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Abstract
The mammalian skeleton adjusts bone structure and strength in response to changes in mechanical loading, however the molecular and cellular
mechanisms governing this process in vivo are unknown. Terminally differentiated osteoblasts, the osteocytes, are presumptive mechanosensory cells
for bone, and cell culture studies demonstrate that β1 integrins participate in mechanical signaling. To determine the role of β1 integrins in osteoblasts
in vivo, we used the Cre-lox system to delete β1 integrin from cells committed to the osteoblast lineage. While pCol2.3 Cre-mediated recombination was
widespread in bones from Colα1(I)-Cre+/β1fl/fl conditional knockout mice (cKO), β1 integrin protein was depleted from cortical osteocytes, but not
from cancellous osteocytes or cells lining bone surfaces in adults. Bones from cKO mice that were normally loaded were similar in structure to WT
littermates. However, hindlimb unloading of adult cKO mice for one week intended to cause bone loss (disuse osteopenia), resulted in unexpected, rapid
changes in the geometry of cortical bone; hindlimb unloading increased the cross-sectional area, marrow area, and moments of inertia in cKO, but not
WT mice. Furthermore, these hindlimb unloading-induced geometric changes in cortical bone of cKO mice resulted in increased whole bone bending
stiffness and strength of the femur. Together, these results confirmed the concept that osteocytes are mechanosensory cells and showed β1 integrins in
cortical osteocytes limited changes in cortical geometry in response to disuse, thus providing the first in vivo evidence that β1 integrins on osteocytes
mediate specific aspects of mechanotransduction.
Published by Elsevier B.V.
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1. Introduction
Extended periods of bed rest, immobilization, paralysis, and
spaceflight lead to a net reduction in bone mass (osteopenia)
(Leblanc et al., 1990; Weinreb et al., 1989), which compromises
bone strength. Osteopenia resulting from disuse is due to increased bone resorption by osteoclasts or decreased formation by
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650 604 5247; fax: +1 650 604 3159.
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0945-053X/$ - see front matter. Published by Elsevier B.V.
doi:10.1016/j.matbio.2008.05.003

osteoblasts, or both. Osteocytes are descendants of the osteoblast
lineage buried within mineralized matrix, and are postulated to
orchestrate changes in cellular remodeling by virtue of an extensive network of dendritic processes which link osteocytes with
one another and other osteoblast lineage cells on bone surfaces
(Burger and Klein-Nulend, 1999). Musculoskeletal disuse induces an early decline in osteocyte viability specifically at sites that
are later resorbed (Aguirre et al., 2006) suggesting these cells
sense changes in mechanical loading in vivo.
Osteoblast lineage cells may detect mechanical stress via
integrins as well as ion channels (Bierbaum and Notbohm, 1998;
Carvalho et al., 2002; Pavalko et al., 1998; Pommerenke et al.,
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2002). Integrins bind specific components of the extracellular
matrix (Alenghat and Ingber, 2002; Hynes, 2002; Wang et al.,
1993) and span the cell membrane, to link the actin cytoskeleton
and intracellular signaling molecules. Integrin substrate specificity is dictated by the combination of α and β subunits, with the
β1 subunit forming dimers with at least 12 known α chains
(Brakebusch and Fassler, 2005). In bone, collagen is the
predominant extracellular matrix molecule, all known collagenbinding integrins belong to the β1 integrin subfamily (Gullberg
and Lundgren-Akerlund, 2002), and β1 integrin is expressed
extensively on osteoblasts and osteocytes in situ (Gohel et al.,
1995, Hughes et al., 1993). Furthermore, β1 integrins play a key
role in survival of many anchorage-dependent cell types. Studies
of cultured osteoblasts show that direct mechanical loading of β1
integrins enhances cytoskeletal anchorage and activates various
signal transduction pathways while mechanical stimulation of
osteoblasts increases tyrosine phosphorylation (Carvalho et al.,

2002); these properties are shared with many other adherent,
mechanosensitive cells (Alenghat and Ingber, 2002).
Several in vivo studies provide evidence supporting a complex
role for β1 integrin in skeletal health. Conditional deletion of β1
integrin early during chondrocyte differentiation impairs proliferation and migration, delays endochondral mineralization, and
ultimately leads to chondrodysplasia (Aszodi et al., 2003). In
rapidly growing mice, disruption of integrin signaling in osteoblasts by over-expressing the cytoplasmic tail of β1 integrin leads
to transient and relatively mild skeletal defects, including elevated
osteoclast surface during skeletal disuse (Globus et al., 2005,
Iwaniec et al., 2005; Zimmerman et al., 2000). In this study, we
hypothesized that β1 integrins on committed osteoblasts are
required for adult skeletal health and normal responses to acute
disuse. We used the Cre-lox system in an effort to ablate β1
integrin gene expression in cells committed to the osteoblastlineage, using the pCol2.3 promoter (Dacquin et al., 2002).

