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Mechanical Modulation of Molecular Signals Which
Regulate Anabolic and Catabolic Activity in Bone Tissue
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Abstract Identifying the molecular mechanisms that regulate bone’s adaptive response to alterations in load
bearing may potentiate the discovery of interventions to curb osteoporosis. Adult female mice (BALB/cByJ) were subjected
to catabolic (disuse) and anabolic (45 Hz, 0.3g vibration for 10 min/day) signals, and changes in the mRNA levels of
thirteen genes were compared to altered indices of bone formation. Age-matched mice served as controls. Following 4
days of disuse, significant (P¼ 0.05) decreases in mRNA levels were measured for several genes, including collagen type I
(�55%), osteonectin (�44%), osterix (�36%), and MMP-2 (�36%) all of which, after 21 days, had normalized to control
levels. In contrast, expression of several genes in the vibrated group, which failed to show significant changes at 4 days,
demonstrated significant increases after 21 days, including inducible nitric oxide synthase (iNOS) (39%, P¼ 0.07),
MMP-2 (54%), and receptor activator of the nuclear factor kB ligand (RANKL) (32%). Correlations of gene expression
patterns across experimental conditions and time points allowed the functional clustering of responsive genes into two
distinct groups. Each cluster’s specific regulatory role (formation vs. resorption) was reinforced by the 60% suppression
of formation rates caused by disuse, and the 55% increase in formation rates stimulated by mechanical signals (P< 0.05).
These data confirm the complexity of the bone remodeling process, both in terms of the number of genes involved, their
interaction and coordination of resorptive and formative activity, and the temporal sensitivity of the processes. More
detailed spatial and temporal correlations between altered mRNA levels and tissue plasticity may further delineate the
molecules responsible for the control of bone mass and morphology. J. Cell. Biochem. 94: 982–994, 2005.
� 2004 Wiley-Liss, Inc.
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Functional load bearing has a strong influ-
ence on bone remodeling, as evidenced by its
direct impact on osteoblastic and osteoclastic
activity, and ultimately, by alterations of bone

mass and morphology. Decreases in functional
loading, which occur under conditions, such as
spaceflight or bedrest, suppresses osteoblast
activity while elevating osteoclastic activity
[Turner, 2000], resulting in a net loss of bone
[Alexandre et al., 1988; Judex et al., 2004].
Conversely, specific increases in load bearing,
as in the form of exercise, can stimulate
osteoblastic activity while suppressing osteo-
clast recruitment and activity [Judex and
Zernicke, 2000; Tajima et al., 2000], resulting
in net improvements in both bone quantity and
quality [Rubin et al., 2002; Judex et al., 2003].

In vivo studies, which have investigated the
influence of mechanical loading on bone plasti-
city, have focused on identifying those specific
mechanical parameters responsible for regulat-
ing the response. By design, many of these
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studies have precluded a rigorous characteriza-
tion of themolecularmechanismswhich control
bone’s adaptive processes, thus hampering a
full understanding of the etiology of osteoporo-
sis, and limiting a systematic examination of
potential drug targets involved in regulating
bone disease. In vitromodels of bone adaptation
have been used to demonstrate that a number of
diverse molecules are related to mechanically
mediated changes in bone formationand resorp-
tion—ranging from immediate early genes such
as c-fos to the most abundant protein in bone,
collagen type I [Nomura and Takano-Yama-
moto, 2000; Rubin et al., 2000; Genever and
Skerry, 2001; Jiang et al., 2002; Hatton et al.,
2003; Peake and el Haj, 2003; Saunders et al.,
2003]. Critical putative functions of genes
involved in mechano-reception and transduc-
tion have been derived from these studies.
Ultimately, however, removal of cells from
their matrix may mask critical interdependent
interactions between osteoblasts, osteoclasts,
osteocytes, and other cells [Parfitt, 1995], and
emphasizes the benefits of using integrative
in vivo models to more fully characterize the
molecules, which ultimately control bone remo-
deling activity, and more rigorously consider
the complexity of the bone remodeling re-
sponse [Pavlin and Gluhak-Heinrich, 2001;
Hadjiargyrou et al., 2002; Karsenty, 2003].
We have recently demonstrated that extre-

mely small magnitude forces, induced non-
invasively to the skeleton as whole body vibra-
tions, can be perceived as osteogenic [Rubin
et al., 2001a]. In the proximal tibia of adult
BALB/cByJmice, for example, 10min per day of
a 45 Hz, 0.3g acceleration (1g¼ acceleration on
Earth, or 9.8m/s2) is anabolic to trabecular bone
[Judex et al., 2002], while disuse is catabolic and
may also suppress bone formation [Judex et al.,
2002]. The goal of the study reportedherewas to
relate these mechanically mediated changes in
bone formation rates (BFR) to the expression of
a broad set of genes anticipated to play a role in
regulating bone adaptation. The thirteen genes
considered all have critical, but not necessarily
unique, tasks in (mechanically induced) bone
formation (Cbfa1 [Ontiveros and McCabe,
2003], osterix [Nakashima et al., 2002], BMP-2
[Sato et al., 1999], IGF-1 [Kawata and Mikuni-
Takagaki, 1998], MMP-2 [Blumenfeld et al.,
2002], collagen type I [Moalli et al., 2000],
integrin b3 [Weyts et al., 2002], osteonectin
[Pioletti et al., 2003]) and bone resorption

