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Abstract
The goal of this study was to characterize the bone phenotype and molecular alterations in Col3.6-
HSD2 mice in which a 3.6-kb Col1a1 promoter fragment drives 11β-HSD2 expression broadly in
the osteoblast lineage to reduce glucocorticoid signaling. Serum corticosterone was unchanged in
transgenic females exluding a systemic effect of the transgene. Adult transgenic mice showed
reduced vertebral trabecular bone volume and reduced femoral and tibial sub-periosteal and sub-
endosteal areas as assessed by microCT. In adult female transgenic mice, histomorphometry
showed that vertebral bone mass and trabecular number were reduced but that osteoblast and
osteoclast numbers and the mineral apposition and bone formation rates were not changed,
suggesting a possible developmental defect in the formation of trabeculae. In a small sample of
male mice, osteoblast number and percent osteoid surface were increased but the mineral
apposition bone formation rates were not changed, indicating subtle sex-specific phenotypic
differences in Col3.6-HSD2 bone. Serum from transgenic mice had decreased levels of the C-
terminal telopeptide of α1(I) collagen but increased levels of osteocalcin. Transgenic calvarial
osteoblast and bone marrow stromal cultures showed decreased alkaline phosphatase and mineral
staining, reduced levels of Col1a1, bone sialoprotein and osteocalcin mRNA expression, and
decreased cell growth and proliferation. Transgenic bone marrow cultures treated with RANKL
and M-CSF showed greater osteoclast formation; however, osteoclast activity as assessed by
resorption of a calcium phosphate substrate was decreased in transgenic cultures. Gene profiling of
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cultured calvarial osteoblasts enriched in the Col3.6-HSD2 transgene showed modest but
significant changes in gene expression, particularly in cell cycle and integrin genes. In summary,
Col3.6-HSD2 mice showed a low bone mass phenotype, with decreased ex vivo osteogenesis.
These data further strengthen the concept that endogenous glucocorticoid signaling is required for
optimal bone mass acquisition and highlight the complexities of glucocorticoid signaling in bone
cell lineages.
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Glucocorticoids; 11-beta-hydroxysteroid dehydrogenase type 2; transgenic mice; osteoblasts;
osteoclasts

Introduction
Bone remodeling, the coupled process of osteoclastic resorption and osteoblastic formation,
maintains bone mass and integrity during adulthood. Glucocorticoids exhibit complex
regulatory effects on bone remodeling. Glucocorticoid excess leads to substantial bone loss,
due to decreased osteoblast proliferation, increased osteoblast apoptosis and heightened
osteoclast resorption [1,2]. A variety of in vitro models, however, show that glucocorticoids
are osteogenic since they promote osteoblast differentiation and mineralized nodule
formation [3,4]. This paradox has yet to be resolved, although recent studies suggest that
endogenous glucocorticoids are pro-osteogenic [5,6].

Glucocorticoids signal via the classical steroid-hormone receptor pathway. Glucocorticoids
bind to receptors (GR) in the cytoplasm to form a complex, which translocates into the
nucleus to regulate downstream targets, either by binding to glucocorticoid response
elements (GRE) [7,8], or by protein-protein interaction [9,10]. Regulation of glucocorticoid
signaling occurs prior to receptor binding by the 11β-hydroxysteroid dehydrogenase (11β-
HSD) type 1 (11β-HSD1) and type 2 (11β-HSD2) enzymes. 11β-HSD1 is a bidirectional
enzyme, but in the presence of sufficient NADP+ cofactor, it functions primarily as a
reductase, activating cortisone to cortisol. By contrast, 11β-HSD2 is a unidirectional
dehydrogenase that metabolizes cortisol to cortisone [11].

To determine the functions of endogenous glucocorticoids in bone, we previously developed
Col2.3-HSD2 transgenic mice, in which a 2.3-kb Col1a1 promoter fragment drives
expression of 11β-HSD2 in mature osteoblasts. Col2.3-HSD2 mice showed reduced
vertebral trabecular and femoral cortical bone content due in part to impairment of
osteoblast differentiation, suggesting that endogenous glucocorticoid signaling in mature
osteoblasts is required for cortical bone acquisition and full differentiation [5,6].

In the present study, we characterized the bone phenotype of Col3.6-HSD2 mice in which a
3.6-kb Col1a1 promoter fragment drives gene expression broadly in the osteoblast lineage.
Similar to Col2.3-HSD2 mice, Col3.6-HSD2 mice showed a low bone mass phenotype and
impaired ex vivo osteoblast proliferation and differentiation. In addition, Col3.6-HSD2 bone
marrow cultures showed enhanced ex vivo osteoclast formation but interestingly, the
osteoclasts were less active. To gain further insight into the molecular events associated with
the disrupted glucocorticoid signaling, Col3.6-HSD2 mice were bred with pOBCol3.6-
driven green fluorescent protein (pOBCol3.6-GFP) transgenic mice. Calvarial osteoblast
cultures were subjected to fluorescent activated cell sorting (FACS) based on GFP. Gene
profiling of sorted cells by microarray showed that transgenic cells had alterations in cell
cycle and integrin pathway genes. Taken together, these data demonstrate that endogenous

Yang et al. Page 2

Bone. Author manuscript; available in PMC 2011 September 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



glucocorticoid signaling is required for optimal bone mass acquisition by affecting both the
osteoblast and osteoclast lineages.