Fig. 1. Characterization of conditional deletion of β1 integrin in osteoblasts and osteocytes. A) Diagram showing previously described loxP sites flanking the β1
integrin gene. Numbers indicate location of primers designed for genotyping and detection of deletion by triplex PCR. B) Genotyping PCR products and their base pair
sizes using primers ① + ② for F2 progeny. Genotypes from left to right: double-floxed wildtype controls (WT), Cre positive conditional knockouts (cKO),
heterozygous floxed β1 integrin (het), conditional hemizygous β1 integrin (hemi). C) Triplex PCR detection of β1 integrin deletion using primers ① + ② + ③ in
various tissue types from cKO and WT animal. D) Histochemical detection of β-galactosidase expression resulting from deletion of β1 integrin.
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We found that in the adult skeleton of Colα1(I)-Cre+/β1fl/fl
(cKO) mice, only cortical osteocytes displayed depletion of β1
integrin protein although recombination was widespread in bone
cells. This afforded the unexpected opportunity to examine the
role of β1 integrin specifically in cortical osteocytes, the putative
mechanosensing cells. Normally ambulating cKO and wildtype
(WT) littermates were similar in skeletal phenotype and body size.
However, short-duration disuse by hindlimb unloading caused
unusually rapid changes in cortical geometry of the cKO mice
including expansion of both total bone volume and marrow
volume, increased moments of inertia and increased whole bone
stiffness and strength. Both cKO and wildtype mice lost cancellous bone in response to hindlimb unloading, as expected,
presumably because β1 integrin protein was still present in
cancellous osteocytes. We conclude β1 integrin on cortical osteocytes limits periosteal apposition and marrow expansion
during the acute stages of disuse. This report is the first demonstration to our knowledge of a role for β1 integrin in mediating
mechanotransduction by osteocytes in vivo.
2. Results
2.1. Generation of osteoblast-conditional knockout of β1
integrin
Conditional knockout mice were born normal in appearance.
Litters from the F1 cross yielded a normal distribution of four
genotypes: floxed wildtype (WT) Colα1(I)-Cre−/β1fl/fl, conditional knockout (cKO) Colα1(I)-Cre+/β1fl/fl, heterozygous (het)
Colα1(I)-Cre−/β1fl/wt, and hemizygous (hemi) Colα1(I)-Cre+/
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β1fl/wt (Fig. 1A and B). PCR detection of recombination in various
tissue types within cKO mice revealed deletion of β1 integrin
gene was confined to bone (Fig. 1C). Residual floxed β1 integrin
was also present in bone samples, likely due to the presence of
non-osteoblast lineage cells (chondrocytes, marrow cells, etc).
Bones from 4 months old cKO mice demonstrating intense
X-gal staining at the bone surface indicated successful recombination and genomic deletion of β1 integrin, whereas WT
bones showed only background staining near growth plate
tissue and at major vessels (Fig. 1D). Within cortical mineralized tissue, WT mice showed widespread staining for β1
integrin in osteocytes throughout cortical tissue (Fig. 2). In
contrast, TG mice showed no immunoreactive osteoctyes except for a few cells restricted to the endocortical region. Within
cancellous mineralized tissue, however, both WT and TG mice
showed immunoreactive osteocytes. At the periosteal (i.e. outer
surface) and endocortical (i.e. inner surface adjacent to marrow
cavity) surfaces, bones from both genotypes also showed some
degree of β1 positive immunoreactivity.
In normally weightbearing, adult mice, there were minimal
differences between WT and cKO mice due to genotype in bone
size and structure indicated by ANOVA with gender and genotype as factors. We found the expected differences in bone
dimensions due to gender (Table 1).
2.2. Cancellous bone responded similarly to acute disuse in
WT and cKO animals
Hindlimb unloading (HU) for one week did not adversely
affect body mass (Table 1), nor did it affect ash mass, ash fraction,

Fig. 2. Immunohistochemistry of midshaft cortical bone (A and C) and cancellous bone (B and D) in WT (A and B) and cKO mice (C and D). Regions of positive β1
integrin immunostaining appear brown and several immunoreactive osteocytes are indicated by red arrows. In cKO mice, the majority of osteocytes showed no β1
integrin immunoreactivity and only a few isolated osteocytes near the endocortical surface showed positive immunoreactivity (blue circles in panel C) (panel A).
Hematoxylin counterstaining of nuclei appears blue. Bar equals 12 mm.
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Table 1
Comparison of normally loaded male and female mice with respect to genotype and gender differences a
Sample type

WT

p-values b

cKO

n

Female

n

Male

n

Female

n

Male

Genotype (β1) Gender Interaction (β1 ⁎ gender)

14
13
14
14

22.91 (0.38)
89.79 (1.10)
15.45 (0.09)
17.92 (0.13)

13
9
10
10

29.41 (0.50)
94.29 (0.98)
16.08 (0.26)
17.61 (0.12)

16
16
16
16

22.43 (0.38)
88.66 (1.09)
15.11 (0.13)
17.54 (0.07)

14
11
12
12

28.95 (0.62)
94.87 (0.59)
15.44 (0.14)
17.61 (0.07)

n.s.
n.s.
0.003
n.s.

b0.001
b0.001
0.003
n.s.

n.s.
n.s.
n.s.
n.s.

