %N/gfr1~~ male mice showed a partial response. ALP* and mineralized
colony formation were higher in BMSC from control males than from control females. These
markers were increased by cPTH in both sexes, but BMSC from male %“N/gfr1~~also were
increased by cPTH, unlike those from female %“N/gfr1~~. ¢cPTH stimulated receptor activator

of NF-xB ligand (RANKL) and decreased osteoprotegerin and alkaline phosphatase expression
more in control female bone than in control male bone. Deletion of /gfirblocked these effects

of cPTH in the female but not in the male. However, PTH stimulation of osteoblast-driven
osteoclastogenesis was blocked by deleting /gfr1 in both sexes. We conclude that cPTH is
catabolic in female but not male mice. Moreover, IGF1 signaling plays a greater role in the
skeletal actions of cPTH in the female mouse than in the male mouse, which may underlie the sex
differences in the response to cPTH.
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Introduction

Primary hyperparathyroidism is a common disease with a prevalence of 2.1% in
postmenopausal females.() For reasons not readily apparent, the disease is more common

in females. Parathyroid hormone (PTH) stimulates both bone formation and resorption by
increasing the number and/or activity of osteoblasts, osteocytes, and osteoclasts.(3-5) The
balance between bone formation and resorption is dependent on the pharmacodynamics of
administration. When given intermittently, PTH (iPTH) is anabolic for most skeletal sites.
(6-8) This has led to approval of iPTH for the treatment of osteoporosis. The increase in bone
formation is attributable primarily to increased osteoblast number as a result of increased
proliferation and differentiation of osteoblasts®19) in part owing to inhibition of SOST
expression in osteocytes with promotion of wnt signaling,(!1) as well as increased IGF1
expression,(12-14) decreased osteoblast apoptosis,(1®) and activation of bone lining cells.

(18) Continuous exposure to PTH (cPTH) as in primary hyperparathyroidism is generally
catabolic because its stimulation of bone resorption exceeds that of its stimulation of bone
formation.(17:18) PTH stimulates bone resorption in part by induction of receptor activator
of NF-xB ligand (RANKL) and suppression of osteoprotegerin (OPG) by osteoblasts and
osteocytes, resulting in the differentiation and subsequent activation of osteoclast precursors.
(I7) The mature osteoblast and osteocyte(!9) are important targets for these actions of PTH
in that the receptor for PTH (PTHR) increases with differentiation (maturation) of the
osteoblast, and the ability of PTH to induce RANKL and osteoclastogenesis parallels PTHR
expression.(29) Moreover, cPTH has been reported to decrease IGF1 expression compared
with iPTH, @D thus reducing the anabolic actions mediated by this growth factor.

IGF1 stimulates osteoprogenitor proliferation and differentiation(22) as well as osteoclast
formation in vitro.(23) Mice lacking IGF1 production globally (/gf1~") are deficient in
both bone formation and bone resorption with few osteoblasts or osteoclasts in bone in
vivo, reduced osteoblast colony-forming units, and an inability of either the osteoblasts

or osteoclast precursors to support osteoclastogenesis in vitro.(23.24) Mice in which the
IGF1 receptor (/gf1p) is specifically deleted in mature osteoblasts (?“Vigfr1") using an
osteocalcin-driven cre recombinase have a mineralization defect in vivo,(?® and bone
marrow stromal cells (BMSC) from these mice fail to mineralize in vitro.(26) iPTH fails

to stimulate bone formation in the /g1~ or %N gfr1~~ mouse. The question we are
asking in this study is whether %“N/gfr1~~ mice also lack the ability to respond to cPTH
with respect to increased skeletal catabolism. Because of the sex differences in humans
with respect to prevalence of primary hyperparathyroidism and our recent observations that
female mice have a greater catabolic response in a model of primary hyperparathyroidism,
(27) we evaluated the response to cPTH in both sexes of the %“N/gfr1~~ mice. As expected,
cPTH promotes a catabolic skeletal response in the female mice, and this is blocked in mice
lacking IGF1R in their mature osteoblasts and osteocytes. To our surprise, the response in
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the male mice is on balance anabolic, with at least partial preservation of this anabolic effect
even in the P“N[gfr1~~ mouse, suggesting that the role of IGF1 signaling in the skeletal
actions of PTH is sex specific.

Materials and Methods

Mice

Homozygous conditional mice in which exon 3 of the /gfirgene was flanked by loxP

sites were bred with heterozygous mice in which cre recombinase was expressed under

the control of the human osteocalcin promoter (gift from Dr Thomas Clemens) to generate
mature osteoblast and osteocyte-specific /gfir-deficient mice. The mice were maintained
under pathogen-free conditions, fed ad /ibitum, and exposed to a 12:12-hour light-dark
cycle. Animal protocols were approved by the Institutional Animal Care and Use Committee
at the Veterans Administration Medical Center, San Francisco.

Immunohistochemistry

Following our previously reported methods,®) femurs were cleaned of adherent tissue,
fixed overnight at 4 °C in 4% paraformaldehyde in PBS, rinsed in PBS, dehydrated through
an ethanol series, cleared in xylene, embedded in paraffin, and cut into 5-um sections.
Deparaffinized and rehydrated sections were incubated with 3% hydrogen peroxide in
methanol to block endogenous peroxidase and with protein blocker (Abcam, Cambridge,
MA, USA) to block the nonspecific binding of antibodies. The sections were then reacted
with rabbit IGF1R antibody (1:200) (Aviva Systems Biology, San Diego, CA, USA) at

4 °C overnight. After washing with PBS, the sections were incubated with biotinylated
goat anti-rabbit 1gG (Abcam), then streptavidin peroxidase (Abcam), and visualized by
3,3’ -diaminobenzidine.