Materials and Methods
Animals

A rat 11β-HSD2 cDNA was cloned downstream of a 3.6-kb fragment of the rat Col1a1
promoter and upstream of the bovine GH polyadenylation sequence to produce the construct
Col3.6-HSD2 [12]. Transgenic founder mice founders were developed in the CD-1 outbred
background standard using pronuclear injection and maintained as outbred lines. From
multiple microinjections, only one founder was identified indicating that high levels of
transgene expression might have been lethal. The founder was were bred to wild-type mice
to establish Col3.6-HSD2 line 211. For all of the experiments described in this study,
hemizygous males were bred with wild type CD-1 females to produce litters containing
hemizygous transgenic mice and wild type littermates. For microarray studies, hemizygous
Col3.6-HSD2 mice were bred with homozygous pOBCol3.6-driven green fluorescent
protein (pOBCol3.6-GFP) transgenic mice [13,14]. All progeny were hemizygous for the
pOBCol3.6-GFP transgene and either wild type or hemizygous for the Col3.6-HSD2
transgene. All animal care protocols were reviewed and approved by the University of
Connecticut Health Center Animal Care Committee.

Bone density and morphometry
Mice were sacrificed at 7 weeks of age. The bone mineral content (BMC), bone mineral
density (BMD) and percent body fat were measured by dual energy X-ray absorptiometry
(DEXA) using a PIXImus densitometer (GE-Lunar, Madison, WI). Morphometry of calvaria
and the trabecular and cortical compartments of femurs, tibiae, and third lumbar vertebrae
(L3) were quantified at 12 μm resolution (578,704 isometric voxels/mm3) using cone beam
X-ray computed microtomography (μCT40, Scanco Medical AG, Brüttisellen, Switzerland)
as described previously [15]. In addition, 3-day-old skulls were imaged separately at 16 μm
resolution (244,141 isometric voxels/mm3). All images were acquired at 55 kV, 145 μA,
1000 projections/revolution, and 300 ms integration time. Segmentation of bone from
background and soft tissue employed a three-dimensional Gaussian filter, applying density
thresholds of 120, 470, 620, and 710 mg/cm3 for newborn skulls, trabecular bone, calvaria,
and cortical bone, respectively.

Trabecular morphometry measurements included the bone volume fraction (BV/TV%),
trabecular thickness (Tb.Th), trabecular number (Tb.N), and trabecular spacing (Tb.Sp).
Cortical morphometry was quantified through a 600-μm long span extending distally from
the diaphyseal mid-point between proximal and distal growth plates. Cortical morphometry
measurements included average cortical thickness, sub-periosteal cross-sectional area, sub-
endosteal (marrow) area and cortical bone area. Femur length was measured from the distal
end of the condyles to the proximal aspect of the femoral head. Calvaria morphometry was
measured bilaterally within the central third (~2 mm) of each parietal bone between the
sagittal and squamous sutures. Calvaria width was measured and averaged at three locations
(center and ends) of the central region.

Histomorphometry
Static and dynamic histomorphometry were performed on wild type and Col3.6-HSD2 mice
as previously described with a few modifications [16]. Mice were weighed and injected
intraperitoneally (IP) with 0.1 ml of calcein in 2% NaHCO3 to give a final dose of 20 mg/kg
body weight. Five days later, mice were injected IP with 0.1 ml of demeclocycline in 2%
NaHCO3 to give a final dose of 20 mg/kg body weight. Mice were euthanized 2 days later.
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Bones were dissected, fixed in 4% paraformaldehyde and embedded in methyl methacrylate.
Five μm thick sections were stained with 0.1% toluidine blue or von Kossa reagent. Static
and dynamic histomorphometric measurements of bone formation and resorption were made
with an OsteoMeasure morphometry system (Osteometrics, Atlanta, GA). Dynamic
measurements were made on unstained sections under UV light using a triple diamidino-2-
phenylindole, fluorescein isothiocyanate and Texas red long-pass filter. Histomorphometric
measurements were expressed using terminology and units suggested by the
Histomorphometry Nomenclature Committee of the American Society for Bone and Mineral
Research [17].

Alizarin red/alcian blue staining
Alizarin red/alcian blue staining was performed by a method similar to one previously
described [18]. Briefly, the skin and organs were removed from 1- and 7-day-old mice,
which were stored in 100% ethanol for 7 days, followed by acetone for 2 days. The samples
were then incubated with fresh stain for 3 days at 37°C. The staining solution was composed
of 1 volume of 0.3% alcian blue (Sigma, St. Louis, MO) in 70% ethanol, 1 volume of 0.1%
alizarin red-S (Sigma, St. Louis, MO) in 95% ethanol, 1 volume of acetic acid and 17
volumes of 70% ethanol. The samples were then washed in distilled water, placed in 1%
KOH in 20% glycerol until cleared and stored in 100% glycerol. For alizarin red staining of
bone marrow stromal cultures, cells were rinsed with PBS and fixed with 70% ethanol then
stained with a 40 mM alizarin red solution at room temperature for 10 min. The plates were
rinsed with water to remove unbound alizarin red, and 10% w/v cetylpyridinium chloride
was added to extract alizarin red at room temperature for 30 min. The alizarin red content of
the cultures was determined measuring absorbance at 562 nm on a multiplate reader, using
an alizarin red standard curve prepared in the same solution. The absorbance values were
converted to calcium content using the following formula: calcium (ng/ml) = 0.685 ×
(OD562) + 0.0503.

Primary calvarial osteoblast cultures
Hemicalvaria from 6- to 8-day-old neonatal mice were dissected and serially digested with
collagenase P (Roche Diagnostics, Indianapolis, IN) to obtain calvarial osteoblasts as
described previously [6]. Calvarial cells were plated in 35 mm wells at a density of
approximately 15,000 cells/cm2 in DMEM containing 10% heat inactivated fetal calf serum
(HI-FCS; Hyclone, Logan, UT) and antibiotics. On days 1 and 4, the medium was changed.
On day 7, cells were switched to differentiation medium (αMEM containing 10% HI-FCS, 4
mM β-glycerol phosphate, and 50 μg/ml ascorbic acid). Cells were refreshed with
differentiation medium every other day for the duration of the experiment.