Left proximal tibia c (cancellous)
Trabecular BV/TV
14
Tb. number (mm− 1)
14
Tb. thickness (mm)
14
Tb. spacing (mm)
14
Tb. surface area (mm2)
14
Tb. BS/BV (mm− 1)
14

0.115 (0.012)
3.832 (0.168)
0.054 (0.002)
0.265 (0.014)
8.61 (0.66)
50.91 (1.92)

10
10
10
10
10
10

0.199 (0.023)
5.352 (0.197)
0.051 (0.002)
0.176 (0.009)
18.62 (1.77)
49.11 (2.31)

16
16
16
16
16
16

0.126 (0.015)
3.932 (0.235)
0.054 (0.001)
0.266 (0.015)
9.45 (0.85)
50.91 (1.57)

12
12
12
12
12
12

0.217 (0.019)
5.445 (0.153)
0.055 (0.002)
0.171 (0.006)
20.67 (1.49)
45.93 (1.55)

n.s.
n.s.
n.s.
n.s.
n.s.
n.s.

b0.001
b0.001
n.s.
b0.001
b0.001
n.s.

n.s.
n.s.
n.s.
n.s.
n.s.
n.s.

Left tibia midshaft c (cortical)
Bone volume (mm3)
14
14
Marrow volume (mm3)
Cross sectional area (mm2) 14
Cortical thickness (mm)
14
J (mm4)
14
14
Imax (mm4)
Imin (mm4)
14

0.113 (0.002)
0.041 (0.001)
0.734 (0.010)
0.264 (0.003)
0.122 (0.003)
0.072 (0.003)
0.050 (0.001)

10
10
10
10
10
10
10

0.133 (0.006)
0.057 (0.003)
0.901 (0.037)
0.270 (0.007)
0.187 (0.015)
0.116 (0.010)
0.071 (0.006)

16
16
16
16
16
16
16

0.108 (0.002)
0.043 (0.002)
0.721 (0.012)
0.247 (0.004)
0.116 (0.004)
0.067 (0.002)
0.049 (0.002)

12
12
12
12
12
12
12

0.133 (0.004)
0.054 (0.002)
0.892 (0.018)
0.275 (0.007)
0.182 (0.007)
0.110 (0.004)
0.072 (0.003)

n.s.
n.s.
n.s.
n.s.
n.s.
n.s.
n.s.

b0.001
b0.001
b0.001
0.002
b0.001
b0.001
b0.001

n.s.
n.s.
n.s.
0.049
n.s.
n.s.
n.s.

Body mass (g)
Body length (mm)
Femur length (mm)
Tibia length (mm)

a
b
c

Data presented as: mean (standard error).
Two-way ANOVA using genotype and gender as factors.
MicroCT analysis.

or apparent woven versus lamellar bone content in either WT or
cKO animals (data not shown). HU reduced cancellous bone
volume/total volume (BV/TV) ratio, trabecular number, surface
area, and thickness in both WT and cKO, as measured by
microCT (Table 2). HU also increased trabecular spacing and
trabecular bone surface/bone volume (BS/BV) ratio. Histomorphometric measurements of cancellous bone volume at the distal
femur confirmed the microCT results (Table 2). The only genotype difference evident was a modest reduction in osteoblast
number (NOb/BPm) in HU-cKO mice compared to WT mice,
although differences in bone formation rates due to genotype or
hindlimb unloading were not observed (data not shown).
2.3. Hindlimb unloading increased cortical bone volume,
cross-sectional area, moments of inertia and bone strength in
cKO mice
MicroCT analysis of midshaft cortical bone revealed an
increase in HU-cKO cortical bone volume (+ 5.6%) compared
to normally loaded cKO (NL-cKO), with a significant
interaction between HU and genotype (Fig. 3, Table 2). Marrow
volume increased (+ 21.3%) due to effects of both HU and
genotype, although no significant interaction effect was evident.
HU also increased midshaft cross sectional area (+ 9.9%) in
cKO mice, but not in WT mice (Fig. 3, Table 2).
Cortical thickness was less in NL-cKO animals (−6.4%)
compared to NL-WT females due to a genotype effect, but
was not significantly influenced by HU. Differences in cortical thickness were the only statistically significant changes

observed that were attributed to the conditional knockout
genotype.
To determine changes in distribution of bone mass and geometric effects on bone load bearing ability, we calculated moments
of inertia at the midshaft. Hindlimb unloading significantly increased cKO minimum moment of inertia (Imin; +18.2%) as
compared to NL-cKO controls (Table 2). Elevated values in
maximum moment of inertia (Imax; +22.3%), and polar moment of
inertia (J; +20.6%) were also observed in the tibia of HU-cKO
when compared to NL-cKO mice, with a significant interaction
effect between genotype and HU (Fig. 3, Table 2). In contrast to
changes seen in HU-cKO tibial cortex, WT animals showed no
significant changes in response to HU. The femoral cortex
demonstrated similar geometric changes as the tibiae across all
groups (Table 3, data relevant to whole bone bending tests shown).
When femora were loaded to failure in three point bending,
hindlimb unloading significantly increased the cKO bending
stiffness (EI: + 19.8%) and ultimate bending moment (Mult:
20.2%) as compared to NL-cKO controls (Table 3). These
increases in bending performance were of the same order of
magnitude as the geometric parameters; the mean increase in the
moment of inertia about the bending test plane (Imin) was 20.7%
(Table 3), suggesting geometry compensation explains the
increased stiffness and strength in cKO femora.
An overlay of representative microCT slices from the tibiae
revealed areas where changes in cortical dimensions due to
hindlimb unloading occurred (Fig. 4). HU-WT animals showed
minimal changes, whereas HU-cKO animals exhibited greater
outer, periosteal surface and less inner, endocortical surface than
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Table 2
Comparison of hindlimb unloaded female mice with respect to genotype and loading status a
Sample type

