
DYSAPOPTOSIS OF OSTEOBLASTS AND OSTEOCYTES
INCREASES CANCELLOUS BONE FORMATION BUT
EXAGGERATES BONE POROSITY WITH AGE

Robert L. Jilka1, Charles A. O’Brien1, Paula K. Roberson1, Lynda F. Bonewald2, Robert S.
Weinstein1, and Stavros C. Manolagas1

1Division of Endocrinology & Metabolism, Center for Osteoporosis and Metabolic Bone Diseases,
Central Arkansas Veterans Healthcare System, 4301 W. Markham, Slot 587, University of
Arkansas for Medical Sciences, Little Rock, AR 72205
2Department of Oral Biology, University of Missouri-Kansas City, 650 E. 25th St., Kansas City,
MO 64108

Abstract
Skeletal aging is accompanied by decreased cancellous bone mass and increased formation of
pores within cortical bone. The latter accounts for a large portion of the increase in non-vertebral
fractures after age 65 in humans. We selectively deleted Bak and Bax, two genes essential for
apoptosis, in two types of terminally differentiated bone cells: the short-lived osteoblasts that
elaborate the bone matrix, and the long-lived osteocytes that are immured within the mineralized
matrix and choreograph the regeneration of bone. Attenuation of apoptosis in osteoblasts increased
their working lifespan and thereby cancellous bone mass in the femur. In long-lived osteocytes,
however, it caused dysfunction with advancing age and greatly magnified intracortical femoral
porosity associated with increased production of receptor activator of nuclear factor-κB ligand and
vascular endothelial growth factor. Increasing bone mass by artificial prolongation of the inherent
lifespan of short-lived osteoblasts, while exaggerating the adverse effects of aging on long-lived
osteocytes, highlights the seminal role of cell age in bone homeostasis. In addition, our findings
suggest that distress signals produced by old and/or dysfunctional osteocytes are the culprits of the
increased intracortical porosity in old age.
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INTRODUCTION
Aberrations in the rate of birth and death of osteoblasts and osteoclasts have been implicated
as pathogenetic mechanisms in the development of osteoporosis (1). All osteoclasts and the
majority of osteoblasts die by apoptosis. Increased osteoblast apoptosis and the associated
decrease in osteoblast numbers have been implicated as key pathogenetic mechanisms for
the loss of bone caused by old age, glucocorticoid excess, and sex steroid deficiency (2;3).
Conversely, attenuation of osteoblast apoptosis by intermittent administration of parathyroid
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hormone (PTH) may be, in part, responsible for the increased bone formation associated
with this therapeutic modality (4).

Some of the osteoblasts that avoid death by apoptosis become osteocytes and are embedded
within the mineralized matrix (5). In difference to osteoblasts which are short-lived and
present on a small fraction of the bone surface, osteocytes are deployed throughout the
skeleton and are long-lived. Moreover, osteocytes form an elaborate communication
network with each other, endothelial cells of the bone vasculature, and cells of the bone
surface and the marrow, via dendritic processes and gap junctions (6). Because of their
unique features, osteocytes are ideally suited to mediate the homeostatic adaptation of bone
to mechanical forces. Detection of changes in strain by osteocytes leads to changes in
osteoclast and/or osteoblast recruitment by mechanisms that counteract the change in strain.
Indeed, osteocytes, but not osteoblasts or their precursors, are the essential cellular sources
of receptor activator of nuclear factor-κB ligand (RANKL) for osteoclast formation during
bone remodeling (7;8). Osteocyte apoptosis in response to fatigue damage stimulates the
production of RANKL by neighboring viable osteocytes (9;10). The local increase in
RANKL in turn initiates the development of osteoclasts that remove the defective bone.

Although osteoporosis has long been attributed primarily to decreased bone mineral density
(BMD), decreased BMD is only one of many changes responsible for the increase of
fracture risk in patients with this condition (5;11). Indeed, a decline of BMD between the
ages of 50 and 80 years accounts only for a 4-fold, as compared to an actual 30-fold,
increase in the risk of hip fractures in the same time frame (11–13). Therefore, age-related
changes in the bone itself clearly contribute to the increase in fracture risk independently of
BMD. Considerable evidence suggests that an increase in osteocyte apoptosis and cortical
porosity with advancing age are some of the seminal age-dependent mechanisms that
increase fracture risk independently of BMD (5;14–17). Here, we have sought genetic
evidence for a cause-and-effect relationship between the apoptosis of osteoblasts and
osteocytes and skeletal homeostasis.

Apoptosis strictly depends on permeabilization of the outer mitochondrial membrane by
activated Bak and Bax – two proapoptotic members of the Bcl-2 family of proteins (18;19).
Activation promotes the formation of Bax and Bak homo-oligomers, as well as a small
number of hetero-oligomers, within the outer mitochondrial membrane (20). These
oligomers form channels that permit release of cytochrome c from mitochondria, resulting in
activation of caspases that degrade critical intracellular proteins leading to cell death.
However, the role of Bak and Bax in apoptosis is redundant and either one of them is
sufficient to initiate the apoptosis cascade. Based on this and evidence that deletion of both
Bak and Bax abrogates apoptosis in vitro and in vivo (21–23), we generated mice with
germline deletion of Bak and cell type-specific deletion of Bax in mature osteoblasts and
osteocytes, or osteoblast progenitors.

We show that deletion of Bak and Bax decreased mature osteoblast apoptosis and increased
cancellous bone mass. Unexpectedly, however, Bak/Bax deletion also led to an increase in
the number of dysmorphic osteocytes adjacent to the periosteum, increased RANKL and
vascular endothelial growth factor (VEGF) expression in osteocytes, and a seven-fold
increase in cortical porosity in aged mice.

MATERIALS AND METHODS
Animals

All animal procedures were approved by the Institutional Animal Care and Use Committees
of the University of Arkansas for Medical Sciences and the Central Arkansas Veterans
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Healthcare System. Bak+/−;Bax+/f mice in a mixed background of 129 and C57BL/6 (B6)
were a generous gift from Joseph Opferman (St. Jude’s Children’s Research Hospital,
Memphis, TN)(24). These mice were interbred to obtain Bak−/−;Bax+/f mice, hereafter
designated BakΔBax+/f mice. BakΔ mice in the B6 background were obtained from Jackson
Labs, and intercrossed with OCN-Cre (B6/FVB background)(25) or Osx1-Cre mice (B6/129
background)(26) to obtain BakΔ;OCN-Cre or BakΔ;Osx1-Cre mice, hereafter designated
BakΔOCN-Cre and BakΔOsx1-Cre mice, respectively. BakΔBax+/f and BakΔOCN-Cre mice
were then intercrossed to obtain BakΔ;Baxf/f;OCN-Cre mice, which are designated
BakΔBaxΔOCN mice lacking Bak and Bax in osteoblasts and osteocytes, and BakΔOCN-Cre,
BakΔ, BakΔBaxf/f littermate controls.