(RANKL [Rubin et al., 2003], iNOS [Watanuki
et al., 2002], osteopontin [You et al., 2001],
MMP-9 [Rantakokko et al., 1999], cathepsin K
[Rantakokko et al., 1999]). It was hypothesized
that alterations in load bearing (increase or
decrease) will stimulate differential responses
in the activity of these formation and resorption
gene ‘‘families,’’ including their temporal
expression patterns.

MATERIALS AND METHODS

Experimental Design

All procedures were reviewed and approved
by the University’s Animal Care and Use
Committee, and met or exceeded all AALAC
guidelines. Sixteen-week-old female BALB/
cByJ mice were randomly distributed into one
of three groups: control, disuse, andmechanical
stimulation (n¼ 15, each). Mice were housed
individually in standard cages (28� 17� 13 cm)
and had access to rodent chow (autoclaved diet
NIH-31 with 6% fat, 18% protein, Ca:P 1:1,
vitamin, and mineral fortified) ad libitum. The
catabolic stimulus was achieved by functional
disuse, initiated by applying (24 h/day) a
hindlimb unloading apparatus (tail suspen-
sion), originally developed for the rat [Morey-
Holton and Globus, 2002], and modified for use
in the mouse [Judex et al., 2002]. The mechani-
cally mediated anabolic signal was achieved by
placing them on a platform, which oscillated
vertically at 45 Hz, 0.3g, for 10 min/day, 5 days/
week [Judex et al., 2002]. Six mice from each
group were sacrificed after 4 days, and nine
mice fromeachgroupsacrificedafter 21days.To
facilitate the accurate measurement of bone
formation, mice in the 21-day group were
injected with calcein (i.p.,10 mg/kg) on day 10
and 19.Upon sacrifice, left and right tibiaewere
harvested, cleaned of all surrounding soft
tissue, and preserved in 70% EtOH (right tibia;
histomorphometry), or immediately snap-
frozen in liquid nitrogen and stored in �808C
(left tibia; gene expression).

Histomorphometry

Processing of the mouse tibia for histomor-
phometry has been described previously [Judex
et al., 2002]. Briefly, the proximal and diaphy-
seal region of the right tibia of each mouse
was embedded in methyl-methacrylate (Fisher
Scientific, NJ). Following polymerization, a 7-
mm-thick undecalcified frontal section was cut

Mechanical Modulation of Gene Expression in Bone 983



with a sledge microtome (Reichert Jung,
Germany) from the proximal tibia and a 40-mm
transverse section was cut from the middiaphy-
sis with a diamond wire saw (Well Diamond
Wire Saws, GA). For each tibia, mididaphyseal
cortical (Ct.Ar) and metaphyseal trabecular
bone area (Tb.Ar) were measured, and BFR
were determined with bone surface (BS) as
referent. Further, mineralizing surface (MS/
BS), an indicator for the presence of osteoblasts
on surfaces and mineral apposition rates
(MAR), an indicator of how fast osteoblasts are
producing new bone, were measured. All ana-
lyses were performed with the operator blinded
to the identity of the mouse from which the
section had been harvested. Bone sections that
failed to display double labels anywhere within
the entire tibial section, indicating that one
of the fluorescent label injections was not
absorbed, were removed from the dynamic bone
analyses (applicable to one specimen from the
control group). To compare changes in gene
expression (based on RNA extracted from the
entire tibia) to altered static and dynamic
histomorphometric bone indices at the tissue
level, all formation rates and bone areas were
averaged between trabecular and cortical bone.

RNA Extraction

Upon storage in �808C, individual left tibiae
(including bone marrow and cartilage) were
crushed into a fine powder using a liquid
nitrogen cooled mortar and pestle, and total
RNA was isolated using standard protocols
[Reno et al., 1997; Majima et al., 2000]. TRIzol
reagent (Life Technologies, MD) was added to
the bone powder and further homogenized.
Phases were separated with chloroform under
centrifugation (12,000g). One volume of ethanol
was added to the aqueous phase and total RNA
was isolated using the RNeasy Total RNA
isolation kit (Qiagen, CA) as directed by the
manufacturer. Any potential DNA contamina-
tion was removed with RNase free DNase
(Qiagen). A cyto-fluorometer and a fluorescent
dye (Ribo Green, Molecular Probes, OR) were
used to quantify the amount of total RNA ex-
tracted from the tibia. The integrity of all RNA
samples was assessed by agarose gels and RT-
PCR amplification curves, leading to the exclu-
sion of three bones from each of the 21-day
groups. Consideration of a relatively large
number of genes across three different experi-
mental groups (control, vibrated, disuse) and

two time points (4 and 21 days) necessitated the
pooling of RNA samples [Kendziorski et al.,
2003] for each group at a given time point (two
pools of n¼ 3). Experimental error was mini-
mized by running all samples (pools) in tripli-
cates, and the average of the three values was
used for further analyses.