Bone marrow stromal cultures
Bone marrow was flushed from femurs and tibias of 6- to 8-week-old mice and cell cultures
were established as previously described [6]. Briefly, cells were plated in 6-well dishes at
3.2 × 106 cells/well and cultured in αMEM supplemented with 10% HI-FCS for up to 28
days. On day 3 of culture, half of the medium was changed. Starting on day 7, the medium
was supplemented with 50 μg/ml ascorbic acid and 8 mM β-glycerol phosphate. Cells were
given fresh supplemented medium every other day until the end of the culture.

Alkaline phosphatase, von Kossa and crystal violet staining, and GFP imaging
Alkaline phosphatase, von Kossa and crystal violet staining were performed sequentially as
previously described [6]. Alkaline phosphatase staining was performed using a kit (Sigma-
Aldrich, St. Louis, MO) according to the manufacturer’s instructions. Alkaline phosphatase-
stained plates were then stained with von Kossa reagent using a 5% AgNO3 solution.
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Following von Kossa staining, plates were rinsed with PBS and stained with 0.05% crystal
violet (Sigma-Aldrich, St. Louis, MO). All plates were imaged using a flatbed scanner.

Alkaline phosphatase activity assay
Cells were scraped from the culture plates with 1 mM MgCl2/0.2% NP-40 and incubated at
37°C for 15 min. Cells were centrifuged at 4°C for 10 min. Ten μl of the resulting
supernatant was added in duplicate to individual wells of a 96-well plate and incubated with
an assay mixture of alkaline buffer solution and stock substrate solution (Sigma-Aldrich, St.
Louis, MO). Absorbance at 410 nm was measured every 5 min for 30 min. Alkaline
phosphatase activity was calculated according to the standard curve created with known
concentrations of alkaline phosphatase. The protein content in each sample was determined
using bicinchoninic acid [19]. Alkaline phosphatase activity was expressed as nM/min/mg
protein.

Bromodeoxyuridine (BrdU) incorporation
Cell proliferation was assessed using a BrdU Cell Proliferation Assay kit (Oncogene
Research Products, San Diego, CA). Primary calvarial cells were plated at 10,000/well in
96-well dishes in DMEM supplemented with 10% HI-FBS and antibiotics. Cells were
allowed to attach overnight, labeled with BrdU (1:2000) at 37°C for 6 h and fixed with
fixative/denaturing solution at room temperature for 1 h. After washing with PBS, cells were
incubated with anti-BrdU antibody solution at room temperature for 1 h. Cells were washed
and incubated with 100 μl goat anti-mouse IgG-horseradish peroxidase (HRP) conjugate for
30 min at room temperature. After washing with deionized water, 100 μl of a substrate
solution were added to each well and plates were incubated in the dark at room temperature
for 15 min for color development. A stop solution was added and absorbance was measured
in a plate reader at 450 and 540 nm.

Osteoclast formation in bone marrow cultures and tartrate resistant acid phosphatase
(TRAP) staining

Femurs and tibiae from 7-week-old mice were dissected from surrounding tissues. The
epiphyses were removed and marrow was flushed with serum-free α-MEM. Cells were
plated at 80,000/well in 96-well plates and cultured in αMEM containing 10% HI-FBS, 1%
antibiotics, and M-CSF and RANKL, each at 30 ng/ml. The medium was changed on day 3.
Osteoclast formation was measured daily on days 3 to 5 as the number of TRAP positive
cells containing 3 or more nuclei as previously described [20]. To assess the osteoclast
resorption in vitro, bone marrow cells were plated at 1.5 × 105/well with M-CSF and
RANKL (30 ng/ml each), on BD BioCoat Osteologic MultiTest slides (BD Biosciences,
Bedford, MA). Resorbed areas were analyzed on day 10 as previously described [21].

Serum markers
Blood sample were obtained from 7-week old females by thoracic puncture following the
euthanasia. After centrifugation, serum was collected and assayed for corticosterone levels
with an enzyme-linked immunosorbent assay (ELISA) kit (Assay design, Ann Arbor,
Michigan). Serum osteocalcin was measured by an ELISA assay with a mouse osteocalcin
EIA kit (Biomedical Technologies Inc, Stoughton, MA). Serum levels of CTX, a
degradation product released during bone resorption [22], were measured by an ELISA
using a RatLaps kit (Nordic Bioscience Diagnostics, Fountain Hill, AZ).

Cell sorting and microarray analysis
Hemizygous Col3.6-HSD2 mice were bred with homozygous pOBCol3.6-GFP mice as
described above to yield progeny that were all hemizygous for GFP but either wild type
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(WT) or hemizygous transgenic (TG) for Col3.6-HSD2. Calvarial osteoblasts were prepared
from neonates and cultured for 7 days as previously described [23]. Cultures were sorted
based on the intensity of GFP fluorescence on a FACS Vantage Sorter (BD Biosciences,
Franklin Lakes, NJ). RNA was immediately extracted from WT/GFP+ and TG/GFP+ sorted
cells. Microarray was performed with the Mouse 6 Illumina chip and results analyzed using
BeadStudio software. Genes with expression intensities >100 and diff scores of >7 or <−7
(calculated by Illumine Custom model) were considered significantly regulated. These genes
were clustered according to the major pathways known to modulate bone mass using
Pathway Studio software. The microarray analysis was performed using three independent
biological samples for each genotype (WT/GFP+ and TG/GFP+).

RNA Extraction and real time RT-PCR
RNA was extracted from tissues using TRIzol reagent (Life Technologies, Grand Island,
NY) as previously described [12]. Reverse transcription was carried out with 3 μg RNA
using Superscript™ II reverse transcriptase reagent (Invitrogen, Carlsbad, CA). For real time
PCR, cDNA product was diluted in 600 μl H2O and 5 μl was used with a Bio-Rad MyiQ
thermocycler and a SYBR Green detection system. Amplification reactions were performed
in 11 μl containing 0.5 μM primers and 5 μl SYBR-green supermix. Primer sequences are
shown in Supplementary Table S1.

