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Abstract

Longitudinal growth of postnatal bone requires precise control of growth plate cartilage
chondrocytes and subsequent osteogenesis and bone formation. Little is known about the role of
angiogenesis and bone remodeling in maintenance of cartilaginous growth plate. Parathyroid
hormone (PTH) stimulates bone remodeling by activating PTH receptor (PTH1R). Mice with
conditional deletion of PTH1R in osteoblasts showed disrupted trabecular bone formation. The
mice also exhibited postnatal growth retardation with profound defects in growth plate cartilage,
ascribable predominantly to a decrease in number of hypertrophic chondrocytes, resulting in
premature fusion of the growth plate and shortened long bones. Further characterization of
hypertrophic zone and primary spongiosa revealed that endochondral angiogenesis and vascular
invasion of the cartilage were impaired, which was associated with aberrant chondrocyte
maturation and cartilage development. These studies reveal that PTH1R signaling in osteoblasts
regulates cartilaginous growth plate for postnatal growth of bone.
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Introduction

Parathyroid hormone (PTH) is a systemic hormone that is known to regulate calcium
homeostasis and bone remodeling. Evolutionarily, the parathyroid glands emerged in
amphibians when vertebrate animals came to land, allowing mobilization of calcium where
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dietary sources were less available. Additionally, other modifications to the skeleton were
essential for mobilization on land, including the growth of limbs. Previous studies have
implicated that PTH plays a role in this process. The action of PTH is evidenced in the frog,
X. laevis, where the PTH receptor becomes expressed at the same time the frog begins
growing limbs.( In mammals, similarly, parathyroid glands are developed at the late
embryonic stage when limbs begin to develop.?) Limb growth occurs through endochondral
ossification, which depends on a first-formed cartilage mold, invasion of blood vessels, and
subsequent bone replacement. This process proceeds outward and establishes two growth
plates on primary trabeculae that separate the distal cartilaginous epiphyses from the medial
bony diaphysis. The elongation of bone is determined by an incremental shift of growth
plate cartilage away from the diaphysis through intricate autocrine, paracrine, and endocrine
hormone signaling pathways.

Further evidence suggests that PTH promotes longitudinal bone growth. In PTH knockout
mice, the length of bone tissue was reduced and the cartilage matrix mineralization was
diminished.(® When PTH levels are suppressed by diet-induced hypophosphatemia/
hypercalcemia, animals exhibited shortened limbs in addition to a ricket-like bone
phenotyp. PTH mediates intracellular signaling by binding to the G-protein coupled type 1
PTH receptor (PTH1R) and activating adenylate cyclase.

Clinically, inactivating mutations in PTH1R lead to Blomstrand's lethal chondrodysplasia,®
whereas activating mutations lead to Jansen's metaphyseal chondrodysplasia.(®) Both are
characterized by shortened limbs and abnormal bone mineralization. Additionally,
inactivating mutations in Gas lead to Albright's hereditary osteodystrophy, a disorder
characterized by a lack of responsiveness to PTH and short stature from premature closure
of the growth plate.(":8) These observations suggest a role of PTH in cartilage development
and longitudinal growth of bone.

PTH exerts its anabolic effect on bone partly through orchestrating signaling of local factors
including TGFB, Wnts, BMP, and IGF-1.(%-13) Importantly, PTH is able to improve bone
marrow microenvironment. For example, intermittent injection of PTH spatially relocates
blood vessels closer to sites of new bone formation to facilitate bone remodeling, %) and
expands both hematopoietic stem cells (HSC) and mesenchymal stem cells (MSC).(15:16) |t
is of interest to know whether the PTH-induced changes in bone marrow microenvironment
have potential effects on growth plate cartilage.

In contrast to extensive studies performed on the role of cartilage in regulation of
osteogenesis and bone formation, little is known about whether angiogenesis and bone
remodeling regulate chondrocytes. Herein, we found that mice with deletion of PTH1R in
osteoblasts have disrupted trabecular bone formation. Interestingly, the mice were also noted
with a reduction in vascular invasion of cartilage and growth plate abnormalities with a
decrease of hypertrophic chondrocytes. This phenotype is distinct from the accelerated
chondrocyte differentiation observed previously in mice with chondrocyte-specific deletion
of PTH1R.(4:17-19) Therefore, our data reveal that PTH receptor signaling in osteoblasts
regulates postnatal growth plate.
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Materials and Methods