Quantification of Gene Expression

The thirteen candidate genes monitored in
this studywere selected based on their proposed
critical roles in regulating bone-remodeling
activity. Although most, if not all, of the chosen
genes almost certainly have multiple func-
tions, the 13 candidate genes were categorized
into those critical to: (1) formative processes
and (2) resorptive processes. Of course, the
pool of possible candidate genes implicated in
bone formation and resorption is enormous
[Karsenty, 2003; Teitelbaum and Ross, 2003],
and an entirely different set of candidate genes
could have been used to characterize changes in
the mechanically mediated expression levels of
formative and resorptive genes as a function of
time. Thus, many genes essential to the control
of bone’s response to mechanical perturbations
were inherently not considered. Similarly, the
number of possible time points, especially for
the screening of immediate early genes, is
essentially infinite, and the 4 and 21 days time
points were chosen as indicators of relatively
early and intermediate processes occurring at
the tissue level [Pead et al., 1988].

Genes characterized as essential to bone
formation included: core binding factor alpha-
1 (Cbfa1), osterix, insulin growth factor-1 (IGF-
1), bone morphogenetic protein-2 (BMP-2),
integrin b3, collagen type I (a1), metalloprotei-
nase-2 (MMP-2 or gelatinase A), and osteonec-
tin. Genes related to bone resorption included:
receptor activator of the nuclear factor kB
ligand (RANKL), inducible nitric oxide syn-
thase (iNOS or NOS2), cathepsin K, metallo-
proteinase-9 (MMP-9 or gelatinase B), and
osteopontin. The expression levels of these 13
candidate genes were quantified using a real-
time PCR cycler (LightCycler, Roche, IN) rela-
tive to the expression levels of a housekeeping
gene, glyceraldehyde phosphate dehydrogenase
(GAPDH).

Mouse specific primers for the coding region
of each genewere designed and verified through
sequencing. A ‘‘one-step’’ real-time RT-PCR kit
(Qiagen, CA) provided the chemistry for the
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quantification process (e.g., reverse transcrip-
tase, buffer, nucleotides, SYBRGreen). Anneal-
ing temperature and the amount of RNA
template (�1–10 ng) were optimized for each
primer pair. The cycling conditions for each
reaction consisted of reverse transcription at
508C for 20 min, activation at 958C for 15 min,
and amplification for 40 cycles. Each amplifica-
tion cycle includeddenaturationat 948Cfor 15 s,
annealing at temperatures specified in Table I
for 20 s, and extension at 728C for 12 s. Upon
amplification, amelting curveanalysis (958C for
5 s, 558C for15 s, and958C for0 s)wasperformed
to check for single amplicons. Both the gene of
interest and the housekeeping gene were
included in the same RT-PCR run to minimize
variations. Each run also included standard
curves for both genesusing serially dilutedRNA
from a generic mouse tibia. LightCycler soft-
ware quantitated the expression level of the
gene of interest with GAPDH expression levels
as a referent.

Statistical Analyses

For multiple comparisons, t-tests with
Bonferroni corrections conservatively tested
for differences in histomorphometric indices
between the control and the two experimental
groups. Temporal changes in body mass within
a group of mice were assessed by paired t-tests.
The pooling of RNA from three animals

within each group (run as triplicates) afforded
t-tests (with conservative Bonferroni correc-
tions) to compare gene expression levels
between experimental (vibrated or disuse) and

control mice [Kendziorski et al., 2003]. For a
given gene, the true expression level in animal
j of group i can be written as yij ¼ mi þ ej, where
mi is the group mean, and ej represents the
biological variation between individual animals.
The kth measurement (measurements were
made in triplicates) of the jth pool (of three
animals) in the ith group can be written as:

zijk ¼ mi þ
ej1 þ ej2 þ ej3

3
þ dk;

where dk is the measurement error. The t-test
statistic to determine the difference between
the control and experimental groups becomes
T ¼ �YY1 � �YY2= SE �YY1 � �YY2

� �� �
, where �YYi is the

average of two pools in each group, and the de-
nominator is the standard error of thenumerator.
Therefore, the variance of �YY1 � �YY2 equals 1=3�
ðs2

biologic þ s2
measurementÞ, where s2

biologic is the
variance of the biological variation e (reflected
in the variation between the two pools of three
animals each) and s2

measurement is the variance of
the measurement errors d (reflected in the
variation between the three measurements for
each pool). Assuming s2

biologic and s2
measurement

are similar for all six groups (3 groups*2 time
points) for a given gene (i.e., the underlying
distribution for the population from which the
two pools were drawn is similar in shape for

all groups), the standard error 1=3�ðs2
biologicþ

s2
measurementÞ is estimated by

P6
i¼1

�ZZi1 � �ZZi2

� �2
=

12,where i is the index of the six groups from the
two time points, and �ZZi1 and �ZZi2 are the average
measurements of pools 1 and 2. Therefore,