Statistics
Data points for each experimental group were expressed as the mean ± standard deviation
(SD). Data was analyzed with t-tests or two-way ANOVA followed by Bonferroni post-tests
as indicated in the text and individual figure legends with p<0.05 considered significant.

Results
At 7-weeks of age, wild type and Col3.6-HSD2 mice had comparable body weights (Fig
1A). However, Col3.6-HSD2 mice showed a reduction in the percentage of whole body fat
(Fig 1B), a change that was not seen in Col2.3-HSD2 mice (data not shown). Wild type and
transgenic females had comparable serum corticosterone levels (Fig 1C), indicating that the
bone-directed transgene did not have a systemic effect. Transgenic mice showed reductions
of whole body BMD (Fig 1D), and BMD of femurs, tibiae and vertebrae (Fig 1E–G). These
data suggest that the Col3.6-HSD2 transgene led to a low bone mass phenotype.

Bone morphometry of 7-week-old female mice was analyzed by microCT. In vertebrae, the
percent bone volume (BV/TV%) and trabecular number (Tb.N) were reduced and trabecular
spacing (Tb.Sp) was increased. The trabecular bone of transgenic femurs and tibiae showed
similar trends, but the changes were not significant (Table 1).

Transgenic femurs and tibiae showed a slight but significant increase in length (Table 2).
The cortical bone of transgenic femurs showed a reduction in sub-periosteal area and sub-
endosteal area, together resulting in an increase cortical thickness but no change in cortical
bone area. Transgenic tibiae showed a decrease in sub-periosteal area and sub-endosteal
area, together resulting in a reduction in cortical bone area. Thus, the femurs and tibiae of
transgenic mice were longer but slimmer at the mid-diaphysis with a reduced amount of
tibial cortical bone.

Calvaria showed a similar low bone mass phenotype. Calvaria from 7-week-old male and
female transgenic mice had significantly reduced cortical width and bone area. In transgenic
females, the calvarial marrow spaces were increased, but this was unchanged in transgenic
males (Table 3). MicroCT imaging of 3-day-old transgenic skulls revealed increased surface
pitting and enlarged occipital fontanelles (Fig 2A). The staining of 1- and 7-day-old
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transgenic skulls with alizarin red/alcian blue confirmed this finding and in addition, showed
an increased amount of cartilage (Fig 2B).

Static and dynamic histomorphometry were performed to examine the cellular mechanisms
responsible for the reduction in bone mass in transgenic mice (Table 4). Both female and
male transgenic mice at 7 weeks of age showed a significant reduction in vertebral bone
mass, a decrease in trabecular number and increase in trabecular spacing. These data concur
with the microCT results for female transgenic mice (males were not examined by
microCT). In female transgenic mice osteoblast and osteoclast number per bone perimeter
(Nob/BPm and Noc/BPm, respectively), the mineral apposition rate (MAR) and the bone
formation rate (BFR) were not changed. In the small sample of male mice analyzed in this
study, osteoid surface (OS/BS%) was increased in transgenic mice, similar to previous
findings in Col2.3-HSD2 mice [5]. In addition, male transgenic mice showed an increase in
Nob/BPm but no change in MAR and BFR. These data indicate that there are subtle sex-
specific phenotypic differences in Col3.6-HSD2 mice.

Osteoblast differentiation was assessed in primary neonatal calvarial cell cultures. Alkaline
phosphatase staining (Fig 3A) and activity (Fig 3B) were reduced in transgenic cultures on
days 7, 14 and 21. Real time RT-PCR showed that the mRNA levels of osteoblast marker
genes α1(I) collagen (Col1a1), bone sialoprotein (BSP) and osteocalcin (OCN) were
decreased by 2- to 3-fold in transgenic cultures (Fig 3C). These changes in gene expression
were confirmed by Northern blot analysis (data not shown). In transgenic cultures, cell
growth was reduced on days 3, 5 and 7 after plating (Fig 3D). Transgenic cultures showed a
significant reduction in BrdU incorporation on days 3, 5 and 7 indicating that proliferation
was reduced (Fig 3E). Surprisingly, serum levels of osteocalcin, a molecule secreted by
mature osteoblasts, were increased in transgenic mice (Fig 3F). Ex vivo transgenic bone
marrow stromal cell cultures also showed a significant reduction in alkaline phosphatase and
von Kossa staining on days 14 and 21. Transgenic cultures showed reduced levels of crystal
violet staining on days 7, 14, and 21, indicating reduced cellularity (Supplementary Fig S1
A). Transgenic cultures also showed a 70% and 80% reduction of alizarin red staining at
days 14 and 21, respectively, indicating reduced calcium incorporation and mineralization
(Supplementary Fig S1 B, C).

To determine what molecular pathways were affected in transgenic osteoblasts, gene
expression studies were performed on a cell population enriched in the Col3.6-HSD2
transgene. Heterozygous Col3.6-HSD2 mice were bred with homozygous pOBCol3.6-GFP
mice (Fig 4A) yielding progeny that were all GFP positive and either wild type (WT) or
transgenic (TG) for Col3.6-HSD2. Primary calvarial osteoblast cultures were established
from these genotypes. GFP expression was lower in TG cultures compared to WT cultures
on days 14 and 21 (Fig 4B) in accordance with the block in osteogenic differentiation seen
previously. Next, GFP+ cells were isolated by FACS from 7-day WT and TG
undifferentiated cultures (Fig 5A). The TG cultures contained a slightly lower percentage of
GFP+ cells than the WT cultures, 36.9% versus 41.0%, respectively (Fig 4C). As expected,
the 11β-HSD2 transgene was highly expressed in TG/GFP+ but not in WT/GFP+ sorted
cells (Fig 4D). The transgene was also seen in TG/GFP- sorted cells (data not shown). This
may be due to a slightly different spatial and/or temporal pattern of expression of the
promoters used to drive the 11β-HSD2 transgene (Col3.6) and GFP (pOBCol3.6, which
contains part of the Col1a1 first intron). Col1a1 expression was not statistically different in
TG/GFP+ cells (although there was a trend toward increased expression, p<0.1), while BSP
and OCN expression was significantly decreased compared to WT/GFP+ cells (Fig 4E, F,
G).
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RNA from WT/GFP+ and TG/GFP+ cells was subjected to microarray analysis using the
Illumina Mouse 6 platform. Significant changes were detected in 302 genes (Supplementary
Table S2). Genes showing significant changes in expression included cyclin D1 (Ccnd1),
cyclinD2 (Ccnd2), E2F transcription factor 1 (E2f1), histones H2 and H4, transforming
growth factor beta 1 induced transcript 4 (Tgfb1i4), integrin beta 5 (Itgb5), sphingosine-1-
phosphate phosphatase 1 (Sgpp1), secreted phosphoprotein 1 (Spp1), annexin A1 (Anxa1),
caveolae protein (Cav1), matrix metalloproteinase 3 (MMP3) and cysteine and glycine-rich
protein 1 (Crps1) (Supplementary Tables S3 and S4).