Mice

Mice with osteoblast-specific deletion of (PTH1R ") were generated by crossing mice
homozygous for a floxed PTH1R allele(29) with Cre-transgenic mice driven by a 4-kb
human osteocalcin promoter (OC-Cre mice).(?1) Mice with osteoblast-specific inactivation
of TBRII (TBRII™") were generated by crossing the OC-Cre mice with mice homozygous for
a floxed TRRII allele.(® Knockout mice with homozygous for PECAM-1 allele were created
by self-crossing the heterozygous mice from Dr. Peter Newman.(2223) All procedures
involving animals were maintained in the Animal Facility of Johns Hopkins University
School of Medicine. The animal protocols were reviewed and approved by the Institutional
Animal Care and Use Committee of the Johns Hopkins University (Baltimore, MD, USA).

Histology, immunohistochemistry, and in situ hybridization

Femura and tibias dissected from animals were fixed in 10% neutral buffered formalin for 2
days, decalcified in 10% EDTA (PTH 7.4) for 3 weeks, and then embedded in paraffin.
Longitudinally oriented, 4-um-thick sections including growth plate and metaphysis were
deparaffinized and rehydrated, and then processed for H&E (Thermo Fisher Scientific,
Pittsburgh, PA, USA) staining, Goldner's trichrome staining, TRAP (Sigma-Aldrich, St.
Louis, MO, USA) staining, safranin O (Sigma-Aldrich) staining, or immunostaining using
primary antibodies against PECAM-1 (Abcam, Cambridge, MA, USA) and VEGFR2 (Cell
Signaling, Danvers, MA, USA). A horseradish-peroxidase-streptavidin detection system
(Dako, Glostrup, Denmark) was used to detect immunoactivity, followed by counterstaining
with hematoxylin (Dako) or methyl green (Sigma-Aldrich). For evaluation of proliferation,
50ug of BrdU per gram of body weight was given to mice ip 2 hours before death. BrdU was
detected using BrdU staining kit (Invitrogen, Carlsbad, CA, USA). The BrdU labeling index
was calculated as the ratio of BrdU-positive nuclei over total nuclei of chondrocytes in the
growth plate. For evaluation of apoptosis, apoptotic chondrocytes were identified using by a
TUNEL-based in situ cell death detection kit (Roche, Mannheim, Germany).

Percentage of TUNEL-positive chondrocytes over total number of chondrocytes in the
growth plate was calculated. For evaluation of gene expression, nonradioactive in situ
hybridization was performed according to the DIG application manual of the manufacturer
(Roche). The digoxigenin-labeled RNA probes for Col X, MMP13, Ihh, and PTH1R were
synthesized using a DIG RNA labeling kit (sp6/T7) (Roche) and detected using a DIG
nucleic acid detection kit (Roche).

Micro—computed tomography (UCT) and histomorphometric analysis

Femura and tibias obtained from mice were dissected free of soft tissue, fixed overnight in
70% ethanol, and analyzed by a highresolution uCT (SkyScan 1076 in vivo CT, SkyScan,
Aartselaar, Belgium) installed with software NRecon v1.6, CTan v1.9, and CTVol v2.0. The
scanner was set at a voltage of 89 kVp, a current of 112 uA, and a resolution of 8.67 um per
pixel. Cross-sectional images of the proximal tibias were used to perform 3D
histomorphometric analysis of trabecular and cortical bone. The sample area of trabecular
bone selected for scanning was a 1.5-mm length of metaphyseal primary spongiosa,
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originating 0.5 mm below the lowest point of growth plate and extending caudally. The area
of interest for cortex was 1.0 to 5.0 mm from the growth plate. The 2D parameters including
the number of osteoblasts and osteoclasts and labeling indexes of PECAM-1 or VEGFR2
were determined by quantitative histomorphometric GA. The numbers of osteoblasts and
osteoclasts were analyzed at the trabecular bone. The PECAM-1- or VEGFR2-positive cells
were counted in 300 um from the growth plates and calculated as the ratio of over total
numbers of chondrocyte columns. In addition, the invasion occurrence was the ratio of
PECAM-1-positive chondrocyte lacunae over total chondrocyte lacunae. Four randomly
selected visual fields per specimen, in three specimens per mouse in each group, were
measured.