TABLE I. Primer Sequences, Generated Amplicon Size, and Melting Temperature
Corresponding to the 13 Candidate Genes (and GAPDH, the ‘Housekeeping’ Gene)

Used for This Study

Target gene Forward (50 to 30) Reverse (50 to 30) Size Temperature (8C)

Genes involved in bone formation
BMP-2 AGGATTAGCAGGTCTTTGC GCCACGATCCAGTCATT 215 58
CBFA1 AGCAGCACTCCATATCT CTTCCGTCAGCGTCAA 179 56
Collagen (a1) CTGGCAAGAATGGCGA GAAGCCACGATGACCC 161 55
Integrin-b3 AGGATTACCGACCCTCT ATCTTGCCGAAGTCGC 121 57
IGF-1 CGCTCTGCTTGCTCACC CCCCTCGGTCCACACA 103 58
MMP2 AGGTGTGCCAAGGTGGA GAAGGAAACGAGCGAAGG 108 58
Osteonectin GCATCAAGGAGCAGGACA CGGAACAGCCAACCATC 139 58
Osterix CCCAGAGCAGAGCAACC CAGAGAGAGCCCCCAGA 150 57

Genes involved in bone resorption
Cathepsin-K GAAAATTGTGACCGTGATAATG CGTTGTTCTTATTCCGAGC 116 56
MMP9 TCTGGCACACGCCTTTC GGCACCATTTGAGTTTCCA 124 58
NOS2 CAGCACAAAGGGCTCAAA CTCTCTTGCGGACCATCTC 109 57
Osteopontin CGTCCCTACAGTCGATG GCTGCCCCTTTCCGTTG 226 57
RANKL CTGGTCGGGCAATTCT CCCAAAGTACGTCGCAT 139 55

Housekeeping gene
GAPDH ACCAACTGCTTAGCCC CTTCCCGTTCAGCTCT 222 55–58

They are segregated into those genes proposed to be involved in bone formation, and those important in regulating bone resorption.
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the t-statistic to compare the control group to an
experimental group was computed as:

T ¼
�YYcontrol � �YYexpffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiP6

i¼1

�ZZi1 � �ZZi2

� �2
=12

s :

The degrees of freedom for the estimate of the
standard error was six, and P-values were
calculated based on the underlying student-t
distributions.

To contrast alterations in gene expression
between the two time points, a t-statistic
similar to the one above was obtained. The
numerator is the difference between the experi-
mental and control groups across the 4 and
21 days time points and the denominator is its

standard error, that is,
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiP6

i¼1 ð �ZZi1 � �ZZi2Þ2=6
q

.
Corresponding P-values were also determined
with six degrees of freedom. See Kendziorski
et al. [2003] for a more detailed discussion on
using statistical tests for pooled samples.

Linear correlations tested the association of
gene expression patterns across the three
conditions and two time points. To avoid map-
ping of potential ‘‘noise,’’ only genes that either
(1) were differentially regulated at least at
one time point (or treatment) or (2) exceeded
changes in mRNA levels by 10% at least at two
time points (or treatments) were included in
this analysis. Expression patterns of genes
which were highly correlated to each other
(R> 0.6) were grouped into clusters. Multi-
factorial univariate ANOVA tested for main
effects and interactions of the two fixed factors,
(1) time point and (2) variations in the induced
mechanical environment. Differences in the
latter factor were followed-upwith Tukey’s post
hoc tests. All testswere run separately for genes
that had been categorized as bone formation or
bone resorption genes.Histomorphometric data
were presented asmean�SD, and gene expres-
sion data were presented as averages of the
three runs for each pool. Statistical significance
was set atP¼ 0.05, andP-values between 0.05–
0.07 were considered as borderline significant.

RESULTS

Body Mass and Histomorphometry

No significant differences in body mass were
detected between the three experimental groups
at baseline, at 4 days, or at 21 days, although
disuse mice lost 4% (P¼ 0.02) of their weight

over the 21days protocol (no significant changes
were observed in the other two groups).

BFR in the tibial metaphysis (trabecular
bone) and the perosteal and endocortical sur-
faces of the diaphysis (cortical bone) were
measured in the 21-day animals to characterize
the tissue level response of the tibia to altera-
tions in its normal functional environment.
Averaged across trabecular and cortical bone,
bone formation rates (BFR/BS) were 55%
(P¼ 0.04) greater in mice exposed to the low-
level mechanical signal and 60% (P¼ 0.002)
lower in disuse mice when compared to control
mice (Fig. 1).