Continuous PTH infusion

We infused 12-week-old female and male mice with continuous rat PTH 1-34 (Bachem,
Torrance, CA, USA) at a dose of 60 pg/kg body weight or vehicle solution via ALZET
mini osmotic pumps (Model 1004) over a period of 4 weeks. The PTH was reconstituted in
the vehicle solution containing 150 mM NaCl, 1 mM HCI, and 2% heat-inactivated mouse
serum. The mini osmotic pumps were implanted into an interscapular subcutaneous pocket
under Avertin anesthesia. There were at least 8 mice in each group.

Serum biochemistry

Blood samples were drawn by cardiac puncture during euthanasia by isoflurane inhalation
and allowed to clot in BD Microtainer Tubes (#365956, BD, Franklin Lakes, NJ, USA).
The samples were then centrifuged and the serum analyzed for total serum Ca2* (sCa),
inorganic phosphate (sPi), and alkaline phosphatase (SALP) by an automated ACE Alera
Clinical Chemistry bioanalyzer (Alfa Wassermann, Inc., West Caldwell, NJ, USA) as we
have previously reported.(2”) Serum intact PTH (sPTH) and IGF1 concentrations were
assessed using commercial ELISA kits made by Immutopics (San Clemente, CA, USA) as
previously reported.(27)
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Measurement of bone mineral content and structure by micro-computed tomography (UCT)

Femurs for in vitro PCT analysis were isolated, fixed in 10% phosphate-buffered
formaldehyde (PBF) for 24 hours, and maintained in 70% ethanol. Trabecular and cortical
bone sections were scanned by a Scanco vivaCT 40 scanner (Scanco Medical AG,
Bruttisellen, Switzerland) with 10.5-um voxel size and 55-kV X-ray energy. For trabecular
bone, 100 serial crosssectional scans (1.05 mm) of the secondary spongiosa of the left
distal femoral metaphysis were obtained from the end of the growth plate extending
proximally to the shaft. For cortical bone, 100 serial cross sections (1.05 mm) of the
femoral midshaft were scanned. The voxel had an isotropic size of 21 um and X-ray

energy 55 kV. A threshold of 420 mg hydroxyapatite (HA)/mm3 was applied to segment
total mineralized bone matrix from soft tissue. Linear attenuation was calibrated using
hydroxyapatite phantom. To assess bone mineral density (BMD) by mCT, X-ray attenuation
in the volume of interest (including both bone and non-bone voxels) in cancellous bone was
measured and reported in units of hydroxyapatite density (mgHA/ccm) or HU. uCT image
analysis and 3D reconstructions were performed using software provided by Scanco. Data
were reported according to standard HCT nomenclature. These methods are standard in our
laboratory and follow published guidelines.(29)

Bone marrow stromal cell culture

The left tibial and femoral bone marrow stromal cells were harvested using techniques
previously described.(??) The tibias and femurs were collected and the soft tissue was
removed. The epiphyses of each bone were removed, and the bone marrow was flushed from
the diaphysis with a syringe and a 26-gauge needle. The marrow from each individual mouse
was collected in primary culture medium (alpha modification of Eagle’s medium [a-MEM]
containing L-glutamine and nucleosides; Mediatech, Herndon, VA, USA), supplemented
with 10% fetal bovine serum (FBS; Atlanta Biologicals, Norcross, GA, USA), 100 U/mL
penicillin/streptomycin (Mediatech), 0.25 pg/mL fungizone (Life Technologies, Grand
Island, NYY, USA). A single-cell suspension was obtained by repeated passage through an
18-gauge needle. A pool of BMSCs was made from the tibia and femur of each mouse. The
cells were plated at 2 x 106 cells/well in 6-well plates. Nonadherent cells were removed by
aspiration, and then the primary medium was replenished on day 5. On day 7, the cells were
provided with secondary medium (the primary medium with 3 mM B-glycerophosphate

and 50 pg/mL ascorbic acid; Sigma-Aldrich, St. Louis, MO, USA). Subsequent medium
changes were performed every 2 days for up to 21 days. At day 14 of culture, cells

were assessed using SIGMAFAST BCIP/NBT tablet (Sigma cat. no. B5655) to determine
alkaline phosphatase (ALP)* colony-forming units (CFUs) following the manufacturer’s
instructions. At day 21 of culture, calcium nodules were stained with silver nitrate for 10
minutes, the stain was aspirated, and the dishes were rinsed five times by distilled water to
remove loosely bound stain. Stained cultures were scanned and quantified using Improvision
Openlab software version 5.0.2.