BakΔBax+/f and BakΔOsx1-Cre mice were intercrossed to obtain BakΔBaxΔOsx1 mice
lacking Bak and Bax in osteoblast progenitors, osteoblasts and osteocytes; and the littermate
controls, BakΔOsx1-Cre, BakΔ, BakΔBaxf/f mice. Dams and progeny were maintained on a
doxycycline-containing diet (Bio-Serv) until 7 weeks of age, at which time the animals were
switched a normal diet to induce activity of the Osx1-Cre transgene (8).

Detection of the Cre transgene was done by PCR using the following primers: Cre-for 5′-
GCGGTCTGGCAGTAAAAACTATC-3′, Cre-rev 5′-
GTGAAACAGCATTGCTGTCACTT-3′, product size 102 bp. For Bax gene analysis we
used the following primers: Bax1-for 5’-GAATGCCAAAAGCAAACAGACC-3’, Bax3-for
5’-CCACTCCCACTGTCCTTTCC-3’, Bax2-rev 5’-ACTAGGCCCGGTCCAAGAAC-3’.
The wild type (WT) gene was detected with Bax1-for and Bax2-rev, WT product size of 242
bp, and floxed product size of 350 bp. The deleted gene was detected with Bax3-for and
Bax2-rev, product size of 300 bp.

Quantification of Bax gene deletion
Soft tissues, and whole bones were frozen immediately upon harvest. Osteocyte-enriched
genomic DNA was prepared from bones treated with collagenase to remove surface cells as
previously described (27). For genomic DNA isolation, bone pieces were decalcified in 14%
EDTA for 1 week after collagenase digestion. Decalcified bone was then digested with
proteinase K (0.5 mg/ml in 10 mM Tris, pH 8.0, 100 mM NaCl, 20 mM EDTA, and 1%
SDS) at 55° C overnight. Genomic DNA from decalcified bone, and from soft tissues, was
isolated by phenol/chloroform extraction and ethanol precipitation.

A custom Taqman assay was obtained from Applied Biosystems for quantifying Bax gene
deletion efficiency. The following primer pair-probe sets were used to detect sequences
between the loxP sites of the Bax gene: for, 5-CACCTGAGCTGACCTTGGA-3’; rev, 5-
GGAGACACTCGCTCAGCTT-3’; probe, Probe, 5-Fam-TTGGTGGACGCATCCTG-
NFQ-3. Relative genomic Bax DNA amount was expressed per Tert gene level, and was
calculated using the ΔCt method (28).

Quantification of gene expression
Freshly dissected bones were frozen immediately in liquid N2. Osteocyte-enriched bone was
prepared by collagenase digestion before freezing (27). Osteocyte enrichment and osteoblast
depletion was confirmed by the finding that, compared to intact tibial bone, the collagenase-
digested bone preparations exhibited a 7-fold increase in expression of the osteocyte-specific
gene Sost, and a 180-fold decrease in expression of keratocan, a gene expressed in
osteoblasts but not osteocytes (29).

Total RNA was extracted from frozen bone, or from cultured cells, using Ultraspec (Biotecx
Laboratories) and reverse-transcribed the RNA using the High-Capacity cDNA Archive Kit
(Applied Biosystems) according to the manufacturer’s instructions. The following primers

Jilka et al. Page 3

J Bone Miner Res. Author manuscript; available in PMC 2015 January 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



and probes for the different genes were manufactured by the TaqMan® Gene Expression
Assays service (Applied Biosystems): Bax (Mm00432050_m1), cathepsin K
(Mm012558622_g1), RANKL (Mm0041908-m1), OPG (Mm00435452_m1), VEGFa
(Mm00437304_m1), alkaline phosphatase, Akp2 (Mm00475831_m1); and the housekeeping
genes: β2-microglobulin, B2m (Mm00437762_m1), β-actin, Actb (Mm00607939_s1),
mitochondrial ribosomal protein S2, Mrps2 (Mm00475529_m1); glyeraldehyde-3-phosphate
dehydrogenase, Gapdh (4352932E), hydroxymethylbilane synthase, Hmbs
(Mm00660262_g1), and hypoxanthine guanine phosphoribosyl transferase, Hprt1
(Mm00446968_m1). Custom made primers were used to measure osteocalcin: For, 5'-
GCTGCGCTCTGTCTCTCTGA-3', Rev, 5'-TGCTTGGACATGAAGGCTTTG-3', Probe,
5'-AAGCCCAGCGGCC-3'. Relative mRNA levels were calculated using the ΔCt method
(28). For bone preparations, transcripts of interest were normalized to each of the 6
housekeeping genes, and levels were expressed the geometric mean of the 6 normalized
values (30). Expression of the housekeeping genes were highly correlated with each other
(r=0.79–0.99).

Bone Imaging
Bone mineral density was determined by differential X-ray absorptiometry using a PIXImus
densitometer (GE Lunar) as previously described (31). Micro-CT analysis was performed
with a µCT40 (Scanco Medical, Basserdorf, Switzerland) on femora and vertebrae as
previously described (32;33), following fixation and transfer to 100% ethanol. Calibration
and quality control was done weekly using five density standards, and spatial resolution was
verified monthly using a tungsten wire rod. Beam-hardening correction was based on the
calibration records. Corrections were made for 200 mg/cm3 hydroxyapatite for all energies.
Over the past 3 years, the coefficient of variation for the fifth density standard was 0.97%
(787 ± 7.6 SD mg HA/cm3) and for rod volume was 2.18% (0.0642 ± 0.0014 SD cm3).

For trabecular bone determinations, the distal femur was scanned from the boundary
between the growth plate and metaphysis towards the diaphysis to obtain 151 slices (12 µm/
slice). The 4th lumbar vertebra was scanned from the rostral growth plate to the caudal
growth plate to obtain 233 slices. In both bones, analyses were performed on contours of the
cross sectional acquired images drawn to exclude the primary spongiosa and cortex. Micro-
CT measurements of cancellous bone architecture were based on the direct transformation
(DT) approach as recommended by Scanco, and were expressed in 3D nomenclature (34).
An animation of sequential 85 eight µm thick micro-CT images of the diaphysis of 22-
month-old BakΔBaxΔOCN mice was made using using the Scanco 3D program and Windows
Movie Maker 2.6.