WT

p-values b

cKO

n

NL

n

HU

n

NL

n

HU

Genotype
(β1)

Hindlimb unloading
(HU)

Interaction
(β1 ⁎ HU)

14

22.91 (0.38)

11

22.03 (0.35)

16

22.43 (0.38)

10

23.14 (0.75)

n.s.

n.s.

n.s.

Left proximal tibia c (cancellous)
Trabecular BV/TV
14
Tb. number (mm− 1)
14
Tb. thickness (mm)
14
Tb. spacing (mm)
14
Tb. surface area (mm2)
14
Tb. BS/BV (mm− 1)
14

0.115 (0.012)
3.832 (0.168)
0.054 (0.002)
0.265 (0.014)
8.61 (0.66)
50.91 (1.92)

11
11
11
11
11
11

0.074 (0.007)
3.344 (0.143)
0.048 (0.001)
0.306 (0.015)
6.38 (0.48)
58.14 (1.60)

16
16
16
16
16
16

0.126 (0.015)
3.932 (0.235)
0.054 (0.001)
0.266 (0.015)
9.45 (0.85)
50.91 (1.57)

10
10
10
10
10
10

0.089 (0.008)
3.521 (0.180)
0.049 (0.001)
0.291 (0.016)
8.16 (0.58)
55.84 (1.08)

n.s.
n.s.
n.s.
n.s.
n.s.
n.s.

0.003
0.030
b0.001
0.042
0.020
b0.001

n.s.
n.s.
n.s.
n.s.
n.s.
n.s.

Left tibia midshaft c (cortical)
Bone volume (mm3)
14
Marrow volume (mm3)
14
Cross sectional area (mm2) 14
Periosteal perimeter (mm)
10
Cortical thickness (mm)
14
J (mm4)
14
Imax (mm4)
14
Imin (mm4)
14

0.113 (0.002)
0.041 (0.001)
0.734 (0.010)
3.617 (0.027)
0.264 (0.003)
0.122 (0.003)
0.072 (0.003)
0.050 (0.001)

11
11
11
10
11
11
11
11

0.110 (0.003)
0.045 (0.003)
0.735 (0.021)
3.583 (0.027)
0.257 (0.005)
0.121 (0.006)
0.070 (0.004)
0.051 (0.003)

16
16
16
10
16
16
16
16

0.108 (0.002)
0.043 (0.002)
0.721 (0.012)
3.589 (0.061)
0.247 (0.004)
0.116 (0.004)
0.067 (0.002)
0.049 (0.002)

10
10
10
10
10
10
10
10

0.114 (0.003)
0.053 (0.004)
0.793 (0.031)
3.747 (0.076)
0.250 (0.003)
0.140 (0.010)
0.083 (0.006)
0.058 (0.004)

n.s.
0.027
n.s.
n.s.
0.002
n.s.
n.s.
n.s.

n.s.
0.008
0.048
n.s.
n.s.
n.s.
n.s.
0.040

0.039
n.s.
n.s.
n.s.
n.s.
0.033 d
0.018 d
n.s.

Left distal femur e (cancellous)
BV/TV
10
Tb. Th (µm)
10
NOb/BPm (mm− 1)
10
9
NOc/BPm (mm− 1)

7.21 (0.98)
31.06 (1.72)
13.94 (2.80)
1.80 (0.41)

11
11
10
11

5.53 (0.66)
26.97 (1.479)
16.16 (2.80)
2.09 (0.31)

11
11
11
11

7.71 (0.82)
31.43 (1.41)
12.24 (1.73)
1.60 (0.32)

9
9
9
9

5.84 (0.57)
26.96 (0.83)
8.21 (1.89)
1.83 (0.40)

n.s.
n.s.
0.048
n.s.

0.030
0.005
n.s.
n.s.

n.s.
n.s.
n.s.
n.s.

Whole animal
Body mass (g)

a

Data presented as: mean (standard error).
Two-way ANOVA using genotype and hindlimb unloading as factors.
c
MicroCT analysis.
d
Indicates significant interaction of HU and genotype by two-factor ANOVA and significant difference between NL-cKO and HU-cKO by single factor ANOVA
with Bonferroni–Dunn post hoc analysis.
e
Histomorphometric analysis.
b

their NL counterparts. This periosteal tissue would increase
bending behavior more than tissue located on the endosteum and
closer to the bending plane, as indicated by the moment of inertia.