To assess the osteoclast potential of the marrow, transgenic bone marrow cells were cultured
with RANKL and M-CSF for up to 5 days. Transgenic cultures showed a greater number of
osteoclasts on days 3, 4 and 5 compared to wild type cultures (Fig 5A). Osteoclast activity
was assessed by measuring the ability of bone marrow cultures induced with RANKL and
M-CSF to resorb the surface of BD BioCoat Osteologic discs, which are coated with a
calcium phosphate substrate. Transgenic bone marrow cells showed a small but significant
reduction in their ability to resorb the substrate (Fig 5B). Thus, despite the increase in
osteoclast number, osteoclast activity as assessed by this assay was decreased. Consistent
with this finding, serum levels of CTX, a degradation product released during resorption,
were decreased in transgenic mice, indicating reduced bone resorption in vivo (Fig 5C).
Finally, the expression of factors associated with osteoclast formation in WT/GFP+ and TG/
GFP+ osteoblast cells was measured by real-time RT-PCR. RANKL and M-CSF expression
were increased in TG/GFP+ cells while OPG expression was not changed (Fig 5D–F); thus,
the RANKL/OPG ratio was significantly increased in TG/GFP+ cells (Fig 5G).

Discussion
The goal of the present study was to characterize the bone phenotype of Col3.6-HSD2 mice
and gain insight into the molecular and cellular alterations that might account for the
observed changes in bone morphometry. In our previous studies, Col2.3-HSD2 mice, in
which 11β-HSD2 is driven by the Col2.3 promoter in mature osteoblasts, showed decreased
vertebral trabecular and femoral cortical bone mass [5,6]. We had not previously
characterized Col3.6-HSD2 mice, which show broader spatial and temporal expression
within the osteoblast lineage by contrast to the more restricted expression of Col2.3-HSD2.
Col3.6-HSD2 transgenic mice showed no change in serum corticosterone levels. This
indicates that the activity of the hypothalamus-pituitary-adrenal gland (HPA) axis was
unchanged or there was compensation by direct or indirect feedback from downstream
targets. Nonetheless, this finding suggests that the bone phenotype was not secondary to an
endocrine effect of glucocorticoids.

Col3.6-HSD2 mice showed a low bone mass phenotype, similar to Col2.3-HSD2 mice. The
similarity in bone phenotypes of these models provides strong evidence that endogenous
glucocorticoid signaling is required for optimal bone mass acquisition. Primary osteogenic
cultures established from Col2.3-HSD2 and Col3.6-HSD2 mice both showed impaired
differentiation. In bone marrow cultures established from both models, there was a
significant reduction in overall cellularity and alkaline phosphatase staining. Despite these
similarities, several differences exist between the bone phenotype of Col2.3-HSD2 and
Col3.6-HSD2 mice. Femoral and tibial lengths were increased in Col3.6-HSD2 mice, but
not in Col2.3-HSD2 mice. Because the Col3.6 promoter fragment drives gene expression in
the early stages of the osteoblast lineage, it is possible that reduced glucocorticoid levels in
the local bone microenvironment affected chondrocytes or their precursors by a cell non-
autonomous mechanism. Since glucocorticoids enhance chondrocyte apoptosis [24,25], it is
possible that a reduction in local glucocorticoid levels in Col3.6-HSD2 mice might have
reduced chondrocyte apoptosis resulting in longer bones. Another different between Col3.6-
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HSD2 and Col2.3-HSD2 mice is cortical bone morphometry. The sub-endosteal area of
femurs and tibias was decreased in Col3.6-HSD2 but not in Col2.3-HSD2 femurs, while the
sub-periosteal area was decreased in both Col3.6-HSD2 and Col2.3-HSD2 mice. As a result,
cortical thickness was increased in Col3.6-HSD2 mice but decreased in Col2.3-HSD2 mice.
The reduced sub-endosteal area in Col3.6-HSD2 mice suggests that endocortical resorption
may have been decreased. This would be consistent with the ex vivo osteoclast culture and
serum CTX data showing that Col3.6-HSD2 transgenic osteoclasts have reduced resorptive
ability compared to wild type controls.

Neonatal transgenic skulls had reduced bone mass with thinner parietal bones and enlarged
occipital fontanelles. In addition, there was an increase in the cartilage template in young
mice. These findings are similar those published by Zhou and coworkers [26] using our
Col2.3-HSD2 strain [5,6]. These authors showed that Col2.3-HSD2 calvarial osteoblasts had
reduced expression of Wnt 9a and 10b, which in turn led to reduced MMP14 expression by
cranial chondrocytes and impaired cartilage removal. The microarray analysis of Col3.6-
HSD2 calvarial osteoblasts, however, showed no change in the expression of β-catenin, Wnt
9a or Wnt 10b (Supplementary Table S4). The reason for these disparate results is not clear
although it may be due to differences in the mouse strains used and/or methodological
differences (for example, our study utilized sorted cells from early calvarial cultures).