For cortical bone porosity measurements, femora were scanned from a point immediately
distal to the third trochanter to the beginning of the distal growth plate at medium resolution
(nominal isotropic voxel size = 12 µm). Scans were integrated into 3D voxel images, 1024 ×
1024 pixel matrices for each individual planar stack. A Gaussian filter (sigma = 0.8, support
= 1) was applied to all analyzed scans. Key parameters were x-ray tube potential = 55 kVp,
x-ray intensity = 145 µA, integration time = 200 ms, and threshold = 200 mg/cm3. To obtain
inverse mirco-CT images, the normal 3D image was re-analyzed with an image processing
script that reassigns void spaces with the higher threshold relative to the bone to invert the
image based on material density. A second image processing script (“peel-iter”) was used to
eliminate false voids caused by imperfect wrap of the contours to the bone surface. The
“cl_image” processing language script was used to obtain lists of the number of pores and
their respective sizes. Per communication from Scanco Medical, the minimal resolution of
porosity is 8192 µm3 (2 × 10% of the modulation transfer function). To reduce measurement
error and avoid inclusion of canalicular space, which ranges from 10,000 to 28,000 µm3
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(35), pores with volumes less than 31,104 µm3 (18 voxels) were excluded in calculation of
porosity.

Histology and Histomorphometry
Mice were injected with tetracycline (30 mg/kg) at 6 and 2 days before euthanasia. Bones
were fixed in Millonig’s formalin, and embedded nondecalcified in methyl methacrylate; or
decalcified in EDTA and embedded in paraffin. Tetracycline labeling and osteoclast number
were quantified on 5 µm thick longitudinal sections of nondecalcified femora using a
computer and digitizer tablet (Osteomeasure version XP 3.1, Osteometrics Inc., Atlanta,
GA) interfaced to a Zeiss Axioscope with a drawing tube attachment. Cancellous
measurements in the femur were done on secondary spongiosa. Intracortical measurements
were performed on one entire cortex, bounded by each growth plate. The endosteal surface
was excluded. Data are reported using the nomenclature recommended by the American
Society for Bone and Mineral Research (36). Unadjusted values of bone perimeter and
osteoclast perimeter were also reported to indicate the increased perimeter available in
BakΔBaxΔOCN mice.

For histologic determination of osteocyte morphology and cortical porosity, nondecalcified
sections were stained with toluidine blue. Cortical bone area in the periosteal or endosteal
zone, and intracortical pores, were quantified by histomorphometry. Apoptotic cells in
decalcified bone sections were visualized by in-situ end-labeling (ISEL) using the FragEL
DNA fragmentation kit (EMD, San Diego, CA). Osteoclasts were visualized by staining for
tartrate-resistant acid phosphatase (TRAPase) using napthol AS-MX and Fast Red TR salt
(Sigma-Aldrich, St. Louis, MO).

Photomicrographs of osteocytes in nondecalcified sections were taken with a Zeiss Axioplan
2 motorized imaging microscope using a 100x Plan-Apochromat oil lens with a 1.40
numerical aperture and a 1.6x Optovar magnifier (Carl Zeiss, Thornwood, NY). From 3 to 8
images were acquired at 200–400 nm intervals using an extended focus and the image set
was compiled from the Z-stack using Axiovision (Carl Zeiss). Tone balance of the
photomicrographs was obtained with a uniformly applied color balance layer (Adobe
Photoshop CS2 v9.0.2, Abode Systems, San Jose, CA).

Backscattered scanning electron microscopy (BSEM) was performed as previously
described (37). Briefly, gold palladium-coated nondecalcified bone sections were examined
using an FEI/Philips XL30 field emission environmental SEM. Accelerated voltage in the
range 15–25 KeV was used for the secondary and backscattered electron imaging.
Nondecalcified sections were acid etched with 37% phosphoric acid for 12 seconds, then
washed with distilled water and commercial bleach as described previously (38). SEM was
used to image completely exposed resin-casted osteocytic lacunae and canaliculi.

Cell culture
Femoral bone marrow aspirates were pooled from 3–5 mice per genotype, and cultured at 3
× 106 cells per 10 cm2 well in α-MEM supplemented with 10% FBS and 1 mM ascorbate-2-
glycerophosphate. One half of the medium was replaced every 5 days. After 25 days, RNA
was obtained for qPCR, or cells were stained with von Kossa to visualize mineral
deposition. For apoptosis determination, cells were cultured at 5 × 106 cells per 12 well plate
under as above for 15 days. Then, basal and camptothecin-induced apoptosis was
determined by measurement of caspase-3 activity (39).
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Statistics
All values are reported as the mean ± s.d. The SigmaPlot (SPSS Science) and SAS software
packages were used for statistical analyses. Student’s 2-tailed t-test or one way ANOVA
was used to detect treatment effects. If necessary, data were logarithmically transformed to
achieve normal distribution. The Holm-Sidak method was used to detect significant
differences among treatment groups following ANOVA. In some experiments, values from
littermate controls were combined after first determining that there were no significant
differences among genotypes. Sequential BMD data were analyzed using random
coefficients models. Fixed effects were included for the intercept, genotype, age (treated as a
continuous variable), group*age, age2, group*age2, and baseline BMD. Random effects for
the intercept, age, and age2 coefficients allowed the association of repeated determinations
made with the same animal to be measured. An unstructured covariance structure was
assumed.

RESULTS
Lack of Bak and Bax reduces osteoblast and osteocyte apoptosis and increases bone
mass

Deletion of Bak and Bax in osteoblasts and osteocytes was accomplished by intercrossing
Bak−/−;Bax+/f mice with Bak−/− mice bearing Cre recombinase under the control of
osteocalcin gene regulatory elements (Bak−/−;OCN-Cre mice). The OCN-Cre transgene
becomes active in replicating osteoblast progenitors just prior to their development into
matrix synthesizing osteoblasts (25). Bak−/−;Baxf/f;OCN-Cre mice (hereafter designated
BakΔBaxΔOCN mice) as well as BakΔ, BakΔBaxf/f, and BakΔOCN-Cre littermate controls,
were born at the expected Mendelian ratios and did not exhibit discernible abnormalities at
birth. Deletion of the Bax conditional allele was detected in cortical bone, but not in brain,
liver or spleen of BakΔBaxΔOCN mice (Figure 1A). Osteoblastic cell cultures established
from femoral bone marrow aspirates from BakΔBaxΔOCN mice exhibited reduced expression
of Bax and attenuation of camptothecin-induced apoptosis, as compared to cells cultured
from littermate controls (Figure 1B).

Deletion of Bak and Bax caused a progressive increase in femoral bone mineral density
(BMD) in a cohort of female mice (Figure 1C). Specifically, femoral BMD of
BakΔBaxΔOCN mice was greater than that of the controls beginning at 6 months of age, and
remained so up to 13 months of age. However, the higher BMD of the BakΔBaxΔOCN mice
declined to the control values by 18 months of age. The femoral BMD of BakΔOCN-Cre
mice was indistinguishable from BakΔ and BakΔBaxf/f mice, indicating that the increased
femoral BMD of the BakΔBaxΔOCN was indeed due to the deletion of Bax rather than a
nonspecific effect of Cre recombinase (40). Femoral bone growth was unaffected by lack of
Bak and Bax as femoral length and the morphology of the growth plate of 2-month-old
BakΔBaxΔOCN mice was identical to that of littermate controls (Supplementary Figure
1A,B). Both spinal BMD and body weight of BakΔBaxΔOCN mice was indistinguishable
from controls at all ages examined (Figure 1D,E).