Imaging of blood vessels in bone

Blood vessels in bone were imaged by angiography of Microphil-perfused long bones.(24)
The vasculature was flushed with 0.9% normal saline containing heparin sodium (100
U/mL) at a pressure of 100 mmHg through a needle inserted into the ventricle. The
specimens were then stored at 4°C overnight for contrast agent polymerization. Mouse tibias
were dissected from the specimens and soaked in 10% neutral buffered formalin for 2 days
to ensure the tissue fixation. Specimens were subsequently treated in 10% EDTA (PTH 7.4)
to decalcify the bone and facilitate image thresholding of tibia vasculature from the bone.
Images were obtained using the pCT. The 3D histomorphometric parameters, including
vessel volume, vessel number, and vessel concentration, were evaluated.

Double calcein labeling

Double calcein labeling was performed by intraperitoneal injection of mice with two
sequential doses of calcein (Sigma-Aldrich; 10 mg kg™ in 2% sodium bicarbonate in sterile
saline) 3 and 9 days before euthanization. Bones were harvested and embedded in Tissue-
Tek (Sakura, Torrance, CA, USA) acrylic resin. Serial sections were cut, and the freshly cut
surface of each section was imaged using fluorescence microscopy. BFR/BV at cortex and
trabeculae was measured using OsteoMeasureXP. Four randomly selected visual fields per
specimen, in three specimens per mouse in each group, were measured.

Gene expression analysis

Primary osteoblasts were isolated from calvariae of newborn mice as previously
described.(?4) Total RNA was prepared with Trizols reagent (Sigma), followed by DNase
treatment and reverse-transcription into cDNA using random hexaprimers. Quantitative RT-
PCR on 5 ng of amplified cDNA was performed on a Bio-Rad (Hercules, CA, USA) real-
time thermal cycler CFX96 using SYBR GREEN PCR Master Mix (Promega, San Luis
Obispo, CA, USA). The primers for VEGFa and angiopoietin-1 were previously
described.(2®) Relative gene expression was calculated using the AACT method normalized
to GAPDH levels for each individual sample measured in triplicate.

Statistical analysis

Statistical differences between two groups of data were analyzed with Student's t test. Data
are presented as means + SD.
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Growth retardation of postnatal long bone in osteoblastic PTH1R knockout mice

To evaluate the potential role of osteoblastic PTH1R signaling on longitudinal growth of
long bone, the PTH1R gene was selectively deleted in osteoblasts by crossing floxed
PTH1R mice with Cre-transgenic mice driven by an osteocalcin promoter (OC-Cre).(21)
Although mice lacking PTH1R (PTH1R™~) were indistinguishable in size and body weight
from their wild-type littermates (PTH1R™*) at birth, by 4 weeks of age, PTHIR ™~ mice
were noted to have a lower body weight (Fig. 1A) and shorter femoral length (Fig. 1B, C).
The PTH1R™~ femora exhibited abnormal widening of both the proximal and distal
metaphysis. The short stature and low bone mass remained apparent in 8-month-old mice
(Fig. 1D). Kyphosis was also observed (Fig. 1D, white arrowheads), indicating a softening
of bone and impaired bone metabolism. These results showed that the growth of long bone
was impaired in PTHIR ™~ mice.

Disrupted bone formation in PTHIR™~ mice

Analysis of the metaphyseal region of long bones revealed that the trabecular volume was
significantly decreased in 4-week-old PTHIR ™/~ mice relative to their wild-type littermates
(Fig. 2A, left two panels; B), whereas the cortical bone exhibited progressive thickening
from diaphysis toward metaphysis (Fig. 2A, right two panels; C).

Dynamic analysis of bone formation with double calcein labeling revealed that bone
mineralization at trabeculae and periosteal surfaces were reduced, whereas PTHIR/~
endosteum exhibited accelerated bone formation (Fig. 2D-F). Quantification of osteoblast
and osteoclast numbers at trabeculae showed that they were both decreased (Fig. 2G, H),
with osteoblasts showing a reduction in number at a younger age compared with osteoclasts
(4 versus 8 weeks) (Fig. 2G, H). These data demonstrate that the disruption of PTH1R
reduces osteoblast activity and restrains trabecular bone formation.