Col3.6-HSD2 transgenic mice showed lower whole body fat than wild type controls. It has
been reported that glucocorticoids stimulate fat differentiation [27,28]. In Col3.6-HSD2
mice, there was no change in circulating corticosterone levels, excluding an endocrine role
of glucocorticoids in the fat phenotype. Transgenic mice with adipose-targeted 11β-HSD2
are partially protected against an increase in body fat when fed a high fat diet [29].
Therefore, it is possible that the Col3.6-HSD2 transgene is expressed at a low level in
adipocyte precursors, leading to a reduction in tissue levels of glucocorticoids and adipocyte
differentiation.

To our surprise, Col3.6-HSD2 mice had increased serum levels of osteocalcin, which was
unexpected given the low bone mass phenotype. Northern blot analysis of freshly excised
transgenic calvaria also revealed a 2.6-fold increase in osteocalcin mRNA compared to wild
type controls (data not shown). Since glucocorticoids negatively regulate osteocalcin
transcription [30], increased osteocalcin expression in transgenic mice may have been due to
the loss of the repressive action of glucocorticoids. It is intriguing to note that Lee et al [31]
have reported that uncarboxylated osteocalcin increases pancreatic β-cell proliferation and
insulin secretion and that mice receiving injections or infusions of under-carboxylated
osteocalcin show dose-dependent decreases in fat pad mass [32]. Thus, we speculate that
increased levels of circulating osteocalcin in Col3.6-HSD2 mice may have contributed to the
reduction in whole body fat. It will be important to determine whether a component of the
circulating osteocalcin in these mice is uncarboxylated.

The low bone mass phenotype of Col3.6-HSD2 mice was verified by both microCT and
histomorphometry of vertebrae. However, the cellular mechanisms that resulted in this
phenotype are complex and not yet clear. In female transgenic mice, neither osteoblast nor
osteoclast number was affected, nor were there changes in MAR, BFR or eroded surface.
One possible explanation is that Col3.6-HSD2 mice have a developmental defect in the
formation of trabeculae, and once these have formed, trabecular bone mass is little
unaffected. However, CTX was reduced suggesting that resorption is decreased in transgenic
mice. As discussed, serum osteocalcin levels were increased in transgenic mice and we
believe this reflects the glucocorticoid signaling status of the osteoblasts rather than bone
formation per se. Taken together, these data suggest that Col3.6-HSD2 mice may have low
bone turnover and the histomorphometry methodology may not be sufficiently precise to

Yang et al. Page 9

Bone. Author manuscript; available in PMC 2011 September 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



measure small changes in formation and resorption parameters, or more importantly, the
changes may have been transient. Nevertheless, the expression of Col3.6-HSD2 broadly in
the osteoblast lineage produced mice with a low bone mass phenotype, supporting a role for
glucocorticoids in bone anabolism in vivo.

The ex vivo studies present a complex story about how osteoclastogenesis and
osteoblastogenesis are affected in Col3.6-HSD2 mice. Transgenic bone marrow cell cultures
treated with saturating concentrations of RANKL and M-CSF showed greater osteoclast
formation than wild type cultures indicating that the transgenic marrow contains a greater
number of osteoclast precursors or that osteoclast precursors have an enhanced ability to
fuse and differentiate. Furthermore, transgenic osteoblasts showed increased expression of
RANKL and M-CSF suggesting that there might be increased osteoclast formation in vivo.
However, histomorphometric indices of bone resorption were not altered in transgenic mice.
Moreover, transgenic osteoclast cultures showed less resorption in vitro and consistent with
the lower serum CTX levels in vivo. Overall, these data suggest that the Col3.6-HSD2 mice
may have an accumulation of osteoclast progenitors and that the transgene may regulate
other factors that limit osteoclast formation and activity in vivo. The ex vivo osteogenic
culture data suggest that transgenic mice have decreased osteoprogenitors and a defect in
progenitor/precursor proliferation. We did not carry the osteogenic cultures longer than 21
days. Thus, it is unknown whether the transgenic cultures are just delayed in their
differentiation capacity and catch up to wild type levels of mineralization and osteoblast
marker gene expression after longer times in culture.

The Col3.6 promoter has been reported to direct very low level expression of a GFP
transgene in the osteoclast lineage [33], although some of these cells may be bone lining
cells [34]. Some studies have reported that glucocorticoids exert direct effects on
osteoclasts. Kim et al have shown that glucocorticoids directly reduce the proliferation of
osteoclast progenitors in bone marrow monocyte cultures, while they inhibit the spreading
and resorptive capacity of mature osteoclasts [35]. In the present study, we found no
evidence for transgene protein or mRNA expression in osteoclasts (data not shown)
excluding a direct effect of the transgene on osteoclast formation or function. In the Col3.6-
HSD2 model, it is possible that a reduction of glucocorticoid levels in the bone
microenvironment indirectly led to an increase in osteoclast progenitor number as reflected
by the ex vivo marrow cultures.