Changes in BFR were relatively uniform
across the trabecular and cortical surfaces.
In trabecular bone, vibration stimulated a
32% (P¼ 0.03) increase in BFR, while re-
moval of functional load bearing caused a 55%
(P¼ 0.001) reduction in BFR (Table II). In
diaphyseal cortical bone, BFR were 93%
(P¼ 0.12) greater at the periosteal surface
(62%, P¼ 0.16, at the endocortical surface) of
mice subjected to 10 min/day of vibration than
in control mice (Table II). In contrast, disuse
caused a 60% (P¼ 0.04) decrease in BFR at the
periosteal surface (69%, P¼ 0.02, at the endo-
cortical surface). Similarly to BFR, ten minutes
of daily vibrations upregulated mineralizing
surface (MS/BS) in trabecular bone (18%,
P¼ 0.04) and MAR at the periosteal surface
(45%, P¼ 0.05). Disuse downregulated MS/BS
(�20%, P¼ 0.05) andMAR (�45%, P¼ 0.001) in
trabecular bone, MS/BS at the periosteal sur-
face (�63%, P¼ 0.01), as well as MS/BS (�49%,
P¼ 0.03) and MAR (�37%, P¼ 0.02) at the

Fig. 1. Mean (�SD) tibial bone formation rates (BFR/BS) of
control, vibrated, and disuse mice averaged across the trabecular
proximal metaphysis and the periosteal and endocortical surfaces
of the middiaphysis. Asterisks indicate significant differences
between the control and an experimental group (P< 0.05).
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endocortical surface of the middiaphysis
(Table II). Exposing the tibia to altered levels
of mechanical load affected bone volume only in
the trabecularmetaphysis of disusemice, which
was decreased by 43% (P¼ 0.003).

Gene Expression

Four days of disuse caused the expression of
several genes involved in bone formation to
be downregulated, including: osterix (�36%,
P¼ 0.001), BMP-2 (�26%, P¼ 0.06), collagen
type I (�55%, P¼ 0.003), osteonectin (�44%,
P¼ 0.02), and MMP-2 (�36%, P¼ 0.05) (Fig. 2).
Of the candidate genes proposed to be critical to
bone resorption, osteopontin was upregulated
(þ30%,P¼ 0.07) (Fig. 3).After 21days of disuse,
the expression levels of all genes, except osterix,
had reestablished the levels measured in age-
matched control mice. The expression of genes
coding for integrin-b3, Cbfa1, RANKL, cathe-
psin-K, and MMP-9 were not significantly af-
fected by disuse at either the 4 or 21 days time
point (Table III).
Four days of mechanical stimulation failed

to affect the mRNA levels of any of the can-

didate genes when compared to controls.
In contrast, following 21 days of mechanical
stimulation, changes in gene expression were
observed. MMP-2 mRNA levels were signifi-
cantly upregulated by 54% (P¼ 0.03), while
osterix (þ14%, P¼ 0.17), BMP-2 (þ18%,
P¼ 0.22), and collagen type I (þ19%, P¼ 0.20)
levels were modestly, but not significantly,
altered. Representing genes from the ‘‘resorp-
tion’’ group, RANKL (þ32%, P¼ 0.05), and iNos
(þ39%,P¼ 0.07)were significantly upregulated
or were borderline significant (Fig. 3).

Using those nine genes whose expression
values were either affected by vibration and/or
disuse (MMP-2, osteonectin, osterix, BMP-2,
collagen type I, iNOS, osteopontin, RANKL) or
exceeded changes of 10% over at least two time
points (Cbfa1), linear correlations (across the
experimental treatments and time points) asso-
ciated genes with each other such that genes
with high correlation coefficients were grouped
into the same cluster. Two clusters were suf-
ficient to generate correlation coefficients above
0.6 for each gene, except RANKL. As hypothe-
sized, genes that were anticipated to function-

TABLE III. Expression Ratios of Genes (With GAPDH Expression Levels as Referent) That
Were Not Significantly Affected by Either the Anabolic Low Level Mechanical Vibration (VIB)
or the Catabolic Signal, Disuse (DIS) at Either Time Point (4 and 21 days), when Compared to

Values Measured in Age-Matched Control Mice (CTR)

Cathepsin-K Cbfa1 IGF-I Integrin b3 MMP-9

4 days CTR 3.43 2.18 2.37 1.52 1.58
VIB 3.34 (�3%) 2.48 (14%) 2.34 (�1%) 1.44 (�5%) 1.80 (14%)
DIS 3.49 (2%) 2.03 (�7%) 2.64 (12%) 1.56 (3%) 1.70 (8%)

21 days CTR 3.35 2.31 2.40 1.67 1.91
VIB 3.56 (6%) 2.45 (6%) 2.60 (8%) 1.79 (8%) 1.84 (�4%)
DIS 3.53 (5%) 2.01 (�13%) 2.29 (�5%) 1.62 (�3%) 2.02 (6%)

Percentages in parentheses represent the differences in mean expression ratios between the experimental and control groups.