We next determined whether abrogation of apoptosis in osteoblast progenitors would
augment the skeletal phenotype produced by Bax deletion in mature cells alone. To do this,
we used transgenic mice expressing Cre recombinase under the control of Osterix 1 (Osx1)
regulatory elements. In this Osx1-Cre deleter strain, the Cre recombinase is expressed in
committed osteoblast progenitors (26). Expression of the Cre transgene is suppressed by
doxycycline (26) and was induced in our study by removal of animals from a doxycycline
diet at 7 weeks of age. Bax DNA was reduced in femurs of BakΔBaxΔOsx1 mice (Figure 1F).
Moreover, a cohort of female BakΔBaxΔOsx1 mice exhibited a similar pattern of accrual, and
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subsequent loss, of femoral bone mass as the BakΔBaxΔOCN mice (Figure 1G). Spinal BMD
and body weight were not affected in the BakΔBaxΔOsx1 mice (Figure 1H,I).

Lack of Bak and Bax increases femoral cancellous bone and magnifies the age-related
development of cortical porosity

As expected, the prevalence of osteoblast apoptosis was reduced in cancellous bone of 8-
month-old BakΔBaxΔOCN mice, compared to controls (Figure 2A). Cortical osteocyte
apoptosis was also reduced. Complete abrogation of osteoblast and osteocyte apoptosis was
not achieved, probably due to retention of Bax expression in some cells and/or non-specific
ISEL staining. In any event, osteoblast number was increased by more than 2-fold as
measured in the same femoral sections from BakΔBaxΔOCN mice (Figure 2B), and this effect
was associated with an increase in cancellous bone area (Figure 2C). Attenuation of
osteoblast apoptosis also resulted in an increase in osteocyte density (Figure 2D), as
previously observed in mice with reduced osteoblast apoptosis following daily injections of
PTH (41).

Three-dimensional (3D) microcomputed tomography (micro-CT) images of femurs from
BakΔBaxf/f mice showed that cancellous bone was largely confined to the metaphysis in 3-
and 8-month-old mice, respectively; and had practically disappeared by 22 months at of age
(Figure 2E), consistent with earlier findings on the impact of aging on murine cancellous
bone (33;42). In contrast, cancellous bone was present throughout the marrow of 3-, 8- and
22-month-old BakΔBaxΔOCN mice (Figure 2E). A similar pattern of femoral cancellous bone
retention with age was also found in 7- and 21-mo-old BakΔBaxΔOsx1 mice (Figure 3A).
Cancellous bone architecture was determined in the distal femoral metaphysis on a group of
males and females at 3 months of age, males at 7–8 months of age, and females at 21–22
months of age. Cancellous bone volume per tissue volume (BV/TV) was higher in
BakΔBaxΔOCN than in controls at 3, 8 and 22 months of age (Figure 2F). Similarly,
BakΔBaxΔOsx1 mice exhibited higher BV/TV at 7 and 21 months of age (Figure 3B). The
finding of a similar increase in femoral cancellous bone mass in both BakΔBaxΔOCN and
BakΔBaxΔOsx1 mice indicates that this phenomenon was indeed due to the abrogation of
apoptosis in mature cells alone.

The increased cancellous bone volume could be accounted for by increased trabecular
number, decreased trabecular separation, and increased trabecular connectivity in 3- and 22-
month old BakΔBaxΔOCN mice (Figure 2G,H,J), and in 21-month-old female BakΔBaxΔOsx1

mice (Figure 3C,D,F). In male mice examined at 8 months of age, there was only a small
increase in trabecular number and a small decrease in trabecular separation. These changes
were statistically significant in BakΔBaxΔOsx1 mice (Figure 3C,D) but not BakΔBaxΔOCN

mice (Figure 2G,H). The reason for the discrepancy between the large change in BV/TV as
compared to the small changes in Tb.N and Tb.Sp in 7–8-month-old males lacking Bak and
Bax is unclear, and requires further investigation. Trabecular thickness was unaffected by
lack of Bak and Bax at all ages examined in both the OCN-Cre (Figure 2I), and the Osx1-
Cre (Figure 3E) models.

Vertebral cancellous bone volume was unaffected in BakΔBaxΔOCN mice at 3 and 8 months
of age, and in 7 month old BakΔBaxΔOsx1 mice (Supplementary Figure 2). Although there
was an increase in mean BV/TV in 21–22 month old Bak/Bax-deficient mice as compared to
controls, the change was not statistically significant. These findings are consistent with the
lack of an effect of the deletion of Bak and Bax on spinal BMD in both strains (Figure
1D,H).

In difference to the pronounced cancellous bone phenotype of femora of Bak/Bax deficient
mice, earlier attempts to abrogate apoptosis by over-expression of the anti-apoptotic protein
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Bcl-2 in osteoblasts caused either a transient increase or no change in femoral cancellous
bone mass, probably due to an inhibitory effect of high Bcl-2 levels on osteoblast
differentiation (43;44). However, deletion of Bak and Bax had no such effect
(Supplementary Figure 3). As expected for osteoblasts with a prolonged lifespan, mineral
deposition and expression of alkaline phosphatase and osteocalcin was significantly higher
in cultures of bone marrow-derived osteoblastic cells from BakΔBaxΔOCN mice, compared to
cells cultured from control mice.

Strikingly, micro-CT images revealed far more intracortical pores, or voids, in femora of 22-
month-old female BakΔBaxΔOCN mice (Figure 2E, and enlarged images in Figure 4A) and
21-month-old BakΔBaxΔOsx1 mice (Figures 3A and 4A), as compared to age-matched
control mice. The presence of intracortical voids was confirmed in both the femur and tibia
of aged female BakΔBaxΔOsx1 mice by histology (Figure 4B). In some areas,
trabecularization of the endocortical bone had occurred, while in others the interior of the
cortex contained voids of various size (Figure 4C). Very large voids were sometimes
associated with cortical expansion into the marrow space, along with the formation of new
endosteal boundary (Figure 4A,C). As a result, large porous areas (e.g. right panel of Fig.
4C) appeared to be located in the middle of the cortex. Lack of a well-defined endosteal
boundary prevented accurate determination of cortical thickness in aged Bak/Bax-deficient
mice. However, in 3- and 7–8-month-old mice lacking Bak and Bax, which had an intact
endosteal boundary, femoral cortical thickness was indistinguishable from controls
(Supplementary Figure 1C).