Histomorphometry

To obtain trabecular bone formation measurements, demeclocycline (30 mg/kg, Sigma-
Aldrich) and calcein (15 mg/kg, Sigma-Aldrich) were given peritoneally to mice 7 days
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and 2 days before euthanasia, respectively. Femurs were fixed, dehydrated, and embedded
in methyl methacrylate. Cross-sectional undecalcified sections (10 um) from the secondary
spongiosa of the distal femur metaphysis were cut to assess bone formation in trabecular
bone. Mosaic-tiled images were converted to a single image by the Axio Vision software
(Carl Zeiss, Thornwood, NY, USA). Data were collected using the Bioguant Osteo software
(Bioguant Image Analysis, Nashville, TN, USA) and reported according to standard bone
histomorphometry nomenclature. Bone formation rate/bone surface (BFR/BS) (um?3/um?/d)
is calculated as the multiplication of mineralizing surface MS/BS and mineral apposition
rate (MAR). MS is bone surface actively mineralized by osteoblasts at a particular time
when fluorescent labels are administered and calculated as the total extent of double-labeled
bone surfaces plus the half of single-labeled bone surfaces. It correlates with the extent of
bone surface covered with osteoblasts. MAR is the distance between two labels divided by
the time between two labeling periods. These methods are standard in our laboratory(26) and
follow published guidelines.(39)

Co-culture of hematopoietic cells and osteoblasts

To study the effects of continuous PTH on co-cultures, the source of osteoblasts came from
mice that were infused with cPTH or vehicle solution. Bone marrow stromal cells from
16-week-old P“Ngf1r~7~ and control mice were flushed out with a syringe and 26-gauge
needle and collected in primary culture medium as a source of osteoblasts. The marrow

cell suspension was gently drawn through an 18-gauge needle to mechanically dissociate
the mixture into a uniform single cell suspension and then cultured in T-75 flasks at a
density of 100 x 106 cells/flask. When the cultures reached 50% to 60% confluence, the
cells (stromal/osteoblastic cells) were harvested by 1x trypsin-EDTA (0.05% trypsin, 0.53
mM EDTA,; Cellgro, Mediatech), replated at 20,000 cells/well in 24-well plates (7= 3-

6 wells), and incubated in primary medium supplemented with ascorbic acid 50 pg/mL
(secondary medium) for 4 or more days, with media changes every 2 days. As a source

of osteoclast precursors, bone marrow cells from 16-week-old control mice were harvested
and cultured in a-MEM (Mediatech), supplemented with 10% heat-inactivated FBS (Atlanta
Biologicals, Norcross, GA, USA), 100 U/mL penicillin/streptomycin (Mediatech), and 0.25
ug/mL fungizone (Life Technologies; primary medium) overnight. Nonadherent osteoclast
precursors were added (1 x 108 cells/well) to the stromal/osteoblastic cell cultures to create
stromal/osteablastic cell-osteoclast precursor cell co-cultures. The co-cultures were carried
for 7 days in secondary media, with media changes every 2 days. On day 7 of the co-culture,
the cells were rinsed with PBS and prepared for TRAP staining. These methods are standard
in our laboratory.(23)

Hematopoietic osteoclast precursor culture

The osteoclast precursors from 16-week-old “V/gf1r~~and control mice were prepared as
above, transferred to 24-well plates (5 x 10%/well) and cultured with RANKL 30 ng/mL
(Sigma) and 10 ng/mL M-CSF (Sigma) for an additional 7 days, with addition of fresh

media every 3 days. TRAP staining was performed using a commercial kit (387 A; Sigma).
(23)
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mMRNA levels in bone

Statistics

Results

Femurs and tibias were cleaned of adherent tissue, the marrow flushed out with PBS

using a 26-gauge needle, and the bones frozen in liquid nitrogen and stored at —80°C

until processed. The bones from each animal were pooled, and bone pools were pulverized
in a steel mortar and pestle cooled in liquid nitrogen. RNAs were isolated by an RNA
Stat-60 kit (Tel-Test, Friendswood, TX, USA). For each pool, 2000 ng of total RNA was
reverse-transcribed in 100 pL of a reaction mixture that contained 10 mM Tris-HCI (pH 8.3),
50 mM KCI, 7.5 mM MgCl,, 1 mM of each deoxynucleoside triphosphate, 5 uM of random
primers (Gibco, Life Technologies), 0.4 U/uL of RNAse inhibitor (Roche, Mannheim,
Germany), and 2.5 U/uL of Moloney murine leukemia virus reverse transcriptase (Gibco,
Life Technologies) at 25 °C for 10 minutes, 48°C for 40 minutes, 95°C for 5 minutes, and
then stored at 4 °C. These methods and the sequences of the PCR primers and probes have
been previously reported.(23:26:31) These primers and probes were designed using Primer
Express software (Applied Biosystems, Carlsbad, CA, USA). Primers were synthesized by
the Biomolecular Resource Center (University of California, San Francisco, CA, USA).
Probes were synthesized by Integrated DNA Technologies, Inc. (Coralville, IA, USA). PCR
was carried out in triplicate with 20-uL reaction volumes of 1X TagMan Universal PCR
Master Mix (Applied Biosystems), 500 nM of each primer, 200 nM of probe, and 1 pL

of cDNA template. The PCR reaction was performed in an ABI Prism 7900HT sequence
detection system using the following cycles: 95°C for 12 minutes, then 40 cycles of 95

°C for 15 seconds and 60 °C for 1 minute. Analysis was carried out using the sequence
detection software supplied with the ABI Prism 7900HT sequence detection system. The Ct
values were determined for three test reactions in each sample and averaged. The ACt values
were obtained by subtracting the L19 (as endogenous control) Ct values from the target gene
Ct values of the same samples. The relative quantification of the target genes was given by
2-ACt.