Fig. 3. MicroCT measurements of HU group compared to NL groups expressed
as percent difference. Statistical significance by two-way ANOVA using HU and
genotype as factors is indicated by: ⁎p b 0.05, HU; ⁎⁎p b 0.05, genotype;
⁎⁎⁎p b 0.05, HU × genotype interaction.

3. Discussion
To determine if β1 integrins influence skeletal health
and responses to musculoskeletal disuse we used a Cre-lox
strategy, targeting deletion of the β1 integrin gene from
osteoblast-lineage cells, including osteocytes, the presumptive
mechanosensing cells of bone (Rubin et al., 2006; Suva et al.,
2005). The most immediate observation upon generating
cKO animals was that the mice were healthy with no appreciable
differences from WT mice in appearance at birth and throughout
growth. This result was initially surprising, considering that β1
integrins are a component of all known collagen binding
integrins, that collagen is the most abundant ECM molecule in
bone, and that the promoter used to drive recombination is a
strong promoter which leads to early and obvious skeletal abnormalities in other Cre-lox conditional knockout mice (Castro et al.,
2003; Itoh et al., 2006; Sakamoto et al., 2005). Furthermore, the
general skeletal health of cKO mice was in sharp contrast to mice
with β1 integrin conditionally deleted from chondrocytes, which
are born with dwarfism and display perinatal lethality due to
severely underdeveloped skeletons (Aszodi, Hunziker, Brakebusch and Fassler, 2003).
The mild phenotype of normally weightbearing cKO mice
may be attributed to the timing and extent of β1 integrin depletion
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Table 3
Comparison of femoral properties in hindlimb unloaded female mice with respect to genotype and loading statusa
WT
n

p-valuesb

cKO
NL

n

HU

n

NL

n

HU

Genotype (β1) Hindlimb Unloading(HU) Interaction (β1 ⁎ HU)

c

Three-point bending
EI (N-mm2) 14 704 (23)
11 653 (25)
16 597 (30)
10 715 (65)
n.s.
Mult (N-mm) 14 39.7 (0.8)
11 37.1 (1.3)
16 34.2 (1.2)
10 41.1 (1.2)
n.s.
Dult (mm)
14 0.294 (0.010) 11 0.292 (0.006) 16 0.293 (0.010) 10 0.293 (0.013) n.s.

n.s.
0.070
n.s.

0.0031e,f
0.0002e,f
n.s.

Left femur midshaft a,d
J (mm4)
14 0.421 (0.012) 11 0.384 (0.022) 16 0.369 (0.018) 10 0.445 (0.025) n.s.
Imax (mm4)
14 0.261 (0.008) 11 0.237 (0.014) 16 0.234 (0.013) 10 0.282 (0.017) n.s.
14 0.160 (0.005) 11 0.147 (0.009) 16 0.135 (0.006) 10 0.163 (0.009) n.s.
Imin (mm4)

n.s.
n.s.
n.s.

0.0063e
0.0108
0.0042e,f

a

Data presented as: mean (standard error).
Two-way ANOVA using genotype and hindlimb unloading as factors. Indicates significant interaction of HU and genotype by two-factor ANOVA.
c
Mult = ultimate bending moment. Dult = displacement at ultimate moment. EI = bending stiffness.
d
MicroCT analysis.
e
Significant difference between NL-cKO and HU-cKO by single factor ANOVA with Bonferroni-Dunn post hoc analysis.
f
Significant difference between NL-WT and NL-cKO by single factor ANOVA with Bonferroni-Dunn post hoc analysis.
b

in osteoblast lineage cells in addition to possible functional
redundancy with other integrins. Immunostaining revealed β1
integrin protein depletion in cortical osteocytes but not in cancellous osteocytes or surface osteoblasts. This differential effect
may occur due to a lower than expected recombination efficiency
so that both copies of the floxed gene were not deleted effectively
except in the long-lived cortical osteocytes. However, staining of
cKO bones for β-galactosidase, which is expressed only after Cre
recombinase-mediated recombination has occurred (Aszodi et al.,
2003), revealed that β1 gene deletion was widespread on surface
cells, although we have no evidence that both of the copies of
floxed β1 integrin gene were effectively deleted. β1 integrin
protein may have a long half-life in vivo, so that even with
effective deletion of both alleles, protein degradation may not
occur quickly enough to ablate the protein in osteoblasts prior to
terminal differentiation of the cells into osteocytes. In cultured
cells, the half-life of integrins is reportedly on the order of days
(Delcommenne and Streuli, 1995), although in vivo the protein's
half-life is not known and may be considerably longer. Boneforming osteoblasts in situ have a relatively short active life span,
estimated to be approximately 12 days in mice (Weinstein et al.,
1998), which we suggest may not be long enough to deplete

Fig. 4. Overlay of representative midshaft microCT slices. NL slices were
pseudocolored red and merged with HU slices that were pseudocolored blue.
The resulting purple color indicates common areas of bone. Blue in merged
images indicates bone gained with HU. Red in merged images indicates bone
lost with HU.