The percentage of cortical bone occupied by voids (porosity), measured in histologic
sections, was 4–7-fold higher in femora and tibiae from BakΔBaxΔOCN and BakΔBaxΔOsx1

mice as compared to controls (Table 1). Femoral porosity of BakΔOCN-Cre mice varied
more than all the other controls, but this phenomenon was not seen in tibiae, excluding the
possibility of a Cre effect. Because the cortical porosity phenotype was practically identical
in BakΔBaxΔOCN and BakΔBaxΔOsx1 mice, bones from either genotype were used
interchangably in the subsequent work.

Inverse 3D micro-CT images revealed that the intracortical pores were distributed
throughout the distal portion of the femur of 21-month-old BakΔBaxΔOsx1 mice, whereas
pores were largely located in the metaphyseal cortex of BakΔBaxf/f controls (Figure 4D).
Quantification of the inverse 3D images gives a more accurate measure of porosity than that
obtained using a single histologic section. Using this approach, we found that porosity of
femoral bone of aged BakΔBaxΔOsx1 mice was 7-fold greater than that of controls due to an
increase in pore size (Figure 4E). The number of pores, however, was reduced due to
coalescence of small pores into larger ones. Indeed, in a series of 8 µm thick cross-sectional
micro-CT images taken at the femoral mid-diaphysis of a 22-month-old BakΔBaxΔOCN

mouse, small pores were frequently contiguous with larger pores (Supplementary Video 1).

Pores were rare in femora from 3-month-old Bak and Bax deficient mice or controls,
whether viewed in longitudinal sections (not shown), 3D micro-CT images (Supplementary
Figure 4), or in inverse 3D micro-CT images (Figure 4F). The femoral cortical porosity of 3-
month-old control mice was approximately 1.5% and increased to 6% by 21 months of age
(Figure 4G and 4E, respectively), consistent with earlier evidence that cortical porosity is a
feature of old age in rodents (45–47). Nevertheless, even at 3 months of age, cortical
porosity was 17% higher in BakΔBaxΔOCN mice than in control mice, due to a small increase
in pore size (Figure 4G).
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In contrast to the situation in femoral bone, porosity was not observed in histologic sections
or microCT images of vertebral cortical bone of aged Bak/Bax-deficient mice or controls
(data not shown).

The age-related increase in cortical porosity is due to increased intracortical bone
remodeling

Backscattered scanning electron microscopy (BSEM) of the femoral diaphyseal cortex of
22-month-old control mice revealed two distinct zones separated by a mineral-rich boundary
(Figure 5A). The endosteal zone contained highly mineralized scalloped tidemarks that mark
previous episodes of bone remodeling (48;49). In contrast, the periosteal zone had a lamellar
structure, and lacked markings of remodeling activity. Cortical voids in femora from 22-
month-old BakΔBaxΔOCN mice were largely restricted to the endosteal zone, and rarely
invaded the periosteal zone (Figure 5B). Moreover, the porous endosteal zone of these mice
exhibited areas of bright mineralized matrix, reflecting older bone, juxtaposed to areas of
dimmer newly formed bone. These features are diagnostic of recent remodeling activity
(48).

Cortical voids in both the aged BakΔBaxΔOCN mice and the control mice contained
osteoclasts as well as osteoblasts adjacent to osteoid matrix, blood vessels, and cells
indistinguishable from those inhabiting the bone marrow (Figure 6A). In addition, surfaces
outlining the voids were labeled by tetracycline, confirming active intracortical remodeling.
Expression of cathepsin K and osteocalcin – markers of osteoclasts and osteoblasts,
respectively – was increased in tibiae of BakΔBaxΔOCN mice, as compared to control mice
(Figure 6B). Moreover, expression of RANKL was increased, whereas expression of the
RANKL antagonist osteoprotegerin (OPG) was unchanged, compared to controls. In line
with the presence of blood vessels in the voids and a higher porosity in BakΔBaxΔOCN mice,
the expression of VEGF was also increased in these mice. The increase in RANKL and
VEGF transcripts was confirmed in osteocyte-enriched humeri from BakΔBaxΔOsx1 mice
(Figure 6C), indicating that osteocytes are the principal source of the increased RANKL and
VEGF.

Histomorphometric measurements showed that void area, intracortical bone perimeter, and
osteoclast perimeter were increased in the endocortical zone of the femoral cortex of aged
BakΔBaxΔOCN mice compared to controls (Table 2). These measurements reflect the
increase in cortical porosity, and indicate that osteoclastic erosion of the cortex is
responsible. However, when expressed per mm of intracortical bone surface, osteoclast
number was not affected by Bak/Bax deficiency. Nor were dynamic indices of bone
remodeling, including mineralizing surface, mineral apposition rate, and bone formation
rate. Taken together, these findings demonstrate an increase in the amount of intracortical
bone engaged in remodeling in aged Bak/Bax deficient mice. The cancellous bone perimeter
and area were also increased in aged BakΔBaxΔOCN mice, consistent with the micro-CT
findings. The paucity of cancellous bone prevented precise determination of the number of
osteoclasts at this site. Nevertheless, there was sufficient tetracycline labeling in the limited
amount of bone available to show that, as in the intracortical pores, dynamic indices of
cancellous bone remodeling were unaffected by Bak/Bax deficiency in these aged mice.

Serum levels of Ca, Pi and PTH, as well as 1α-hydroxylase transcripts in the kidney (a PTH
target gene), were similar in BakΔBaxΔOsx1 mice and littermate controls (Table 3).
Moreover, there was no evidence of the marrow fibrosis often seen in conditions of excess
PTH (Figure 4B,C). These findings suggest that a local, rather than a systemic, stimulus was
responsible for the increased porosity in aged BakΔBaxΔOCN mice.
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The increased cortical porosity in aged BakΔBaxΔOCN mice is associated with dysmorphic
osteocytes

The majority of cortical osteocytes in 22-month-old BakΔBaxΔOCN or littermate control
mice occupied the entire lacunar space and had prominent nuclear profiles containing
nucleoli. (Figure 7A). Nonetheless, some osteocytes displayed dysmorphic features,
including condensed cytoplasm and pyknotic nucleus without nucleoli. The prevalence of
dysmorphic osteocytes was higher in the periosteal zone of both control and BakΔBaxΔOCN

mice, as compared to the endosteal zone (Figure 7B). Strikingly, dysmorphic osteocytes in
the periosteal zone were more numerous in BakΔBaxΔOCN mice compared to the periosteal
zone of controls. Moreover, there was a correlation between the prevalence of dysmorphic
periosteal zone osteocytes and the extent of cortical porosity (r=0.6, p <0.02), suggesting a
cause and effect relationship.