Results are given as means + standard errors of the mean or standard deviations as
indicated in the figure legends. Statistical analyses were performed using unpaired, two-
tailed Student’s #test for comparison between two groups and one-way ANOVA test for
comparison of more than two groups using Prism 5. A p value <0.05 was considered
statistically significant.

Deletion of Igflr in mature osteoblasts and osteocytes in °“Nigfir~~ mice

To verify that mature osteoblasts and osteocytes were targeted in %V/gf1r7~ mice,

we assessed the expression of /gfirin trabecular bone and cortical bone by IGF1R
immunohistochemistry (Supplemental Fig. S1). {FIGS1} %“N/gf1r7~ mice expressed IGF1R
in fewer cells in the osteoblast lineage (13% of total cells compared with 50% in controls,
with a greater difference in osteocytes) (Fig. 1B, D) {FIG1} compared with control mice
(Fig. 1A, C). These results demonstrate the specific deletion of /gfirin mature osteoblasts
and osteocytes in %“N/gf1r7~ mice.
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Impact of Igflr deletion in mature osteoblasts and osteocytes on bone histomorphometry

Histomorphometry of the distal femur of the 3-month %“V/gf1r~-mice and their control
littermates was performed. The results are shown in Supplemental Fig. S2.{FIG S2}
BV/TV was substantially lower in the %N /gf1r7~mice in both sexes, with the differences
more striking in the female mice. No significant differences were observed in osteoblast
numbers/BS, but the osteoclast numbers/BS were significantly reduced in the male

OCN 1gf1r~~ mice compared with controls and to the female control and %“N/gf1r7~ mice.
Both male and female %“V/gf1r~~ mice had decreased BFR/BS compared with littermate
controls because of both a reduction in MS/BS and MAR.

Suppressed endogenous intact PTH concentrations in continuously PTH-infused
0CN|gf1r~/~ and control mice

To confirm that the continuous infusion of rat PTH 1-34 (cPTH) impacted bone metabolism
and ultimately PTH secretion in the parathyroid gland, we measured endogenous intact
PTH concentrations in all groups after 4 weeks of cPTH. All cPTH mice showed a marked
suppression of endogenous intact PTH concentrations (Fig. 1A). No significant differences
in endogenous intact PTH concentrations could be found between vehicle-infused control
and %CNygf1r”~ mice for either sex.

Sex and genotype differences in the effect of PTH infusion on serum calcium, alkaline
phosphatase, and IGF1 concentrations

cPTH significantly increased the calcium concentrations in the female control mice, but

the effect was not present in the female %“N/gf1r~~ mice (Fig. 1B), although total

calcium concentrations were significantly higher in vehicle-infused female %“Nigf1r7~ mice
compared with female control mice. cPTH had no significant impact on serum calcium

in either male controls or %“N/gf1r7~ mice. The serum phosphate concentrations were not
significantly affected by genotype, sex, or PTH infusion (data not shown).

ALP activity like serum calcium was significantly increased in cPTH female control mice
compared with vehicle-infused control mice (Fig. 1C), and as for serum calcium, this effect
was not found in the %“N/gf1r7~ females. The male groups responded differently. There was
no increase in ALP activity upon PTH infusion in the male control mice compared with

the vehicle-infused control mice. However, ALP activity was significantly reduced in male
vehicle-infused %“N/gf1r~~ mice compared with control mice and was markedly elevated in
PTH-infused male %“N/gf1r~~ mice, indicating at least a partial effect of PTH in those mice.
Thus, sex in addition to genotype clearly affects the response to PTH in both control and
OCN 1gf1r”~ mice.

Circulating IGF1 is mainly derived from secretion by the liver and largely regulated by
growth hormone secreted by the pituitary gland. We anticipated that the knockout of /gfirin
mature osteoblasts and osteocytes would not affect IGF1 serum concentrations. However,
cPTH male control mice demonstrated a significant increase in IGF1 concentrations
compared with vehicle-infused male control mice (Fig. 1D).
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Sex and genotype differences in the effect of PTH infusion on trabecular bone

cPTH is expected to produce a primarily catabolic effect on bone, although trabecular

bone may be relatively spared.(32) We wanted to know whether these catabolic actions

of PTH were dependent on IGF1 signaling. We used high-resolution microtomography
(mCT) analysis to examine the trabecular bone architecture in the secondary spongiosa of
the distal femur upon vehicle and PTH infusion in all groups. Although the size of the

bone was comparable between control and %“V/gf1r~~ mice (males larger than females

in both cases) (Fig. 2A, B), {FIG2} bone volume and thus bone volume/tissue volume
(BVITV) was markedly reduced in the %“N/gf1r7~ mice compared with controls of either
sex (Fig. 2A, B). Upon PTH infusion, female controls exhibited severe bone loss, which is
visualized in a representative 3D reconstruction of that bone region (Fig. 2A). However, the
catabolic effects on BV/TV were abolished in female %N/gf1r7~mice (Fig. 2A, B). The
male control mice showed no net change in trabecular bone architecture after PTH infusion.
However, PTH infusion in male %“V/gf1r~~ mice led to a small but significant trabecular
bone loss (Fig. 2A, B). Thus, sex-specific differences in cancellous bone phenotype and
PTH responsiveness in the distal femur were clearly present in 16-week-old control and
OCNgf1r~~ mice infused with PTH over a period of 4 weeks, and those differences
paralleled those observed in the responses to serum calcium and ALP.