remaining β1 integrin protein from surface osteoblasts and cancellous osteocytes following Cre-mediated gene deletion. Thus,
achieving the goal of determining β1 integrin's role in active,
bone-forming osteoblasts will require the use of a different promoter that is expressed earlier during differentiation in the future.
In any event, targeted depletion of β1 integrin protein to cells
within the osteoblast lineage was successfully achieved in this
study, affording the unique, if unexpected, opportunity to test
directly the role of β1 integrins specifically in cortical osteocytes.
Functional redundancy between β1 integrins and other adhesion receptors may also contribute to the similarity of skeletal
phenotypes in normally weightbearing cKO and WT mice.
Recently, redundancy was shown between the integrin-mediated
signaling proteins Focal Adhesion Kinase (FAK) and pyk-2 in
osteoblasts in a model of fracture repair (Kim et al., 2007).
Ablation of β1 integrins is expected to deplete all known
collagen-binding integrins, confining the majority of ECM
signals to those integrins that bind non-collagenous proteins. β3
integrins bind non-collagenous ECM molecules found in bone
including fibronectin and vitronectin, and can influence osteoblast
function in cultured osteoblasts (Cheng et al., 2001; Schneider et
al., 1999; Wozniak et al., 2000; Wu, 1997), while accumulation of
non-collagenous ECM molecules causes increased bone formation (Daci et al., 2003). Recent reports also indicate that αVβ3 or
αVβ5 may play a key role in mechanotransduction by osteocytes
(Miyauchi et al., 2006; Wang et al., 2007) although these studies
do not demonstrate a causal link.
Musculoskeletal disuse by hindlimb unloading for one week
triggered rapid geometric and functional changes in midshaft
cortical bone of cKO, but not WT mice; the bone volume and
moments of inertia were both higher in tibiae from cKO mice
subjected to disuse, compared to normally loaded cKO mice.
Small increases in periosteal radius can result in marked increases in bone strength. Elevated cross-sectional moments of
inertia render bones geometrically more resistant to bending
loads because the bone mass is positioned further away from the
neutral axis (where strains are near zero). Statistical analysis
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revealed the effect of hindlimb unloading on cross-sectional size
was different in the two genotypes, with a significant increase in
cKO but not WT cortices. The finding that both the minimum
and maximum moments of inertia increased similarly due to
unloading of cKO mice indicates that the bone surfaces maintained the same degree of ellipticity while expanding. Consistent with these geometric findings, three-point bending tests
similarly demonstrated that the effects of acute disuse were
different in cKO and WT femora; while WT bones demonstrated no effects of unloading, cKO bones increased both
stiffness and strength with disuse. The increased load bearing
performance was consistent with, and of a similar magnitude as,
the geometric changes suggesting that the compensatory mechanism was through geometric, not material adaptation (van
der Meulen et al., 2001).
We identified the approximate positions of altered bone mass
by overlaying representative microCT slices from NL and HU
tibiae of each genotype (Fig. 4). Differences observed in overlays
aligned with changes evident in cross-sectional parameters, revealing increased erosion of endocortical surfaces and expansion
at periosteal surfaces of bones from cKO mice that were hindlimb
unloaded relative to normally loaded controls. In humans, similar
geometric changes occur during aging (Ruff and Hayes 1982),
after menopause (Ahlborg et al., 2003), or following prolonged
spaceflight (Lang et al., 2006) but over a much longer period of
time than employed in this study. These geometric increases in
bone size serve as a compensatory mechanism, to adapt bone
strength when weightbearing bones experience increases in
mechanical loading.
The rapidity of the changes in cortical geometry triggered by
disuse that were observed in cKO animals shows that erosion of
endocortical surfaces was temporally coordinated with expansion
at periosteal surfaces, indicative of an overall increase in bone
turnover. Consistent with this finding, we previously reported that
in hindlimb unloaded, growing mice, expression of a functionperturbing fragment of β1 integrin under the control of the
osteocalcin promoter caused a greater increase in osteoclast surface in cancellous bones compared to wildtype mice (Iwaniec
et al., 2005). These results, together with our findings that β1
integrin was depleted from cortical (but not cancellous) osteocytes, lead us to conclude that osteocytes are the most logical
candidate for mediating the unique changes in cortical geometry
observed in cKO mice due to hindlimb unloading.
We propose that in osteocytes, endogenous β1 integrins serve
to limit periosteal apposition and marrow expansion following
abrupt changes in mechanical loading. Acute disuse by hindlimb
unloading causes an increase in apoptosis specifically at those
sites that are resorbed subsequently by osteoclasts (Aguirre et al.,
2006). Hindlimb unloading-induced apoptosis of osteocytes is
associated with a transient decline in protein expression levels of
α5β1 integrin and the survival protein, Bcl-2, with increased
ratio of Bax/Bcl-2 in unloaded bones, thereby favoring apoptosis
(Dufour et al., 2007). The loss of β1 integrins in osteocytes
might lead to increased rates of apoptosis in mice that were also
hindlimb unloaded, causing the observed expansion of the
marrow cavity. To test this hypothesis we measured apoptosis
using the TUNEL assay and found few or no positive cells
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in demineralized bone sections of either cKO or control mice
(results not shown). Thus, apoptotic mechanisms seem less
likely to account for the observed expansion of the marrow