Defects in hypertrophic differentiation of chondrocytes in PTHIR™~ mice

To understand the impaired growth of long bone, we analyzed the growth plate
chondrocytes in the proximal tibia of mice at different ages using H&E and safranin O
staining. At 1 week of age, the proliferating and hypertrophic zones were indistinguishable
between PTH1R™~ mice and their wild-type littermates (Fig. 3A). However, a distinct
phenotype was observed by 4 weeks of age, where an apparent loss of hypertrophic
morphology and disruption of the columnar organization of chondrocytes emerged in
PTH1R ™~ growth plates (Fig. 3B, arrows). The defect in chondrocytes progressed with age
such that by 8 weeks, the columnar arrangement of growth plate chondrocytes was
completely disrupted, and the remaining cartilage was discontinuous and disorganized, with
bridging of bone between the epiphyseal bone and the primary spongiosa, indicating fusion
of the growth plate in the PTHIR™~ mice (Fig. 3C). These data demonstrate an aberrant
phenotype of growth plate cartilage when PTH1R signaling is deleted in osteoblasts.
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Abnormalities of gene expression in PTH1IR™~ growth cartilage

We measured the expression patterns of multiple chondrocyte differentiation markers using
in situ hybridization analysis. Expression of collagen X (ColX), a marker of hypertrophic
chondrocytes, was largely decreased in 4-week-old PTHIR ™~ mice relative to controls (Fig.
4A). Matrix metalloproteinase-13 (MMP13) was also decreased (Fig. 4B).

Additionally, expression of indian hedgehog (Ihh) was downregulated but more diffusely
distributed relative to wild-type controls, suggestive of an expanded prehypertrophic zone,
likely owing to acceleration in early differentiation or lack of further hypertrophy (Fig. 4C).
Furthermore, PTH1R expression in cartilage was slightly downregulated (Fig. 4D,
Supplemental Fig. S1), even though its expression in primary spongiosa was eliminated by
OC-Cre-driven deletion (Fig. 4D, Supplemental Fig. S2). To test if the decreased number of
hypertrophic chondrocytes was attributable to decreased chondrocyte proliferation,
increased apoptosis, or both, BrdU labeling and TUNEL staining were performed. In
PTH1R™~ mice, BrdU-positive cells were less concentrated in proliferative columns but
more diffusely distributed, although the total number of proliferating chondrocytes was not
changed significantly (Fig. 4E, F). TUNEL staining of the chondrocytes at the chondro-
0sseous junction revealed an increase in number of hypertrophic chondrocytes undergoing
apoptosis in PTHIR™~ mice compared with wild-type controls (Fig. 4G, H). Thus, these
results indicate that deletion of PTH1R in osteoblasts impaired chondrocyte function,
leading to decreased number of hypertrophic chondrocytes in the growth plate.

Impaired angiogenesis and vascular invasion in PTHIR ™~ mice

Angiogenesis and vascular invasion of growth plate are essential processes for development
and remodeling of cartilage. To evaluate whether PTH receptor signaling in osteoblasts
regulates angiogenesis during endochondral bone growth, we performed uCT angiography
on mice at 4 weeks of age using Microfil. Vascularity was dramatically decreased in
PTH1R™~ mice (Fig. 5A, upper panels), as evidenced by quantitative analysis showing that
vessel volume, number, and connectivity were significantly reduced (Fig. 5B-D). The
PTH1R™~ blood vessels were disorganized and exhibited a dysplastic pattern beneath the
center of the growth plate. Concomitantly, a penetration of bone into cartilage occurred in
PTH1R™~ mice, resulting in early fusion of bones between the primary and secondary
ossification centers (Fig. 5A, arrows in right panels). To assess the vascular invasion of
growth plate, we performed histological staining for PECAM-1, which is expressed
specifically by vascular endothelial cells. We found that 52% + 5.9% of capillaries
expressing PECAM-1 did not extend into the hypertrophic chondrocytes in PTHIR ™~ mice
(Fig. 5E, upper panels; F), and red blood cells were markedly reduced in PTH1R™~ lacunae
left from apoptosis of hypertrophic chondrocytes (Fig. 5E, lower panels). Thus, the deletion
of PTH1R in osteoblasts resulted in impaired endochondral vasculature formation and
invasion. To evaluate angiogenic activity of PTH1R in osteoblasts, we analyzed expression
levels of VEGFa and angiopoietin-1, two pro-angiogenic factors, in primary osteoblasts.
Both of them were significantly decreased in PTH1R ™/~ osteoblasts compared with
PTHIR** controls (Fig. 5G, H), implying a role of osteoblastic PTH1R signaling in
stimulation of angiogenic response. Together, these results demonstrate that PTH1R in
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osteoblasts is necessary for maintenance of endochondral angiogenesis and vascular
invasion of cartilage.