Connectivity density (Conn. Dens.) was substantially diminished by more than 50% in PTH-
infused female control mice compared with vehicle-infused control mice, an effect not found
in the female %“NV/gf1r~~ mice, whereas male PTH-infused mice did not show a change.

A similar pattern was observed for trabecular thickness except that the male %N/gf1r7~
mice showed a modest but significant reduction in trabecular thickness and mineral content
with cPTH consistent with the effect on BV/TV. Trabecular number and separation did not
change significantly upon PTH infusion in control and %“V/gf1r~~ mice of either sex, which
argues that continuously infused PTH first affects trabecular thickness before reducing the
number of trabeculi, thereby maintaining trabecular distribution.

BMD using X-ray attenuation in the volume of interest in cancellous bone was measured.
BMD was significantly reduced in the %“V/gf1r”~ mice of both sexes. Like the effects on
BV/TV, PTH infusion reduced BMD in the female control mice but had no further effect in
the female %“N/gf1r7~ mice, whereas PTH infusion did not alter BMD in the male controls
but significantly reduced BMD in the male %“N/gf1r”~ mice (Fig. 2B). The defects in bone
mineralization in 9“N/gf1r~~ mice are known and have been well documented previously. If
voxels below the threshold for mineralized bone were excluded (undermineralized bone and
non-bone voxels), these differences were attenuated.

Sex and genotype differences in the effect of PTH infusion on cortical bone

To assess the effects of cPTH on cortical bone, we investigated the midshaft femur region.
As in the distal femur, the male bones were bigger with respect to cross-sectional area,
but no difference in size was observed between control and knockout mice. However, the
OCN1gf1r~~ mice of both sexes had a reduced cortical bone area and cortical thickness
(Fig. 2C). In female mice, cPTH reduced cortical thickness in the controls but not in the
OCN19f1r~7~ mice, whereas in male mice, only the %“N/gf1r~~ mice showed a reduction
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with cPTH (Fig. 2C). The effects in cortical bone were more modest than those found in
cancellous bone, and transverse UCT sections of that region in the PTH-infused groups

did not show marked differences in cortical porosity compared with control groups. The
results argue that osteocytes and endo- and periosteal lining cells in the cortical bone of
control mice have limited responsiveness to the effects of cPTH compared with the cells of
trabecular bone at least in this genetic background. Nevertheless, the interaction of sex and
genotype in cortical bone is comparable to that of cancellous bone with respect to the effect
of cPTH.

Sex and genotype differences in the effect of PTH infusion on bone formation and
mineralization in vivo

To further investigate how PTH affects bone remodeling in the ?“N/gf1r~~and control
mice, we performed bone histomorphometry to determine BFR and MAR. As shown in Fig.
3,{FIG3} PTH increased BFR (twofold in female and 1.9-fold in male) and MAR (1.8-fold
in female, twofold in male) in the control mice of both sexes (Fig. 3B, C). However, the
stimulatory effects of cPTH on BFR and MAR were completely blocked in the female

OCN 1gf1r~-mice (Fig. 3B, C), whereas the male %N/gf1r~~ mice continued to show a
partial stimulatory response (Fig. 3B, C).

Sex and genotype differences in the effect of PTH infusion on osteoblast differentiation in

vitro

To better understand the effects of continuous PTH on female and male osteoblast
differentiation and mineralization, we cultured BMSCs from mice, which were either
exposed to 4 weeks of vehicle or cPTH treatment in vivo. The number of alkaline
phosphatase (ALP*) staining colonies was significantly increased upon PTH infusion in
female and male control mice (Fig. 4A, C, D). {FIG4} However, BMSC from PTH-infused
male control mice had a significantly greater number of ALP* colonies than those from

the female mice. The effects of PTH on ALP* colony numbers were abrogated in PTH-
infused female %“N/gf1r~~ mice, whereas vehicle-infused female %“V/gf1r~~ mice showed
an unchanged number of ALP* colonies compared with female vehicle-infused controls(Fig.
4A, C). Surprisingly, an increase in ALP™ colonies was apparent in vehicle-infused male
OCN1gf1r~~ mice compared with male controls with a partial further increase after PTH
infusion (Fig. 4A, D). As found in vivo, these results indicate that male osteoblasts are not as
dependent on the IGF1R for their response to PTH as are the osteoblasts from female mice.

A similar pattern is seen when the ability of the BMSC to mineralize is examined (Fig.
4B-D). BMSCs from vehicle-infused male mice formed 10 times as many mineralized
nodules as BMSCs from vehicle-infused female mice (Fig. 4B-D). cPTH further increased
the number of mineralized nodules in both sexes, but the increase in absolute numbers

was greater in the BMSC from the male mice (Fig. 4B-D). The knockout of /gfZralmost
completely abrogated the formation of mineralized nodules in BMSC from vehicle-infused
female and male mice and blocked the increase in mineralized nodules after cPTH in the
female 9“N[gf1r~~ mice. However, male /gf1r mice responded to the stimulatory effect of
cPTH with respect to mineralized nodule formation (Fig. 4B-D).
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Stimulation of osteoclastogenesis by cPTH is blocked in 9Nigfir~~ mice