cavity. While the precise mechanisms for rapid and simultaneous
expansion of periosteal surface and marrow cavity in cKO mice
during hindlimb unloading are not known, our findings indicate
that during acute disuse, endogenous β1 integrins on osteocytes
function to quench signals that accelerate turnover at cortical
bone surfaces. Consistent with this proposed inhibitory role for
endogenous β1 integrins, over-expression of the α7BX2 subunit
(which pairs with β1 integrin) protects transgenic mice from
exercise-induced muscle damage (Boppart et al., 2006). The
authors conclude that in vivo, the α7β1 integrin functions as a
negative regulator of mechanotransduction.
In summary, we demonstrate the generation of a bone-specific
conditional knockout of β1 integrin, where β1 integrin is depleted
from cortical osteocytes. This knockout model is phenotypically
indistinguishable from its wildtype counterpart until challenged
with acute skeletal disuse. The corresponding changes in bone
geometry and stiffness in this model system supports the proposed
hypothesis that loss of β1 integrin function results in the loss of a
negative compensatory response to skeletal disuse. These findings are consistent with changes seen in the aging skeleton and
may provide insight to mechanisms of skeletal adaptation during
aging.
4. Experimental procedures
4.1. Animals
All animals were handled in accordance to pre-approved
NASA Ames IACUC protocols. Mice possessing a construct of
the 2.3 kb proximal region of the collagen α1(I) promoter driving
Cre-recombinase expression (Colα1(I)-Cre) were a gift from Dr.
Gerard Karsenty (Dacquin et al., 2002). Transgenic mice
possessing loxP flanked (floxed) β1 integrin (β1fl/fl) were a gift
from Dr. Reinhard Fässler (Potocnik et al., 2000). The LacZ gene
was engineered into the β1fl/fl mice such that successful recombination deletion of β1 integrin resulted in expression of βgalactosidase. Both mouse lines were maintained on a C57BL/6
background. Deletion can then be determined by histochemical
analysis or PCR with a third primer specific for the LacZ (Fig. 1A).
Colα1(I)-Cre mice were crossed with β1fl/fl mice. Genotype was
confirmed by PCR as previously described (Dacquin et al., 2002).
F1 generation male Colα1(I)-Cre+/β1fl/wt were crossed with
female β1fl/fl. F2 generation male and female conditional knockouts (cKO; Colα1(I)-Cre+/β1fl/fl ) were used in phenotype
characterization experiments with their floxed littermates (WT;
β1fl/fl) as controls. Four month old animals were used in all
experiments.
4.2. Detection of β1 integrin deletion and depletion
Recombinant deletion of the β1 integrin gene was confirmed
using PCR by adding a third primer (5'-TAAAACGACGGC
CAGTGAAT-3') to the primer set to detect floxed β1 integrin.
Knockout was characterized by the presence of a second low-
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molecular weight band. Intact bone tissue was cultured in the
presence of 0.75 mg/ml 5-bromo-4-chloro-3-indolyl-beta-D-galactopyranoside (X-gal) for 12 h to detect β-galactosidase activity
initiated by recombination. Bone tissue was fixed with cold zincparaformaldehyde (0.1 M Tris pH 7.4, 0.5% calcium acetate, 5%
zinc acetate, 5% zinc chloride, 4% paraformaldehyde) overnight
and decalcified with 10% EDTA for two weeks, embedded in
paraffin and sectioned. Samples were blocked in 1% bovine serum
albumin and incubated with anti-β1 integrin primary antibody
(Chemicon, Temecula, CA). Primary antibody was detected with
peroxidase conjugated anti-rat IgG secondary and visualized with
diaminobenzidine (DAB) and hematoxylin counterstain.
4.3. Hindlimb unloading
After a two-day acclimation period to HU cages, 16-week
old female cKO and WT littermates were either hindlimb
unloaded or allowed normal ambulation (NL) as previously
described in detail (Morey-Holton and Globus, 2002). In brief,
mice were unloaded by tail traction in a head-down tilt causing a
cephalad fluid shift and mechanical unloading of the hindquarters. Tails of mice were cleaned with 70% ethanol, sprayed with
medical adhesive, then orthopaedic traction tape was applied
along the length of the tail to distribute weight. The traction tape
was attached to a swivel and pulley system in cages custom built
to provide free movement by use of the forelimbs and continuous access to food, water, and cotton pads, which were
provided for enrichment. Animals were fed ad libitum, but food
consumption and body mass were monitored to control for
possible variations in diet. Mice were injected subcutaneously
with 10 mg/kg calcein at 5 days before sacrifice and 1 day
before sacrifice for bone histomorphometric analysis.
4.4. Microcomputed tomography (microCT)
The left tibia from each animal was placed in an acrylic holder
using identical orientation and direction. Proximal metaphysis
and midshaft were scanned using the VivaCT40 microCT
(Scanco Medical, Bassersdorf, Switzerland). Images were
scanned at maximum resolution (voxel size: 10.5 µm) into a
single stack consisting of 210 slices. Trabecular evaluation was
done in a region measuring ~1.5 mm, consisting of 150 slices
starting approximately 0.2 mm from the deepest point of the
growth plate advancing distally. The measured volume of interest
was obtained by separating the cancellous bone from cortical shaft
with semi-automatically drawn contour areas. Several control
images were evaluated to establish a nominal threshold value
representing ~35% of maximum values for cancellous tissue. A
global threshold was used for all 3D trabecular evaluations.
Midshaft cortical bone was scanned exactly 0.5 mm proximal to the tibia-fibula junction (TFJ). Twenty slices representing ~ 0.2 mm of cortical bone were evaluated using the
midshaft analysis software furnished by Scanco. Volume of
interest was obtained by automatic contouring only for tibia
cortical bone, excluding the fibula. Femur midshaft cortical
bone was scanned in a similar manner with the exception that
scans were performed at the geometric midpoint of the dia-