Disruption of vascularization alone leads to a decrease in number of hypertrophic
chondrocytes

To determine the sequence of events leading to the observed phenotypes, we studied
additional mouse models that have targeted disruption of the vasculature or increased PTH
signaling in bone. PECAM-1 deficiency is reported to specifically and moderately affect
vascularization.(26:27) We confirmed that the number of vascular endothelial cells was
decreased in 8-week-old PECAM-1"/~ mice compared with wild-type littermates
(PECAM-1*/*) by immunostaining for the vascular marker VEGFR2 (Fig. 6A, lower panels;
B). The PECAM-1~~ mice exhibited a similar, yet less severe, bone phenotype to that found
in PTHIR ™~ mice, including reduced trabecular bone formation (Fig. 6A, upper panels; C,
D) and bony invasion into the cartilage (Fig. 6A, arrow; E). H&E and safranin O staining of
proximal tibia from PECAM-1~/~ mice showed a decrease in the number of hypertrophic
chondrocytes, which was further confirmed by attenuated expression of ColX (Fig. 6F, G).
Accordingly, the number of hypertrophic chondrocytes undergoing apoptosis was increased
(Fig. 6H). These data suggest that the disruption of vasculature alone restrains hypertrophic
development of chondrocytes. To further address the role of the vascularization in mediating
PTH effect on cartilage, we analyzed the mice lacking TGFp type Il receptor (TBRII) in
mature osteoblasts, in which PTH signaling has been shown to be hyperactive in
osteoblasts.(® TBRII7~ mice exhibited increased blood vessels as evidenced by increased
PECAM-1 staining (Fig. 61, upper panels; J). Concurrently, the hypertrophy of chondrocytes
was augmented (Fig. 61, lower panels; K), supporting that the endochondral vascularization
is coupled with the maturation of chondrocytes. Therefore, PTH receptor signaling in
osteoblasts likely supports chondrocyte hypertrophy through PTH-mediated endochondral
vascular angiogenesis and invasion.

Discussion

Endochondral ossification is a fundamental process that occurs during development of long
bones and contributes to longitudinal growth. This process involves a carefully regulated
sequence of changes in chondrocyte behavior(?®) and co-invasion of cartilage by blood
vessels and osteoblast precursors.(2% The osteoblast-mediated bone formation subsequently
establishes the primary ossification center. We found that disruption of PTH1R signaling in
osteoblasts decreased the numbers of osteoblasts and osteoclasts and disrupted the trabecular
bone formation. Importantly, endochondral angiogenesis and vascular invasion of the
cartilage were impaired, and hypertrophic development of chondrocytes was attenuated.
These changes cumulatively led to premature fusion of the growth plate, with resultant short
limbs. Thus, PTHIR signaling in osteoblastic cells regulates endochondral vascularization in
maintenance of postnatal growth plate (Fig. 6L).

We observed a positive correlation between angiogenesis and chondrocyte hypertrophy in
PTH1R™~, PECAM-1"/-, and TBRII~ mice, even though the altered vascularization was
not the only manifestation in these animals. Consistently, endothelial-cell-specific disruption
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of Notch signaling impaired bone vessel growth and led to defects of chondrocytes and
shortening of long bones.(30) In osteoarthritis, increased vascular invasion is associated with
accelerated maturation and hypertrophy of chondrocytes.(31:32) Additionally, chick embryos
treated with squalamine, an inhibitor of angiogenesis, exhibited delayed chondrocyte
differentiation.(33) Therefore, PTH1R signaling in osteoblasts, by enhancing vascularization,
may positively regulate chondrocyte maturation.

During embryonic development, however, inhibition of vascularization by systemic
administration of VEGF inhibitor(34) or chondrocyte-specific deletion of VEGF resulted in
delayed removal of terminal chondrocytes and expanded hypertrophic zone.(3%) Notably,
global knockout of PTH also led to expansion of the hypertrophic zone in newborn pups.®
This phenotype was not found in PTHIR™/~ mice at 4 to 8 weeks of age, suggesting that
additional postnatal factors are involved in regulation of chondrocytes in PTHIR™~ mice.
Possible factors include changes in counter-regulatory mechanisms between mouse models
employed, differential temporal and spatial signaling effects, or direct interactions between
osteoblasts and chondrocytes. We found increased apoptosis at chondro-osseous junction in
PTH1R™~ mice, suggesting PTH1R signaling in osteoblasts may have a direct role in
mediating chondrocyte survival. Further studies are needed to explore each of these potential
mechanisms further.