TABLE II. Bone Formation Rates (BFR/BS), Mineralizing Surface
(MS/BS), and Mineral Apposition Rates Measured at Trabecular

(Metaphysis) and Cortical (Middiaphysis) Surfaces of Control (CTR),
Vibrated (VIB), and Disuse (DIS) Mice (mean�SD)

BFR/BS
(mm/year) MS/BS (%) MAR (mm/day)

Trabecular CTR 129� 38 33.6� 5.8 1.0�0.3
VIB 170� 32* 39.5� 4.5* 1.2�0.2
DIS 58� 33* 27.0� 7.3* 0.6�0.2*

Periosteal CTR 61� 38 37.7� 17.5 0.4�0.1
VIB 118� 91 47.1� 24.2 0.6�0.2*
DIS 24� 24* 14.1� 10.2* 0.4�0.2

Endocortical CTR 72� 45 36.0� 16.4 0.5�0.2
VIB 117� 77 48.0� 18.0 0.6�0.2
DIS 22� 23* 18.3� 12.0* 0.3�0.1*

Asterisks indicate significant differences with respect to the control group.
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ally relate to each other generally fell into the
same cluster. Cluster 1 contained primarily
bone formation genes, including Cbfa1, osterix,
BMP-2, osteonectin, MMP-2, and collagen type-
1 (Table IV). iNOS and osteopontin defined
cluster 2 (R¼ 0.68). RANKL did not fit into any

either cluster; the only gene whose expression
pattern produced a correlation coefficient of
above 0.35 with RANKL was iNOS (R¼ 0.52).

For further analysis, amultifactorial analysis
of variance (includingpost hoc test)wasused for
the same nine genes that had been grouped

Fig. 2. mRNA levels of genes involved in bone formation normalized to mRNA levels of a housekeeping
gene (GAPDH) in control (CTR), vibrated (VIB), and disuse (DIS) mice after 4 and 21days. Each graph presents
the two mean values corresponding to the two pools of animals (Pool 1, Pool 2) as well as the average of these
two means (Mean). Indicated percentages denote the statistically significant (P¼0.05, unless noted) relative
differences with respect to the mean expression value of the control group. Asterisks denote a significantly
different (P<0.05) response between the two time points for a given gene and experimental condition.
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according to their putative anabolic (Cbfa1,
osterix, BMP-2, osteonectin, MMP-2, and col-
lagen type I) or catabolic (RANKL, osteopontin,
iNOS) character, testing for main effects and
interactionsbetween the two factorsused in this
study: (1) time point [4 and 21 days] and (2)
variations in the induced mechanical environ-
ment [control, vibration, disuse]. Again, the

assignment of genes to either the anabolic or
catabolic category was not unique; however,
several permutations in gene assignment were
tested and did not substantially alter the
results. The different levels of applied mechan-
ical stimuli significantly (P< 0.001) affected the
mRNA levels of bone forming genes, with both
vibration (P¼ 0.03) and disuse (P< 0.001) being

TABLE IV. Correlation Coefficients Between Gene Expression Patterns
Across the Experimental Groups and Time Points

Cluster 1 MMP-2 CBFA1 Osteonectin Osterix BMP-2 Coll-I

MMP-2 1.00
CBFA1 0.67 1.00
Osteonectin 0.78 0.68 1.00
Osterix 0.78 0.83 0.86 1.00
BMP-2 0.96 0.64 0.91 0.85 1.00
Collagen-I 0.87 0.62 0.96 0.83 0.97 1.00

Grouping the genes based on the magnitude of their respective correlation coefficients, most genes that
showed responsiveness to either vibration or disuse fell into the group above.Not surprisingly, geneswithin
this cluster are functionally related (i.e., bone formation).

Fig. 3. mRNA levels of genes involved in bone resorption normalized to mRNA levels of a housekeeping
gene (GAPDH) in control (CTR), vibrated (VIB), and disuse (DIS) mice after 4 and 21 days. Each graph
presents the two mean values corresponding to the two pools of animals (Pool 1, Pool 2) as well as the average
of these two means (Mean). Indicated percentages denote the statistically significant (P< 0.05, unless noted)
relative differences with respect to the mean expression value of the control group. Asterisks denote a
significantly different (P¼ 0.05) response between the two time points for a given gene and experimental
condition.
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different from control. The significant (P< 0.001)
interaction between time and the level of
mechanical use (i.e., no independence between
these two variables) reflected the inverse tem-
poral expression patterns for mechanical sti-
mulation and disuse (mRNA levels were altered
by disuse primarily after 4 days and by mecha-
nical stimulation after 21 days). Similarly, the
level of mechanical load (P¼ 0.04) and the
interaction between load and time (P¼ 0.01)
had significant effects on the three bone resorp-
tive genes, but significant differences in gene
expression values across the two time points
could only be established between control and
vibrated mice.

DISCUSSION

The work presented here supports the pre-
mise that bone is sensitive to both increases and
decreases in mechanical loading, and that the
altered remodeling caused by such perturba-
tions (enhanced bone formation by low-level
mechanical signals, suppressed bone formation
by disuse) is regulated, ultimately, by a com-
plex, temporally dependent, interaction of a
multitude of genes. Changes in gene expression
stimulated by extremely low-level mechanical
signals contrasted sharply with altered gene
expression induced by disuse, and in both cases,
the gene activity was dependent on time. The
molecular events controlling the adaptive re-
sponse in bone, as indicated by relative changes
in expression patterns of several candidate
genes coding for transcription factors, cyto-
kines, proteins, or proteases, were distinct for
increased and decreased levels of mechanical
loading. While thirteen genes were examined,
following these studies, it was clear that the
responsive genes could be functionally grouped
into two clusters; those whose primary function
has beenprimarily linked to bone formation and
those whose expression activity has been lar-
gely linked to bone resorption.