Attenuation of apoptosis by overexpression of Bcl-2 decreases osteocyte viability, most
likely by inhibiting canalicular development (44). Thus, the dysmorphic osteocytes in Bak/
Bax-deficient mice could be due to an increase in free Bcl-2 protein, which would normally
bind to Bax and Bak and prevent apoptosis. However, the morphology of the lacunae and
canaliculi of cortical osteocytes, visualized by acid-etch SEM, of 22-mo-old BakΔBaxΔOCN

mice was indistinguishable from that of controls, thus excluding this possibility (Figure 7C).

DISCUSSION
In the work presented herein, we generated mice with targeted deletion of Bak and Bax –
two genes indispensable for apoptosis – in mature osteoblasts and osteocytes, or in
osteoblast progenitors. We found that both of these models exhibited increased cancellous
bone mass that extended throughout the femoral bone marrow cavity, as compared to control
mice, in which cancellous bone mass was limited to the metaphysis. The increased
cancellous bone mass in the Bak/Bax-deficient mice could fully account for the progressive
increase in femoral BMD up to 13 months of age. Unexpectedly, by 22 months of age, these
mice also had a 7-fold greater pore formation in the endocortical (inner) envelope of long
bone cortices. These pores were present throughout the cortex of the Bak/Bax-deficient
female mice, whereas pores were limited to the metaphysis in control mice. The dramatic
increase in cortical porosity of Bak/Bax deficient mice could account for the decline in
femoral BMD between 13 and 21–22 months of age.

The increased porosity of the Bak/Bax-deficient mice was accompanied by increased
osteoclast formation that was most likely due to increased expression of RANKL and VEGF
in osteocytes, albeit we cannot exclude the possibility that cells at other stages of osteoblast
differentiation also contributed to the increase in these cytokines. In addition to osteoclasts,
the pores contained osteoblasts, bone marrow cells, and blood vessels as well as bone
surfaces exhibiting histologic features of bone turnover. Notably, the increased porosity in
the Bak/Bax-deficient mice in the endocortical envelope was associated with an increase in
the number of dysmorphic osteocytes in the adjacent periosteal compartment of the femoral
cortex.

These findings demonstrate that abrogation of apoptosis, and the consequent prolongation of
the working lifespan of short-lived osteoblasts, is sufficient to increase femoral cancellous
bone mass. In addition, deletion of Bak and Bax exaggerates the adverse effects of aging on
the function of long-lived cortical osteocytes, most likely by interfering with compensatory
adaptations to age-associated stressors. Hence, signals from dysfunctional osteocytes,
including increased production of RANKL and VEGF, may be the culprits of the age-
associated increase in cortical porosity.
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Osteoblast number and bone formation rate in murine bone decrease with age, resulting in
the disappearance of most of the metaphyseal cancellous compartment of long bones by 12
months (33;42). Deletion of Bak and Bax from committed osteoblast progenitors in
BakΔBaxΔOsx1 mice did not result in a further increase in femoral cancellous bone than that
seen in BakΔBaxΔOCN mice, indicating that abrogation of apoptosis in the mature cells was
responsible for the phenotype in both models. Moreover, the increased functional life span
of short-lived osteoblasts in the Bak/Bax-deficient models was associated with retention of
cancellous bone in the bone marrow up to 21–22 months of age. This observation suggests
that the age-related increase in osteoblast apoptosis noted in our earlier studies (2)
contributes to age-related bone loss.

Taken together, these findings provide genetic evidence that attenuation of osteoblast
apoptosis can indeed increase the working lifespan of these matrix synthesizing cells in the
femur. This evidence bolsters our earlier contention that prolongation of osteoblast life span
contributes to the anabolic effect of intermittent administration of PTH (4;41;50). However,
deletion of Bak and Bax was not sufficient to increase trabecular thickness – a hallmark of
the anabolic effect of intermittent PTH on the skeleton. Therefore, this therapy must involve
additional mechanisms, such as stimulation of Wnt signaling leading to increased
osteoblastogenesis (51;52).

We have previously noted equivalent levels of apoptotic osteoblasts in both femoral and
vertebral cancellous bone (50). Nevertheless, neither BakΔBaxΔOCN nor BakΔBaxΔOsx1 mice
exhibited an increase in vertebral cancellous bone mass, albeit there was a non-significant
increase in vertebral cancellous bone volume in 21- and 22-mo-old Bak/Bax-deficient mice.
Lack of statistical power may have compromised our ability to detect a subtle effect at this
site. Recent studies of ours have shown that OCN-Cre and Osx1-Cre have similar activity in
femoral and vertebral bone (53), making it unlikely that lack of a vertebral phenotype is due
to ineffective deletion of Bax. Another possibility is that osteoblast apoptosis plays a less
important role in the formation and maintenance of vertebral trabecular bone than femoral
trabecular bone. Indeed, there are fundamental differences in the factors that determine
osteoblast number and remodeling balance at these two sites as evidenced by the more rapid
rate of loss of femoral versus vertebral trabecular bone between 2 and 20 months of age
(33). Our findings suggest that osteoblast apoptosis may be one of them.

Deletion of Bak and Bax also did not affect the formation of femoral cortical bone during
growth. This finding is consistent with earlier studies of ours that, unlike cancellous
osteoblasts, apoptosis rarely if ever occurs in periosteal osteoblasts (54). We therefore
conclude that osteoblast apoptosis does not play a role in the development of cortical bone.

The highest proportion of dysmorphic osteocytes was found in the periosteal zone of the
femoral cortex of aged Bak/Bax deficient mice. Several lines of earlier evidence strongly
suggest that these are the oldest osteocytes of cortical bone. Indeed, in human cortical bone,
the further away osteocytes are from the endosteal surface, the lower the probability that
they will be removed by remodeling. Left undisturbed by remodeling long enough, the
intrinsic lifespan of cortical osteocytes is exceeded (55). In line with this evidence and the
contention that the periosteal zone osteocytes in our studies were the oldest, we found no
signs of current or past remodeling in the periosteal zone of the murine femoral cortex.
Exposure of Bak/Bax-deficient embryonic fibroblasts to a pro-apoptotic stimulus activates
autophagy-mediated death, which does not begin to occur until several days later (56).
Although the fate Bak/Bax-deficient osteocytes in the periosteal zone is unknown, it is likely
that abrogating their ability to die by apoptosis increased their lifespan beyond their intrinsic
limit. These osteocytes are therefore older and perhaps more sensitive to the effects of aging
as compared to the same population of cells in the control mice. As a result, Bak/Bax-
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deficient osteocytes in the periosteal zone are more likely to accumulate damage during
aging (5).