Compared with the adherent, large, and multinucleated osteoclasts of control mice, the
osteoclasts from %“N/gf1r7~ mice were smaller and not well attached to the bone surface
(Fig. 5A). {FIG5} To delineate the effects of cPTH on osteoclast formation in mice
lacking /gfirin mature osteoblasts and osteocytes, co-cultures of osteoblasts and osteoclasts
were examined (Fig. 5B). Osteoblasts from male mice stimulated osteoclastogenesis

more effectively than did osteoblasts from female mice. However, both female and

male osteoblasts from control mice exposed to continuous PTH for 4 weeks supported
osteoclastogenesis more efficiently than osteoblasts from vehicle-infused mice. /gfir
deletion in mature osteoblasts and osteocytes appeared to increase the ability of these cells
to stimulate osteoclastogenesis, although /gfZrdeletion rendered the osteoblasts insensitive
to further stimulation by PTH infusion with respect to this function. When the response of
osteoclast precursors to RANKL/mCSF was studied directly in the absence of osteoblasts,
the precursors from the female mice formed twice as many osteoclasts as those from

male mice (Fig. 5C), indicating greater sensitivity to RANKL/mCSF. These results are the
opposite of those found in the co-culture experiments but are consistent with the greater
sensitivity of female mice to the catabolic actions of PTH. As expected, no difference was
observed when the osteoclast precursors were obtained from %“V/gf1r~~ mice compared
with their normal littermates.

cPTH affects osteoblastic and osteoclastic markers in a sex-specific manner

We then examined the impact of PTH infusion on the expression of genes involved with
osteoblast and osteoclast differentiation using quantitative PCR of bone extracts (marrow
removed) after the 4-week infusion with vehicle or cPTH (Fig. 6). {FIG6} /gf1 expression
was higher in the bone of male control versus female control mice after vehicle infusion

but was markedly reduced in both sexes after cPTH (Fig. 6A). Deleting /gfirfrom the
mature osteoblasts and osteocytes of these mice decreased /gfI expression and blocked
further changes with cPTH. Alkaline phosphatase (A/p/) expression was not affected by
PTH in control or %N/gf1r~~ female mice but was stimulated more than fivefold in the
male mice, including the “N/gf1r~~ male mice (Fig. 6B). Osteocalcin (Bg/ap) expression
was stimulated by cPTH in both sexes of control mice and, like A/p/, was also increased

in the 9CNJgf1r~~ male but not female mice (Fig. 6C). cPTH stimulated RANKL ( 777£511)
expression more in the bone of female control mice than in male control mice and, like
Alpland Bglap expression, cPTH also stimulated 77/s11 expression in the male but not

in female %“N{gf1r~~ mouse (Fig. 6D). On the other hand, osteoprotegerin ( 777frs11b)
expression was stimulated more than tenfold by cPTH in male control mice with no increase
in female control mice (Fig. 6E). This expression was blunted but still significant in the male
OCN19f1r~7~ mice (Fig. 6E). As such, the ratio of 7nfs11/Tnfrs11bexpression was increased
by PTH in the female control mice but inhibited in both control and %“V/gf1r~~ male mice
(Fig. 6F). Consistent with these results, the expression of RANK ( 771frs114) was increased
significantly only in the female control mice and to a lesser extent in the male %N/gf1r~-
mice (Fig. 6G). These results support the in vivo data that cPTH is more catabolic in female
mice than in male mice and more dependent on IGF1 signaling in female mice.
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Discussion

That iPTH is anabolic and cPTH is catabolic has become dogma. Indeed, at the start of this
project, we proceeded under that expectation, asking whether the catabolic actions of PTH
were dependent on IGF1 signaling like the anabolic actions. However, there are hints in

the literature that sex would influence these results.(2:33:34) Moreover, in earlier studies with
daily injections of PTH over a two-week course, we(35) found that male mice had a greater
response with respect to periosteal bone formation and a greater response with respect to
increased /gf1 expression. Thus, it was not totally unexpected that when examining the
impact of /gfirdeletion on the skeletal response to cPTH, sex would influence the results
and add a caveat to the dogma that cPTH is only catabolic.

As suggested by the clinical studies and earlier reports on sex differences in PTH
responsiveness in bone, cPTH was substantially more catabolic in the female control mice
than in the male control mice. This was manifested by a loss in BV/TV, connectivity density,
and trabecular thickness in the cancellous bone of the distal femur in control female mice
but not in control male mice after cPTH. Similarly, cortical thickness of the femur diaphysis
was reduced by cPTH in the female control mice but not in the male control mice.

We then looked at bone formation and resorption to determine where the differences in
responses to PTH between males and females of the different genotypes might lie. MAR
and BFR were stimulated by cPTH in both male and female control mice. However, BMSC
from male mice in vitro showed a significantly greater response to cPTH given in vivo

with respect to numbers of ALP* colonies and mineralized nodules, markers of an anabolic
response. The osteoblasts from both sexes of control mice given cPTH in vivo demonstrated
increased ability to induce osteoclast formation in vitro. We anticipated that cPTH might
have a greater stimulation of osteoclastogenesis in female mice, but that was not found in
these in vitro co-culture experiments. On the other hand, the osteoclast precursors from
female mice were twice as sensitive to exogenous RANKL/MCSF with respect to osteoclast
formation that might at least partially explain the increased sensitivity of female mice to

the catabolic actions of PTH. Moreover, the analysis of gene expression in the intact bone
supported this conclusion as discussed below.