PTH and parathyroid hormone-related peptide (PTHrP) both bind to the PTH1R. PTH is an
endocrine hormone, whereas PTHrP acts in an autocrine and/or paracrine manner. Both have
been shown to stimulate PTH1R in osteoblasts.(36:37) Because PTHrP is detected before
development of the parathyroid glands (E11.5-E12.5 versus E14.5-15.5),? it is more
involved in embryonic growth rather than PTH, specifically regulating fetal-placental
calcium homeostasis(3®) and delaying chondrocyte differentiation.(28)

Occurrence of the parathyroid glands reflects a requirement of additional systemic control
on calcium homeostasis and limb development in postnatal life and may play a role in
synchronizing the growth rates of corresponding bones in the body. Modulation of
chondrocyte hypertrophy by PTH1R signaling in osteoblasts could be a complementary
mechanism for either PTH or PTHrP in maintaining the cartilage for elongation of bone.
Indeed, both ligands have been shown to regulate longitudinal growth in mice. Deletion of
PTH and PTHrP independently impair long bone growth with an even more dramatic
decrease in the length of long bones when both were deleted simultaneously.®

We used the OC-Cre to target PTH1R deletion in osteoblasts. The expression of OC-Cre
was analyzed in YFP florescence using OC-Cre/Rosa26-YFP mice (Supplemental Fig. S2).
In addition to expression of OC-Cre in osteoblasts and osteocytes, some weak clustered OC-
Cre signals were also noticed in proliferating chondrocytes, in line with the previous
observation,?% implying that a mosaic expression of OC-Cre may interfere with the
PTH1R ™~ phenotype. PTH1R signaling in proliferating chondrocytes has been shown to
stimulate proliferation of chondrocytes and delay maturation.(-17-19) Therefore, inactivation
of PTH1R in chondrocytes would be expected to accelerate differentiation of chondrocytes
with expansion of the hypertrophic zone. The contrary hypertrophic phenotype we observed
in the PTHIR™~ mice was, therefore, unlikely the result of nonspecific deletion of
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chondrocyte PTH1R. In addition, the mosaic expression of OC-Cre did not interfere
significantly in the chondrocyte morphology of 1-week-old PTHIR ™~ growth plate,
suggesting that the cartilage was not adversely affected during the embryonic stage of
development. Specifically, the aberrant phenotype of cartilage emerged only in postnatal
life, along with turnover of trabecular bone in PTHIR™~ mice.

Trabecular bone is a transient structure during bone development. The generation of
trabecular bone tightly couples with that of the growth plate cartilage, and both continue
until growth ceases in early adulthood. Thus, trabecular bone and cartilage may form
integrated working machinery, producing the growth of bone. Our study implies that
osteoblastic PTH1R signaling may play an evolutionary role in modifications of the skeleton
to allow for the growth of limbs and provides insight for future studies to further dissect the
cell signaling mechanisms that couple chondrogenesis, angiogenesis, and osteogenesis
during longitudinal bone growth.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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PTH1R™~ mice developed postnatal growth retardation of long bone. (A, B) Analysis of
body weight and femur length of PTH1R™* and PTH1R™~ mice at different weeks of age.
(C) Three-dimensional reconstruction of the femura from pCT scans of 8-week-old mice.
(D) Faxitron radiographs of whole bodies from 8-month-old mice showing kyphosis (as

indicated by white arrowheads).
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Fig. 2.
Impaired bone formation in PTHIR™~ mice. (A) Longitudinal sections and cross sections at