physis. Segmentation values represented a threshold ~ 45% of
the maximal value for the cortical tissue. A global threshold was
used for all 3D cortical evaluations.
The moment of inertia is a geometric measure of the ability
of a structure such as a whole bone to resist loading. This
geometric measure depends on the distribution of the material
around the axis of torsion (J = polar moment of inertia) or plane
of bending (Imax and Imin = maximum and minimum bending
moments of inertia).
4.5. Histomorphometry and TUNEL staining
Left distal femur samples were fixed overnight in 4%
paraformaldehyde/PBS at 4 °C, then stored in 70% ethanol
until dehydration in graded ethanol solutions and embedding undecalcified in modified methyl methacrylate. These bone samples
were then sectioned longitudinally with Leica/Jung 2065 and
2165 microtomes at indicated thicknesses of 4 and 8 µm. The
thinner sections were stained according to the Von Kossa method
with a tetrachrome counterstain (Polysciences, Warrington, PA),
whereas the thicker sections remained unstained for collection of
fluorochrome-based data under UV illumination.
Histomorphometric measurements were performed in cancellous bone tissue of the distal femoral metaphysis in a sample area
beginning 0.5 mm proximal to the growth-plate-metaphyseal
junction, which excluded the primary spongiosa. Bone measurements were performed in two sections per animal with the
Osteomeasure System (Osteometrics, Atlanta, GA). The data
collected include cancellous bone volume, trabecular thickness,
osteoblast and osteoclast numbers, mineralizing surface, mineral
apposition rate, and bone formation rate (surface referent), as
previously described (Iwaniec et al., 2005). Measurements reported: Bone Volume/Total Volume (BV/TV), Trabecular Thickness
(Tb.Th), Number of Osteoblasts/Bone Perimeter (NOb/BPm),
Number of Osteoclasts/Bone Perimeter (NOc/BPm).
To detect apoptosis in osteocytes we used the fluorescent
TUNEL (terminal deoxynucleotidyl transferase (TdT)-mediated
dUTP nick end labeling) assay (F. Hoffmann-La Roche Ltd.
Basel, Switzerland). Specifically bones were decalcified with
20% EDTA for 1 week, followed by embedding in paraffin, and
preparation of 10-µm sections prior to TUNEL staining according to the manufacturer's protocol.
4.6. Mechanical testing
Whole-bone mechanical properties were determined by loading the right femora to failure in three-point bending using a
servohydraulic testing machine (858 Mini Bionix; MTS Systems,
MN) and a 25-lb load cell (MLP 25; Transducer Techniques, CA).
The femora were placed horizontally, centered on two supports,
with the anterior surface facing upwards and load applied to the
mid-diaphysis of the bone. A span length of 6 mm was used with a
constant strain rate of 0.1 mm/s. Load and displacement data were
sampled at 20 Hz (TestStar II system version 3.1c; MTS Systems,
MN).
Load-displacement curves were analyzed for bending stiffness, ultimate moment and displacement at the ultimate moment.
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The bending stiffness is the resistance to deformation for a given
load. The ultimate moment is the maximum bending load
sustained before failure of the whole bone and is commonly
referred to as the strength of the whole bone. Bending stiffness
(EI, N⁎mm2) was calculated as:
EI ¼

K ⁎l 3
48

where K is the slope of the linear region of the load-displacement
curve (N/mm), and l is the span length (mm). Bending moments
were calculated from the loads (F) as:
M¼

F ⁎1
4

4.7. Statistical analysis
All data are presented as the mean ± standard error of mean
(SEM). Two-factor analysis of variance (ANOVA) was
performed to address the influence of β1 integrin conditional
knockout (β1), gender and their interaction (β1 ⁎ gender)
(Table 1). Hindlimb unloading experiments were then performed
on female animals to eliminate the influence of gender differences. Two-factor ANOVA was applied to determine the interactive influence β1 integrin (genotype), loading status (HU) and
their interaction (β1 ⁎ HU) (Table 2). All analyses were
performed using Statview v5.0.1 software. P b 0.05 was considered statistically significant. Post-hoc analysis, using the
Bonferroni–Dunn method, was performed on values exhibiting
an interaction effect.
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