Differences between control male and female mice with respect to the response of gene
expression in intact bone to cPTH are quite revealing with respect to why cPTH has a
much greater catabolic effect on female mice. Stimulation of A/p/expression by cPTH was
much greater in control male mice than in control female mice, although the stimulation

of Bglap expression was equivalent. Moreover, cPTH-stimulated 7n/s11 (Rankl) expression
was much greater in control female mice than in control male mice, and the opposite was
true for Tnifrs11b (osteoprotegerin) expression. Thus, the higher ratio of 7nfs11/Tnfrs11b
expression in the female control mice strongly favored increased osteoclastogenesis and
bone resorption in response to cPTH in these mice. Although /gf1 expression basally was
higher in the male control mice and cPTH increased the circulating concentrations of IGF1
only in the males, cPTH suppressed /gfI expression in the bone of both male and female
mice, so this was not an obvious factor in the differential response of male and female bone
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to cPTH. This suppression of /gf1 expression by cPTH in bone confirms results of others(2)
and differs from the increase in /gfI expression by iPTH.(14.35.36)

We are not the first to report such sex differences in bone, however. In a recent publication,
Zanotti and colleagues(®7) noted in several mouse strains including FVB that the BMSC
from female mice had lower Alp/and Bglap expression with decreased alkaline phosphatase
activity and fewer mineralized nodules, findings we confirmed in this study. Moreover,
calvarial cells from female C57BL/6 mice expressed more 7nfs11and less 7Tnfrs11bthan
cells from males, again consistent with our results. The response to PTH was not examined
in that study.

However, the initial impetus for this study was to determine whether deleting /gfZrfrom
mature osteoblasts and osteocytes would block the catabolic actions of cPTH as we had
previously shown for the anabolic actions of iPTH.(5) First, the bones of the %“N/gf1r7~
mice were comparable in size to their wild-type littermates of the same sex, although as
expected bone volume and thus BV/TV was lower in both sexes of the %“N/gf1r~~ mice.

In the female %“N/gf1r~~ mice, cPTH had no further impact on BV/TV, thus demonstrating
that IGF1 signaling was required for the catabolic actions. This lack of response to cPTH in
the female %“N/gf1r~~ mouse was true for both cancellous and cortical bone. Moreover,
CPTH failed to stimulate BFR in the female %“V/gf1r7~ mice, unlike their littermate
controls. The big surprise was that the male %“N/gf1r~~ actually showed a small but
significant reduction in BV/TV, trabecular thickness, mineral content, and cortical bone
area and thickness after cPTH even though the control males did not. The BMSC cultures
confirmed this differential response of male and female %“N/gf1r~~mice in that BMSC
from male %“N/gf1r~~ mice after cPTH showed a response with respect to increased alkaline
phosphatase activity and mineralized nodule formation, whereas the BMSC from female
OCN19£1r~7~ mice did not. Although we could not demonstrate a differential response to
cPTH with respect to osteoblast stimulation of osteoclast formation in vitro between male
and female %“N/gf1r~~ mice (neither responded to cPTH in this regard, although basal levels
of osteoblast-induced osteoclastogenesis were higher in the %CN/gf1r7~), the expression

of genes relevant to osteoblast and osteoclast differentiation in bone after cPTH was very
different between male and female %“N/gf1r7~ mice. Female %“N/gf1r7~ mice showed

no significant increase in /gf1, Alpl, Bglap, Tnfs11, or Tnfrs11bexpression after cPTH,
whereas the response of male %“N/gf1r~~ mice to cPTH with respect to the expression of
Alpl, Bglap, Tnfs11, and Tnfrs11awas equivalent to their littermate controls.

At this point, we do not have a clear understanding of why sex differences are found in

the response of bone to PTH, why there are sex differences in the role of IGF1 signaling

in mediating the actions of PTH on bone, and why these differences persist in vitro. One
obvious difference between males and females is sex hormones. Loss of estrogen has been
invoked as one explanation for the higher prevalence of primary hyperparathyroidism in the
postmenopausal female compared with comparably aged males, which may better maintain
their testosterone concentrations as they age. Lee and colleagues(3®) showed that both
testosterone and estrogen withdrawal increased the skeletal response to a 24-hour infusion
to PTH, although estrogen withdrawal seemed to have a greater impact than testosterone
withdrawal. Other studies have shown that the estrogen receptor alpha is required for IGF1R
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activation by mechanical load in osteoblasts.(3%) However, the mice in this study were not
androgen or estrogen deprived and quite fertile, and differences in hormones would not
readily explain the persistence of the sex differences in vitro. Thus, an understanding of the
sex differences revealed in this study with respect to the skeletal actions of PTH and the role
of IGF1 signaling in mediating the skeletal actions of PTH remains for future investigation,
but points to the need to consider both sexes in studies of this nature. That said, the prime
goal of this study to determine whether IGF1 signaling was required for the catabolic actions
of PTH on bone has been accomplished. We found it to be required for female mice but less
so for male mice.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.

Sugppressed endogenous PTH concentrations and sex-specific impact on calcium, alkaline
phosphatase, and IGF-1 concentrations in continuously PTH-infused %“N{gf1r~~ mice.
Serum intact PTH (A), total calcium (B), alkaline phosphatase (C), and IGF-1 (D)
concentrations in continuously PTH- and vehicle-infused %“V/gf1r~~and control mice
(m7=8-12). The error bars enclose mean + SE; *p < 0.05.
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Fig. 2.