proximal tibias from pCT scans on 4-week-old PTH1R** and PTH1R™~ mice (upper) and
three-dimensional reconstruction of selected areas (boxed) representing trabecular bone and
cortical bone (lower). Scale bars=300 pm. (B, C) Quantitative pCT analysis on trabecular
bone volume (B) and cortical bone thickness (C) at proximal tibias. (D) Calcein double
labeling showing distinct bone formation at trabecular bone and cortical bone in proximal
femura from 4-week-old mice. 1-4: magnified views of the boxed areas at metaphyseal
trabecular bone (1 and 3) and cortical bone (2 and 4). ES=endosteal surface; PS=periosteal
surface. Scale bars=500 pm. (E, F) Quantification of bone formation rates at trabecular bone
(E) and cortical bone (F). (G, H) Measurement of the numbers of osteoblasts (G) and
osteoclasts (H) at the proximal tibias in mice at 1, 4, and 8 weeks of age. Data shown
represent means=SD for five animals per group. *p<0.05 versus PTH1R**; **p<0.01 versus
PTH1R'*,
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Fig. 3.
Profound defect in hypertrophic differentiation of chondrocytes in PTHIR™~ mice. (A-C)

H&E (upper two panels) and safranin O (bottom panels) staining of proximal growth plates
of the tibia from PTHIR** and PTH1R™~ mice at 1, 4 and 8 weeks of age. H=hypertrophic
zone. Scale bars=50 pm.
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Fig. 4.
Abnormalities of gene expression in growth cartilage from 4-week-old PTH1IR™~ mice. (A-

D) Expression patterns of ColX (A), MMP13 (B), Ihh (C), and PTH1R (D) in sections of the
growth plates, as analyzed by nonradioactive in situ hybridization. Sections were
counterstained with methyl green. The mRNA signal is shown as a dark brown precipitate.
Lower panels are magnified view of upper panels. Scale bars=50 um. Arrow=proliferating
chondrocytes. Arrowheads=bone-surface osteoblasts. (E) BrdU labeling at the proximal
growth plate of tibias showed that BrdU-positive chondrocytes (brown) were less
concentrated but more diffusely distributed. Scale bars=50 um. (F) Quantification of the
percentage of BrdU-positive nuclei. (G) TUNEL staining at chondro-osseous junction
revealed an increase in number of TUNEL-positive (green) chondrocytes, as indicated by
white arrowheads. (H) Quantification of the percentage of TUNEL-positive cells. Scale
bars=20 um. Data shown represent meansSD for six animals per group. *p<0.05 versus
PTH1R™*,
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Fig. 5.

In?paired angiogenesis and vascular invasion in 4-week-old PTHIR™~ mice. (A) Impaired
angiogenesis in femoral metaphysis. Upper panels, uCT images of Microfil-perfused
vasculature underneath the growth plates showed impaired vascularity and a dysplastic
pattern beneath the center of growth plate (arrow); lower panels, uCT images of bone
showed that a penetration of bone into cartilage occurred (arrow). (B-D) Quantifications of
vessel volume per total volume (B), vessel number (C), and vessel concentration (D). (E)
PECAM-1 and H&E staining of the chondro-osseous junctions. Magnified views of the
boxed areas are shown on the right. (F) Quantitative evaluations of vascular invasion. (G, H)
Relative mMRNA levels of VEGFa (G) and angiopoietin-1 (H) in primary osteoblasts. Scale
bars=50 um. Data shown represent means£SD for five animals per group. *p<0.05 versus
PTH1R™*,
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Fig. 6.

Disruption of vascularization alone restrains hypertrophic differentiation of chondrocytes.
(A) UCT images and VEGFR2-stained sections of the proximal tibias from 8-week-old
PECAM-1** and PECAM-1~/~ mice. A penetration of bone into cartilage of PTHIR ™~ mice
is shown (arrow). (B) Quantification of VEGFR2-positive cells per chondrocyte column
(CC). (C, D) Trabecular bone volume (C) and number (D) at the tibial metaphysis. (E)
Number of bony invasion of cartilage. (F) H&E and safranin O staining of growth cartilage
and in situ hybridization for Col X. (G) Quantification of the percentage of Col X-positive
chondrocytes in the proximal growth plate of the tibias. (H) Quantification of the percentage
of TUNEL-positive cells. (I) H&E staining and in situ hybridization for Col X at the
chondro-osseous junctions from 8-week-old TBRII*/* and TBRII/~ mice. (J) Quantification
of PECAM-1—positive cells per chondrocyte column (CC). (K) Quantification of the
percentage of Col X-positive chondrocytes in the proximal growth plate of the tibias. (L)
Model for role of PTH/PTH1R signaling in maintaining growth plate cartilage in postnatal
growth of bone. OB=osteoblasts. Scale bars=50 um. Data shown represent means+SD for
three animals per group. *p<0.05 versus PTH1R/*.
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