Disuse had its predominant effect on gene
expression patterns early on, as reflected by the
increases and decreases measured at day 4, but
the anabolic signal did not influence the candi-
date gene pool untilmuch later. Certainly, there
is a strong likelihood thatabroader pool of genes
would reveal some that were perturbed by the
anabolic process earlier than 3 weeks, particu-
larly considering the morphologic changes
that are observed in bone lining cells following
brief bouts of loading [Chow et al., 1998]. It

was surprising, however, that even with a
mechanical signals that stimulated as much as
a 90% increase in BFR, none of the selected
genes were influenced early on and certainly
implies that other genes are intricately involved
in the adaptive process at these early time
points. Alternatively, large expression changes
in small regions within the bone may have
been masked because of surrounding non-
responsive regions—despite the spatial simila-
rities in altered BFR between trabecular and
cortical surfaces. Further, pooling of RNA
samples reduced statistical power, and future
detection of small (but significant) changes in
mRNAlevelswillbeaidedbylargersamplesizes.

Serum levels of molecules important for bone
metabolism (e.g., calcium, PTH) were not mea-
sured in this study.While it is clear that altered
circulating levels of systemic factors can affect
gene expression levels, this study was per-
formed in vivo to obtain the integrative (direct
and indirect) adaptive changes in mRNA levels
in a physiological system. Nevertheless, future
correlations of altered gene expression levels
with altered serum molecules will yield impor-
tant data on the relative contributions of direct
and indirect effects of anabolic and catabolic
signals in bone. Further, assays to estimate
changes in bone resorptive activity (e.g., TRAP
staining for osteoclast products) was not ad-
dressed, and thus a direct link between the
‘‘bone resorption genes’’ and osteoclast activity
could not be assessed. However, the large
reduction in bone volume induced by disuse
suggests that disuse, per se, not only suppressed
bone formation activity, but also elevated
resorptive activity [Judex et al., 2004]. Of
course, the subset of genes, which increased
their activity with disuse, might better be ex-
plained by a functional role in the recruitment
and differentiation of osteoclasts rather than an
active role in the suppression of formation.

None of the 13 candidate genes monitored at
either time point was simultaneously affected
by the catabolic and anabolic mechanical per-
turbations. This indicates that the functional
role of the candidate genes is specific, and may
be interpreted to indicate that the processes
responsible for the increase in bone formation
activity are independent from processes that
are related to the suppression of bone forma-
tion activity. Consistent with previous investi-
gations [Rubin et al., 2001b; Bikle et al.,
2003; Oxlund et al., 2003], large increases
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and decreases in mechanically mediated bone
formation rates were evident. It is striking that
the concomitant changes in gene expression
were not particularly robust (<2-fold), indicat-
ing that while the molecular regulation of bone
adaptation is exceedingly complex, it is also
very subtle—particularly when compared to
the much larger events such as bone repair
[Hadjiargyrou et al., 2002] or the regulation of
development and growth [Sodek et al., 1995;
Enomoto-Iwamoto et al., 2002].
Collagen type I, the most abundant matrix

protein in bone, displayed the most predictable
[Ahdjoudj et al., 2002] expression pattern
following the perturbation of mechanical sig-
nals. The 55% reduction in activity following
just 4 days of disuse closely paralleled themean
60% reduction in formation rates in trabecular
and cortical bone. That collagen expression had
normalized back to control levels following
21 days of disuse should not be completely
surprising, given that the dynamics of changes
in bone formation due to disuse is somewhat
transient in nature [Globus et al., 1986]. In
direct contrast with disuse, mechanical stimu-
lation failed to mobilize collagen expression at
4 days, but expression patterns were moder-
ately upregulated at 21 days. This delay, too, is
not surprising considering the time it may take
for the mechanical signal to recruit (and dif-
ferentiate) bone cell populations such as bone
lining or osteo-progenitor cells into osteoid
producing osteoblasts [Chow et al., 1998].
The transcription factors Cbfa1 and osterix

are essential for inducing osteoblast differ-
entiation [Ducy et al., 1997; Otto et al., 1997;
Nakashima et al., 2002]. Despite the distinct
changes in BFR caused by mechanical stimula-
tion and disuse, neither perturbation altered
mRNA levels of Cbfa1. In contrast, disuse
resulted in a rapid and persistent downregula-
tion of osterix. Osterix, which acts downstream
of Cbfa1, is regulated by several growth factors,
including bone morphogenetic proteins (BMPs)
that also play critical roles in osteoblast differ-
entiation [Sakou, 1998]. The similar expression
patterns among BMP-2, Cbfa1, osterix, and
collagen type I in response to the anabolic and
catabolic signals across the two time points
helped to include them all in functional Cluster
1, and suggests that these genes are critical to
the tight up- and downregulation of bone’s
anabolic activity perturbed by positive and
negative mechanical events.