Ngt catabolic effects of continuous PTH infusion in female control mice were blocked

in female %“Vjgf1r~~ mice; the response in male mice differed. (A4) Representative micro-
CT 3D reconstructions of the secondary spongiosa of the distal femoral metaphysis in
female and male continuously PTH- and vehicle-infused %“N/gf1r~~and control mice. (B)
Quantitative analysis of trabecular bone in distal femurs from 16-week-old continuously
PTH- and vehicle-infused ?“N/gf1r~~and control mice with micro-CT (7=8-12). Tissue
volume (mm3), bone volume (mm3), bone volumeftissue volume, connectivity density (1/
mm3), trabecular number (1/mm), trabecular thickness (mm), trabecular separation (mm),
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and mineral content (HU/cm?) are shown. () Quantitative analysis of cortical bone in
midshaft femurs from 16-week-old continuously PTH- and vehicle-infused %“Njgf1r~/~
and control mice with micro-CT (7=8-12). Cross-sectional area (mm?), cortical bone area
(mm?), cortical area fraction, and cortical thickness (mm) are shown. Data are shown as
mean + SE; *p< 0.05.
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Fig. 3.

Stimulatory effects of continuous PTH on bone formation and mineral apposition rate are
blocked in female but not in male %N/gf1r7~mice. (A) Representative fluorescent double-
labeled sections of trabecular bone in PTH- and vehicle-infused %“N/gf1r~~and control
mice are shown. (B) Quantitative analysis of bone formation rate/bone surface (pm3/um?2/d)
in continuous PTH- and vehicle-infused female and male %“N/gf1r~7~ and control mice
(r=4). Data are shown as mean * SE; *p < 0.05. (C) Quantitative analysis of mineral
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apposition rate (mm/d) in continuous PTH- and vehicle-infused female and male %N/gf1r~/~
and control mice (/7=4). Data are shown as mean * SE; *p < 0.05.
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Fig. 4.

Ogteoblast stimulatory effects of continuous PTH were less robust when assessed in
female control bone marrow stromal cell (BMSC) cultures and abrogated in those from
female %“N{gf1r7~ mice. (A) Quantitative analysis of alkaline phosphatase (ALP)* colony-
forming units (CFUs) at day 14 of BMSCs after 4-week in vivo exposure to continuous
PTH or vehicle in %“N/gf1r~~and control mice (/7=8-12). (B) Quantitative analysis of
mineralization nodules at day 21 of bone marrow stromal cell cultures after 4-week in vivo
exposure to continuous PTH or vehicle in %N/gf1r7~and control mice (//=8-12). Data are
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shown as mean = SE; *p< 0.05. (C) A representative bone marrow stromal cell culture
image is displayed for alkaline phosphatase staining at 14 days and mineralization nodules at
21 days for continuously PTH- and vehicle-infused female and male %“N/gf1r~~ and control
mice (7=8-12).
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Fig. 5.

Kr?ockout of /gfiraffects osteoclast maturation. (A) Representative sections of TRAP-
stained osteoclasts on trabecular bone in control and ?“V/gf1r~~ mice. Magnification x40.
(B) Quantitative analysis of osteoclast counts after 7 days of osteoclast/osteoblast co-culture.
The control and 9“V/gf1r~~ osteoblasts were either exposed to 4 weeks of vehicle or
continuous PTH infusion in vivo before harvest. Osteoclast precursors from bone marrow
were taken from a separate group of 16-week-old control mice (/7=4-6). Data are shown

as mean + SE; *p< 0.05. (C) Osteoclast formation after RANKL/mCSF administration to
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cultures of osteoclast precursors from male and female control and %“N/gf1r7~ mice (=4
per group). The data are expressed as mean + SE; *p< 0.05.
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Continuous PTH affects osteoblastic and osteoclastic mRNA markers in a sex-specific
manner. (A) Igf-l mMRNA bone expression in diaphysis of long bones (femur and tibia)

of 16-week-old continuously PTH- and vehicle-infused %“N/gf1r~~and control mice. (B)
Alkaline phosphatase (ALP) mRNA bone expression in diaphysis of long bones (femur and
tibia) of 16-week-old continuously PTH- and vehicle-infused %“N/gf1r~~ and control mice.
(©) Osteocalcin (OCN)MRNA bone expressionin diaphysis of long bones (femur and tibia)
of16-week-old continuously PTH- and vehicle-infused 9“V/gf1r~~ and control mice. (D)
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Receptor activator of NF-xB ligand (RANKL) mRNA bone expression in diaphysis of long
bones (femur and tibia) of 16-week-old continuously PTH- and vehicle-infused %“N/gf1r~/~
and control mice. (£) Osteoprotegerin (OPG) mRNA bone expression in diaphysis of long
bones (femur and tibia) of 16-week-old continuously PTH- and vehicle-infused %“N/gf1r7/~
and control mice. (F) RANKL/OPG mRNA ratio bone expression in diaphysis of long bones
(femur and tibia) of 16-week-old continuously PTH- and vehicle-infused %“V/gf1r~~ and
control mice. (G) RANK mRNA bone expression in diaphysis of long bones (femur and
tibia) of 16-week-old continuously PTH- and vehicle-infused “V/gf1r~~and control mice
(m=8-12). Data are shown as mean + SE; *p < 0.05.
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