By contrast to Col3.6-HSD2 mice described in the present study, and Col2.3-HSD2 mice
previously characterized by us [5,6], mice with osteocalcin promoter-driven 11β-HSD2
(OG2-11β-HSD2) have normal bone development and turnover [36]. These differences are
very likely due to multiple factors including the temporal and spatial pattern of transgene
expression, the level of transgene expression and the background strain of the mice. Col3.6-
driven transgenes are highly expressed during bone development in the osteoblast lineage
[14,37], while the OG2-driven transgene become activated in the perinatal period and is
expressed specifically in osteoblasts and osteoclasts [36]. Thus, the earlier and broader
activation of the Col3.6-HSD2 transgene would be more likely to result in altered bone
development. In our model, it would be informative to assess the levels of corticosterone in
isolated populations enriched in preosteoblasts, mature osteoblasts and osteocytes to
determine the precise target cells of the Col3.6-HSD2 transgene. Our findings, however, are
not contradictory with many previous studies showing that high levels of glucocorticoids
have deleterious effects on bone mass acquisition, bone remodeling and bone quality
[38,39]. In many systems, glucocorticoids at basal levels have permissive effects that
potentiate hormone action, while at highly elevated levels they have suppressive effects, and
both effects are integrated over a wide range of glucocorticoid concentrations [40,41].
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Recently, it has been shown that aging C57BL/6 mice have greater adrenal production of
glucocorticoids, as indicated by increased serum corticosterone levels, and higher bone
expression of 11β-HSD1, which would increase the local production of active
glucocorticoids [42]. These alterations were also associated with several adverse phenotypes
including decreased bone vasculature, interstitial fluid and strength [42]. This study also
showed that OG2-11β-HSD2 mice were protected from these age-related phenotypes while
pharmacological doses of glucocorticoids recapitulated the adverse effects on bone.
Although we have not performed similar studies in aging Col3.6-HSD2 mice, we predict
that the Col3.6-HSD2 transgene, which is expressed broadly in the osteoblast lineage, would
confer some degree of protection from the deleterious effect of aging on bone
vascularization depending on the level of 11β-HSD2 enzymatic activity achieved in mature
osteoblasts and osteocytes. An examination of bone vasculature in Col3.6-HSD2 mice
would be an important and fruitful area for future investigation.

Gene profiling by microarray revealed a broad range of cellular pathways affected by
overexpression of the Col3.6-HSD2 transgene in osteoblasts (see Supplementary Tables S2-
S4). Most notably, genes involved in cell cycle were regulated in transgenic cultures.
Specifically, the levels of cyclin D1, D2 and E2F1 were reduced. These genes encode the
regulatory subunits of a holoenzyme that phosphorylates and inactivates the retinoblastoma
protein, thereby promoting progression through the G1-S phase of the cell cycle [43, 44].
Therefore, this suggests that endogenous glucocorticoids are important for maintaining
normal cell cycle progression of early osteoblast precursors. The levels of histone H2 and
H4 were reduced in transgenic cultures. These histones together with histone H3 form the
octameric nucleosome core of chromatin and are integral in the formation of higher order
chromatin structures [45, 46]. Histone H4 is critical for maintaining genome integrity
throughout the cell cycle [47] while histone H2 plays a critical role in DNA replication [48,
49]. It is possible that the inactivation of glucocorticoid signaling in transgenic osteoblasts
may have led to reduced histone H2 and H4 expression and decreased cell cycle progression,
resulting in the lower level of proliferation seen in transgenic osteoblast cultures. Integrin β5
and Spp1 (osteopontin) expression were dramatically reduced in transgenic cultures. Integrin
αvβ3 and αvβ5 regulate the adhesion of osteoblasts to osteopontin, a process that is regulated
by glucocorticoids [50]. Interestingly, since Spp1 is also an important regulator of bone
resorption [51, 52], decreased Spp1 in transgenic mice may also contribute to the lower
levels of bone resorption. Annexin A1 (lipocortin 1) is expressed in osteoblasts and in
cartilage and in matrix vesicles isolated from chondrocytes [53–55]. The importance of
annexin A1 for mouse craniofacial bone development was seen in newborn annexin A1 null
mice, which have delayed ossification of the skull and incomplete fusion of sutures [56].
The reduction of annexin A1 expression seen in the present study is consistent with the
cranial phenotype of transgenic mice. Finally, the expression of Tgfb1i4 (TSC-22d1), a
leucine zipper/TSC-box transcription factor, was markedly reduced in transgenic cells.
TSC-22 is induced by dexamethasone in MC3T3-E1 cells and human trabecular meshwork
cells [57, 58]. Low intensity pulsed ultrasound treatment increased TSC-22 expression in
bone marrow stromal cells suggesting a positive role for TSC-22 in bone formation [59].
These findings suggest that the reduction in TSC-22 expression in Col3.6-HSD2 mice may
have contributed to the low bone mass phenotype.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Phenotypic analysis of 7-week-old Col3.6-HSD2 (TG) and wild type (WT) littermates. A)
Body weight. B) Percent body fat analyzed by DEXA. C) Serum corticosterone levels in
female mice. D–G) BMD of whole body, femurs, tibiae and vertebrae in female mice
assessed by DEXA. Each value is the mean ± SD for 5–10 mice. Black bars, WT; White
bars, TG. *Different than WT, p<0.05.
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Figure 2.
Cranial defects and increased cartilage formation in Col3.6-HSD2 (TG) compared to wild
type (WT) littermates. A) MicroCT of 3-days-old (P3) transgenic skulls showed increased
surface pitting and an enlarged occipital fontanelle. B) Alizarin red/alcian blue staining in 1-
and 7-day-old mice (P1 and P7, respectively) showed thin calvaria (black arrowhead) and an
increased amount of cartilage (yellow arrowheads) in transgenics.
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Figure 3.
Cell proliferation and differentiation were reduced in female Col3.6-HSD2 (TG) osteoblast
cultures. A) Alkaline phosphatase (red) and von Kossa (black) staining of primary calvarial
osteoblast cultures from 6- to 8-day old WT and TG mice. B) Alkaline phosphatase activity
at days 7, 14 and 21 from WT and TG neonatal osteoblast cultures. C) Expression of mRNA
of Col1a1, bone sialoprotein (BSP), and osteocalcin (OCN) in WT and TG primary neonatal
osteoblast cultures at days 7, 14 and 21. D) Cell growth in osteoblast cultures from neonatal
WT and TG mice. E) Incorporation of BrdU in primary osteoblast cultures from neonatal
WT and TG mice. F) Serum osteocalcin (OCN) level in females measured by ELISA. Each
value is the mean ± SD for 3 (A–C) or 6 (D–F) samples per group and each experiment has
been performed at least twice with similar results. Black bars, WT; White bars, TG.
*Different than WT, *p<0.05, **p<0.01.
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Figure 4.
Gene expression in primary osteoblast cultures carrying a pOBCol3.6-GFP transgene. A)
Heterozygous Col3.6-HSD2 mice were crossed with homozygous pOBCol3.6-GFP mice to
yield mice that were all heterozygous for the pOBCol3.6-GFP transgene and either wild type
(WT) or transgenic (TG) for the Col3.6-HSD2 transgene. Primary calvarial osteoblasts
(COB) were prepared from the mice and cultured 7 days. Cells were sorted based on GFP
and the WT/GFP+ and TG/GFP+ populations were used for gene expression studies. B)
GFP fluorescence in day 14 and 21 cultures of unsorted COB cells prepared from WT and
TG female mice. C) FACS analysis of GFP expression in sorted WT/GFP+ and TG/GFP+
day 7 cultures. D–G) Expression of the 11β-HSD2 transgene and osteoblast genes in sorted
WT/GFP+ and TG/GFP+ cells. Black bars, WT/GFP+ cells; White bars, TG/GFP+ cells.
Each value is the mean ± SD for 3 samples and each experiment has been performed at least
twice with similar results. *Different than WT/GFP+, *p<0.05, **p<0.01.
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Figure 5.
Osteoclast formation was increased but osteoclast activity reduced in Col3.6-HSD2 bone
marrow cultures. A) Bone marrow cells were cultured with M-CSF and RANKL, each at 30
ng/ml, for 3–5 days. Osteoclast formation was measured as the number of TRAP-positive
cells containing 3 or more nuclei. B) Bone marrow cells were cultured on BD Biocoat
Osteologic discs with M-CSF and RANKL each at 30 ng/ml for 10 days. The resorbed area
was quantified using Photoshop software after von Kossa staining. C) Serum levels of the C-
terminal telopeptide of α1(I) collagen (CTX) in females measured by ELISA. D–G) the M-
CSF, RANKL, OPG, and RANKL/OPG ratio in sorted WT/GFP+ and TG/GFP+ cells as
measured by real time RT-PCR. For panels A–C, black bars, WT; White bars, TG. For
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panels D–G, black bars, WT/GFP+ sorted cells; White bars, TG/GFP+ sorted cells. Each
value is the mean ± SD for at least 6 (A–C) or 3 (D–F) samples per group and each
experiment has been performed at least twice with similar results. *Different than WT or
WT/GFP+, *p<0.05, **p<0.01.
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Table 2