Osteocyte-enriched preparations of long bones from aged female Bak- and Bax-deficient
mice expressed higher levels of RANKL and VEGF. This finding is reminiscent of the
observation that osteocyte apoptosis in response to fatigue damage triggers intracortical
remodeling by stimulating the local production of RANKL and VEGF by neighboring viable
osteocytes (9). Hence, apoptotic, aged, and/or dysfunctional osteocytes of the periosteal
region of the femur may trigger similar signals alerting viable osteocytes in their vicinity, or
perhaps in the endosteal region of the cortex, to initiate intracortical remodeling that leads to
the development of cortical porosity (57). These considerations lead us to propose that the
increased femoral porosity of Bak/Bax-deficient mice is due to exaggeration of the normal
effect of aging on osteocyte function due to artificial prolongation of the life span of
damaged osteocytes, leading to increased numbers of RANKL- and VEGF-expressing
osteocytes. The critical pathogenetic role of RANKL in this process is strongly supported by
evidence that osteocytes are the major source of this cytokine (7;8), and that administration
of soluble RANKL to mice stimulates bone remodeling that is unbalanced in favor of bone
resorption, and causes femoral cortical porosity (58–60). Further studies are needed to
determine whether Bak/Bax-deficiency indeed exaggerates an ongoing age-related process,
or whether it unleashes a novel pathway leading to cortical porosity.

In summary, our results reveal that interference with Bax and Bak in short- versus long-lived
bone cells has profound, but diametrically opposite biological implications for the
homeostasis of femoral bone: bone anabolism in the former, and catabolism in the latter
caused by exaggeration of the adverse effects of aging. These insights not only validate the
notion that altered osteoblast apoptosis is a critical determinant of cancellous bone mass and
a rational target of anabolic bone therapies (61). They also suggest that distress signals
produced by old and/or dysfunctional osteocytes in cortical bone are the culprits of the
intracortical porosity caused by old age in humans. Furthermore, the demonstration of
increased bone mass by artificial prolongation of the inherent lifespan of short-lived
osteoblasts, but exaggeration of the adverse effects of aging on long-lived osteocytes,
highlights the important role of cell age in bone homeostasis.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Deletion of Bak and Bax increases femoral bone mass
(A–E) Experiments with the OCN-Cre deleter strain. (A) Level of Bax genomic DNA in
osteocyte-enriched femoral shafts, brain, spleen or liver from 3-month-old female mice; n=5
animals per group; *p <0.05 vs. BakΔBaxf/f. (B) Bax expression (left panel) and caspase-3
activity (right panel) in triplicate cultures of osteoblastic cells established from marrow-
derived progenitors of 3-month-old female mice. Caspase-3 activity was determined 8 hours
following addition of vehicle (Veh) or 0.2 µM camptothecin (Campt), *p<0.05. Sequential
determination of femoral BMD (C) spinal BMD (D), and body weight (E) in a cohort of
female mice; n=9–14/group. *p<0.05 vs. littermate controls by random coefficients model.
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(F–I) Experiments with the Osx1-Cre deleter strain. (A) Level of Bax genomic DNA in
osteocyte-enriched femoral shafts from 2-month-old female mice; n=3 animals per group;
*p<0.05 vs. BakΔ;Baxf/f. Sequential determination of femoral BMD (G), spinal BMD (H)
and body weight (I) in a cohort of female mice; n=6–11/group, *p<0.05 vs. BakΔ and
BakΔOsx1-Cre littermate controls by random coefficients model.
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Figure 2. Deletion of Bax with OCN-Cre reduces osteoblast and osteocyte apoptosis and
increases femoral cancellous bone mass
Histomorphometric determination of cancellous osteoblast (Ob) apoptosis, and cortical
osteocyte (Ot) apoptosis (A); as well as cancellous osteoblast number (B), cancellous bone
area (C), and osteocyte density (D) in femoral sections from 8-month-old male mice, n=4–5/
group. (E) Representative micro-CT images of femora from BakΔBaxf/f and BakΔBaxΔOCN

littermates; scale bar, 1 mm. Micro-CT was used to image and quantify femoral bone from
3-month-old mice comprising 2 males and 4 females of each genotype, 8-month-old male
mice, and 22-month-old female mice. Micro-CT determination of trabecular bone volume
(BV/TV) (F), trabecular number (Tb.N) (G), trabecular separation (Tb.Sp) (H), trabecular
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thickness (Tb.Th) (I) and connectivity density (Conn.D) (J) in the distal metaphysis of
femora from BakΔBaxf/f mice at 3 months (n=6), 8 months (n = 7) or 22 months (n = 8) of
age; and from BakΔBaxΔOCN mice at 3 months (n = 6) , 8 months (n = 5) or 22 months (n =
9). *p <0.05 vs. BakΔBaxf/f littermates.
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Figure 3. Deletion of Bak and Bax with Osx1-Cre increases femoral cancellous bone mass
(A) Representative micro-CT images from BakΔBaxΔOsx1 and BakΔOsx1-Cre littermates at
7 months of age in males, and at 21 months of age in females. Scale bar, 1mm. Micro-CT
determination of trabecular bone volume (BV/TV) (B), trabecular number (Tb.N) (C),
trabecular separation (Tb.Sp) (D), trabecular thickness (Tb.Th) (E) and connectivity density
(Conn.D) (F) in the distal metaphysis of femora from BakΔOsx1-Cre mice at 7 months of
age (n = 9) and 21 months of age (n = 7); and BakΔOsx1-Cre mice at 7 months of age (n =
8) and 21 months of age (n = 9). *p<0.05 vs. BakΔOsx1-Cre littermates.
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Figure 4. Lack of Bax and Bak increases cortical porosity in aged mice
(A) Representative micro-CT images of femora from 22-month-old female BakΔBaxΔOCN