Demonstrating similar patterns of expression
[Lockhart andWinzeler, 2000], two other genes,
osteonectin and MMP-2, were found in this
same functional cluster, and perhaps perform
similar functions in the control of the cascade
of adaptive processes. Osteonectin is a non-
collagenous bone protein involved in regulatory
interactions between bone cells and the extra-
cellular matrix [Bradshaw and Sage, 2001].
Genes, such as osteonectin, are considered
critical for maintaining both bone quantity
and quality [Delany et al., 2003] and early
control of their mRNA levels may represent a
potential target for the prevention of osteope-
nia. AlthoughMMP-2 has a role in the degrada-
tion of gelatin, elastin, and fibronectin within
the bone matrix, it was markedly upregulated
by anabolic mechanical signals and suppres-
sed by disuse. However, it is also important to
consider that MMP-2 is expressed by osteo-
blasts [Meikle et al., 1992; Okada et al., 1995]
and important for bone mineralization [Itoh
et al., 1998; Satoyoshi et al., 2001]. Thus, the
upregulation of MMP-2 by mechanical signals
and its downregulation by disuse may be
associated primarily with anabolic events and
emphasizes the importance of considering a
gene’s role within the integrative milieu of the
in vivo environment.

In contrast to the activities of MMP-2, gene
expression patterns of another member of the
MMP family, MMP-9, failed to correlate with
any other candidate gene and was largely
unaffected by either the catabolic or anabolic
stimulus. The basis for the independent rela-
tionship of these two MMP genes in mechani-
callymediated bone adaptationmay liewith the
different cell types (osteoblasts vs. osteoclasts)
expressing the two molecules [Wucherpfennig
et al., 1994; Okada et al., 1995], the dependency
ofMMPonpost-translationalmodification, and/
or the differential regulation of MMP inhibitors
(TIMP).

IGF-1, a gene critical to osteoblast progenitor
proliferation and regeneration [Canalis et al.,
1993; Lean et al., 1996], fracture healing
[Bostrom et al., 1999], and the orchestration of
the anabolic response to biochemical agents
[Bikle et al., 2002], did not—at least at the two
time points considered—appear to play a
major role in either decreases or increases
in bone formation as stimulated by changes in
mechanical signals. This finding is consistent
with preliminary (unpublished) data from our
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laboratory, which fail to show any changes in
IGF-1 serum levels in the mice used for this
study at either day 4 or 21. While this could
easily be explained by suggesting that the two
time points considered in this study simply
missed the altered IGF-1 activity much earlier
[Lean et al., 1995; Kawata and Mikuni-
Takagaki, 1998], it is also possible that bone
adaptation to the mechanical signals used in
this study is such a ‘‘subtle’’ process that the
mRNA levels of some genes typically associated
with bone formation are never substantially
perturbed.

Nitric oxide is a ubiquitous molecule that
has been proposed as a key regulator of bone
remodeling, through influencing pathways of
bothbone resorptionand formation [Chole et al.,
1998; Watanuki et al., 2002; Rubin et al., 2003].
The inducible form of nitric oxide synthase
(iNOS or NOS2) is capable of producing greater
quantities of nitric oxide than the constitutive
form (eNOS), and its absence has been shown to
prevent the catabolic events associated with
menopause or mechanical disuse [van’t Hof
et al., 2000; Watanuki et al., 2002; Cuzzocrea
et al., 2003]. In this study, the moderate
correlation with RANKL expression patterns,
a factor critical for osteoclast differentiation,
may preferentially emphasize the resorptive
role of iNOS. The upregulation of iNOS and
RANKL as measured at 21 days in
the mechanically stimulated animals may at
first appear counterintuitive, but is consistent
with the increased generation of nitric oxide in
mechanical stimulation systems in vitro [Klein-
Nulend et al., 1995; Pitsillides et al., 1995].
Alternatively, both nuclear factor kB and its
ligand RANKL are expressed by osteoblasts,
and RANKL upregulation could also reflect an
increase in osteoblast number (as indicated by
the increase in mineralizing surface in vibrated
mice), and orchestratenot only abone formation
response, but also the coupling to a bone
resorption response [Parfitt, 1994]. Perhaps,
relationships such as thosewill help identify the
cascade of genes that are critically involved in
the bone remodeling process.

In summary, these data emphasize that the
molecular events involved in mechanically
mediated bone adaptation are both subtle and
complex. Further, the similarity in expression
patterns between many distinct genes respond-
ing to the catabolic and/or anabolic signals
accentuates an intricate co-dependence of

molecular events involved in bone’s adaptation
tomechanical signals.Detailed temporal assays
using functional genomics and validated by
histological assessment will ultimately contri-
bute to a more complete characterization of the
mechanisms, which control bone adaptation,
perhaps improving our understanding of the
etiology of osteoporosis, and help to identify
unique molecular targets that could prevent
this devastating disease.
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