MicroCT cortical bone parameters in 7-week-old female wild type (WT) and Col3.6-HSD2 transgenic (TG)
mice.

Femur Tibia

WT TG WT TG

Bone length, mm 15.02 ± 0.39 15.35 ± 0.28* 17.68 ± 0.29 18.22 ± 0.27*

Sub-periosteal area, mm2 1.78 ± 0.15 1.59 ± 0.14* 0.89 ± 0.09 0.74 ± 0.07*

Sub-endosteal area, mm2 0.94 ± 0.09 0.74 ± 0.08* 0.28 ± 0.06 0.16 ± 0.03*

Cortical thickness, mm 0.22 ± 0.002 0.24 ± 0.01* 0.25 ± 0.01 0.27 ± 0.02

Cortical bone area, mm2 0.81 ± 0.06 0.82 ± 0.08 0.59 ± 0.03 0.55 ± 0.04*

Each value is the mean ± SD of 12–18 samples.

*
Different from WT, p<0.05.
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Table 3

MicroCT calvarial morphometry in 7-week-old wild type (WT) and Col3.6-HSD2 transgenic (TG) mice.

Females Males

WT TG WT TG

Cortical width, mm 0.137 ± 0.010 0.117 ± 0.002* 0.153 ± 0.016 0.119 ± 0.015*

Bone area, mm2 0.251 ± 0.027 0.198 ± 0.008* 0.245 ± 0.038 0.170 ± 0.033*

Marrow area, mm2 0.018 ± 0.007 0.036 ± 0.013* 0.037 ± 0.011 0.024 ± 0.011

Each value is the mean ± SD of 6 samples.

*
Different from WT, p<0.05.
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Table 4

Histomorphometry of vertebrae from wild type (WT) and Col3.6-HSD2 (TG) 7-week-old female and male
mice.

Females Males

WT TG WT TG

BV/TV, % 14.50 ± 2.16 9.81 ± 2.60** 18.32 ± 4.67 9.64 ± 1.21*

TbN, 1/mm 4.83 ± 5.2 3.44 ± 0.64** 5.68 ± 1.04 3.69 ± 0.61*

TbTh, μm 29.99 ± 2.27 28.20 ± 2.51 32.03 ± 2.26 26.29 ± 1.38*

TbSp, μm 179.24 ± 23.74 270.99 ± 58.08** 147.79 ± 32.07 249.85 ± 41.34*

OS/BS, % 5.40 ± 3.19 7.36 ± 3.88 1.05 ± 0.50 4.25 ± 0.61**

Nob/BPm, 1/mm 37.10 ± 6.59 36.60 ± 4.72 21.98 ± 1.83 32.14 ± 3.65*

Noc/BPm, 1/mm 3.38 ± 0.74 3.77 ± 0.79 3.05 ± 0.78 3.05 ± 0.17

ES/BS, % 16.05 ± 3.42 17.39 ± 4.76 14.60 ± 3.40 13.83 ± 1.48

MAR, μm/day 1.82 ± 0.17 1.91 ± 0.19 1.67 ± 0.08 1.77 ± 0.05

BFR, μm3/μm2/day 0.10 ± 0.02 0.09 ± 0.04 0.11 ± 0.03 0.07 ± 0.03

Values are the mean ± SD for 6 mice (females) and 3 mice (males), except for the MAR and BFR values for males (n=2). Significant difference
compared to sex-matched WT group,

*
p<0.05;

**
p<0.01.
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