and BakΔBaxf/f littermates (left panel), and 21-month-old female BakΔBaxΔOsx1 and
BakΔBaxf/f littermates (right panel), scale bar, 1 mm. White arrowheads mark location of
pores in cortical bone. (B) Representative femoral and tibial H&E-stained decalcified
sections from 21-month-old female BakΔBaxΔOsx1 mice, with the periosteal surface on the
left; scale bar, 1 mm. (C) Representative femoral Trichrome-stained nondecalcified sections
of femoral cortex from 22-month-old female BakΔBaxΔOCN mice, with the periosteal surface
on the left.; scale bar, 50 µm. (D) Inverse micro-CT images of the distal half of femora from
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21-month-old female mice. Void areas are depicted in grey within a transparent bone matrix.
(E) Cortical porosity (Ct.Po), pore number (Po.N) and pore volume (Po.V) in the cortex of
the distal half of femora from 21-month-old female mice, n=3–4/group. (F) Inverse micro-
CT images of the distal half of femora from 3-mo-old female mice. (G) Porosity, pore
number and pore volume in 3-month-old female mice, n=3/group, *p<0.05 vs. littermate
controls.
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Figure 5. Increased cortical porosity of aged BakΔBaxΔOCN mice is restricted to the endosteal
zone
Representative BSEM images of the femoral diaphyseal cortex from (A) a 22-month-old
female BakΔ mouse, and (B) a 22-month-old female BakΔBaxΔOCN mouse. Endosteal (“E”)
and periosteal (“P”) zones are separated by a highly mineralized boundary, indicated by
green arrowheads. Red arrowheads mark highly mineralized cement lines that reflect
previous remodeling activity. Red arrows denote areas of recently remodeled bone that have
not yet achieved full mineralization.
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Figure 6. The age-related increase in porosity in Bak/Bax-deficiency is associated with
intracortical bone remodeling and increased expression of RANKL and VEGF by osteocytes
(A) Femoral bone sections from 22-month-old female mice were stained for TRAPase to
visualize osteoclasts, stained red (left panels); with toluidine blue (middle panels) to view
osteoblasts (red asterisk) and blood vessels (bv); or viewed with fluorescence microscopy
(right panels) to observe tetracycline labeling (arrow heads). scale bar, 10 µm (left and
middle panels) or 100 µm (right panels). (B) Cathepsin K (CatK), osteocalcin (Ocn),
RANKL, OPG and VEGF mRNA levels in whole tibiae from 22-month-old female mice
(n=8–10/group) *p<0.05 vs. BakΔBaxf/f littermates. (C) RANKL and VEGF mRNA levels
in collagenase-digested humeri, enriched in osteocytes, from 21-month-old female mice,
n=6–7/group; *p<0.05 vs. combined littermate controls.
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Figure 7. Increased prevalence of dysmorphic osteocytes is associated with increased porosity of
aged BakΔBaxΔOCN mice
(A) Representative histologic nondecalcified sections showing viable osteocytes with typical
morphology (upper panel) and dysmorphic osteocytes (red arrow heads, lower panel) in the
periosteal zone of the femoral cortex from 22-month-old female mice. Scale bar, 10µm. (B)
The percentage of dysmorphic osteocytes in endosteal (EZ) and periosteal (PZ) zones of the
cortex of 22-mo-old female mice, n=7–8/group. *p<0.05 vs. EZ; #p<0.05 vs. PZ of
combined controls. (C) Lacunar and canalicular morphology of cortical osteocytes of 22-
month-old mice in the endosteal (“E”) and periosteal (“P”) zones, visualized by acid-etch
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SEM. Scale bar, 50 µm. Inset: high magnification image of typical lacuna (arrowhead) and
canaliculi in the periosteal zone. Scale bar 5 µm; *, cortical void.
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Table 1

Deletion of Bak and Bax increases cortical porosity in the femur and tibia in aged female mice.

A. OCN-Cre model (22 months old)

Porosity, % (N)

BakΔ BakΔBaxf/f BakΔOCN-Cre BakΔBaxΔOCN

Femur 4.7 ± 1.4 (2) 3.6 ± 4.7 (3) 11.4 ± 8.3 (4) 23.3 ± 11.5 (7)a

Tibiae 4.1 ± 4.1 (7) 6.4 ± 3.1 (5) 6.2 ± 5.2 (9) 27.2 ± 16.5 (4)b

B. Osx1-Cre model (21 months old)

Porosity, % (N)

BakΔ BakΔBaxf/f BakΔOsx1-Cre BakΔBaxΔOsx1

Femur 2.1 ± 0.9 (4) NA 4.7 ± 1.2 (3) 19.2 ± 6.8 (4)b

Tibiae 4.1 ± 2.2 (6) 3.2 ± 1.6 (3) 3.3 ± 2.9 (7) 16.6 ± 7.1 (6)b

NA, none available for measurement;

a
p< 0.05 vs. BakΔ and BakΔBaxf/f, p = 0.06 vs. BakΔOCN-Cre,

b
p< 0.05 vs. littermate controls. Numbers in parentheses are the number of samples.
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Table 2

Increased intracortical bone engaged in remodeling in aged BakΔBaxΔOCN mice.

Intracortical Cancellous

controls BakΔBaxΔOCN controls BakΔBaxΔOCN

B.Pm (mm)* 11.4 ± 7.2 42.3 ± 13.4a 3.13 ± 1.55 17.6 ± 8.4a

Vo.Ar/EZ.Ar 0.10 ± 0.10 0.33 ± 0.22a - -

B.Ar/T.Ar - - 0.012 ± 0.006 0.061 ± 0.037a

Oc.Pm (mm)* 0.47 ± 0.38 1.48 ± 0.80a 0.19 ± 0.26 0.89 ± 1.21

Oc.Pm/B.Pm 0.036 ± 0.024 0.034 ± 0.012 0.055 ± 0.050 0.037 ± 0.038

Oc.N/B.Pm (/mm) 1.15 ± 0.75 1.10 ± 0.49 2.25 ± 2.13 1.65 ± 1.85

M.Pm/B.Pm 0.24 ± 0.08 0.21 ± 0.02 0.22 ± 0.06 0.17 ± 0.06

MAR (µm/d) 1.64 ± 0.20 1.28 ± 0.22 1.34 ± 0.24 1.23 ± 0.09

BFR/BS (µm2/µm/d) 0.34 ± 0.08 0.25 ± 0.06 0.30 ± 0.12 0.20 ± 0.08

B.Pm = bone perimeter; Vo.Ar/EZ.Ar = intracortical void area fraction of endosteal zone area; B.Ar/T.Ar = cancellous bone fraction of tissue area;
Oc.Pm = osteoclast perimeter; Oc.Pm/B.Pm = osteoclast perimeter fraction of bone perimeter; Oc.N/B.Pm = osteoclast number per bone perimeter;
M.Pm/B.Pm = mineralizing fraction of bone perimeter; MAR = mineral apposition rate; BFR/BS = bone formation rate.

*
These measurements are unadjusted values, used here to indicate the increased perimeter available in BakΔBaxΔOCN mice. Data from female

BakΔBaxΔOCN mice (n = 6) and combined female littermate controls (n = 9) are shown;

a
p<0.05 vs. controls.
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Table 3

Calcium homeostasis in 21-month-old female mice is unaffected by deletion of Bak and Bax.

BakΔ BakΔBaxf/f BakΔOsx1-Cre BakΔBaxΔOsx1

calcium
(mg/ml)

7.64 ± 0.53 (8) 8.22 ± 0.72 (3) 8.17 ± 0.43 (7) 7.86 ± 0.55 (8)

phosphate
(mg/ml)

12.5 ± 2.3 (8) 16.5 ± 3.5 (3) 13.3 ± 5.0 (7) 14.3 ± 1.8 (8)

PTH
(pg/ml)

216 ± 95 (8) 218 ± 164 (3) 219 ± 116 (7) 241 ± 189 (8)

Cyp27b1 mRNA
(relative to GAPDH)

0.023 ± 0.019 (4) 0.025 ± 0.006 (3) 0.018 ± 0.008 (5) 0.024 ± 0.012 (5)

Numbers in parentheses are the number of samples.
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