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ABSTRACT
Changes in trabecular morphology during unloading and reloading are marked by large variations between individuals, implying that
there is a strong genetic influence on the magnitude of the response. Here, we subjected more than 350 second‐generation (BALBxC3H)
4‐month‐old adult female mice to 3 weeks of hindlimb unloading followed by 3 weeks of reambulation to identify the quantitative trait
loci (QTLs) that define an individual’s propensity to either lose trabecular bone when weight bearing is removed or to gain trabecular
bonewhenweight bearing is reintroduced. Longitudinal in vivomicro–computed tomography (µCT) scans demonstrated that individual
mice lost between 15% and 71% in trabecular bone volume fraction (BV/TV) in the distal femur during unloading (average: �43%).
Changes in trabecular BV/TV during the 3‐week reambulation period ranged from a continuation of bone loss (�18%) to large additions
(56%) of tissue (average:þ10%). During unloading, six QTLs accounted for 21% of the total variability in changes in BV/TV whereas one
QTL accounted for 6% of the variability in changes in BV/TV during reambulation. QTLs were also identified for changes in trabecular
architecture. Most of the QTLs defining morphologic changes during unloading or reambulation did not overlap with those QTLs
identified at baseline, suggesting that these QTLs harbor genes that are specific for sensing changes in the levels of weight bearing. The
lack of overlap in QTLs between unloading and reambulation also emphasizes that the genes modulating the trabecular response to
unloading are distinct from those regulating tissue recovery during reloading. The identified QTLs contain the regulatory genes
underlying the strong genetic regulation of trabecular bone’s sensitivity to weight bearing and may help to identify individuals that are
most susceptible to unloading‐induced bone loss and/or the least capable of recovering. © 2013 American Society for Bone and Mineral
Research.
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Introduction

Disuse‐induced osteopenia and the associated loss of bone
strength can lead to severe complications both on earth as

well as in space. The relative loss of tissue is site‐specific and
much greater in trabecular than in cortical bone, particularly
predisposing sites with large trabecular content to increased
fracture risk.(1,2) Wasting of apparent trabecular bone mineral
density averages approximately 2% to 3% per month for both
bed rest studies and space missions.(3) Upon reambulation,
recovery rates are significantly slower than rates of bone loss, and
at least some aspects of bone morphology may never return to
levels seen in age‐matched control subjects.(4,5)

Changes in tissue quantity during unloading and reloading are
marked by large variations between individuals. During 3months
of bed rest, some subjects lose asmuch as 30% of their trabecular

bone volume at specific sites whereas others largely maintain
their bone mass.(6) Upon return to normal ambulatory activities,
not only is the rate of tissue recovery highly variable between
individuals but, at least initially, some individuals may even
continue to lose bone.(7) Similar variability has been observed
during spaceflight(2) and the following reambulation phase.(8)

Considering that many environmental variables were controlled
for in these studies, it was suggested that genetic variability
was the main factor explaining the differential sensitivity of
the skeleton to the removal and application of weight‐bearing
activities. This hypothesis was confirmed in inbred mouse strains
that readily enable the separation of environmental from genetic
variables.(9)

In spite of clear evidence that genetic variations influence
bone’s response to altered mechanical environments, little is
known about the identity of the genes that harbor the
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responsible polymorphisms. For the acquisition of peak bone
mass, it is assumed that 60% to 80% of the observed variability is
due to genetic variables and that this trait is polygenic, with small
cumulative effects of many genes.(10) In spite of powerful
quantitative trait locus (QTL) mapping approaches in mice that
have suggested several hundred loci for bone mass, morpholo-
gy, and mechanics, only few responsible genes have been
identified and confirmed.(11,12) In contrast to determining the
genetic basis of bone phenotypes cross‐sectionally at a single
time point, the identification of genetic factors that modulate
changes in bone morphology by mechanical (or other) signals
has to be performed longitudinally. In part because of increased
complexity, much less is known about genetic factors that define
the magnitude of the skeletal response to a signal. Nevertheless,
when considering the large range of responses in unloading and
exercises studies in both humans and mice, it is clear that the
genetic influence on bone’s response to changes in mechanical
environment is also large and polygenic. Exploiting this genetic
basis of mechanosensitivity, several genetic locations have been
suggested as regulators of mechanical loading.(13–17)

To identify the genetic locations that modulate bone’s
response to unloading and reambulation, we performed a
genetic linkage study in which two inbred strains of mice were
intercrossed to form a heterogeneous F2 population. The two
progenitor strains are characterized by a greatly different skeletal
response to unloading; whereas the loss of weight bearing for
3 weeks reduces trabecular bone volume fraction in the femur
by about 60% in female BALB/cByJ (BALB) mice,(9) losses in male
C3H/HeJ (C3H) mice are much less.(18) Changes in skeletal
morphology were quantified by in vivo micro–computed
tomography (µCT) in the F2 offspring of this cross while weight
bearing was removed for 3 weeks and then restored for 3 weeks.
Linking phenotypic to genotypic differences across more than
350 mice enabled the determination of specific QTLs that either
promoted or diminished an individual’s loss of trabecular bone
quantity and architecture during unloading or restored trabecu-
lar tissue during reambulation.

Subjects and Methods

Experimental design

All procedures were reviewed and approved by the Institutional
Animal Care and Use Committee of Stony Brook University.
Intercrossing the progenitor inbred mouse strains of female
BALB/cByJ (BALB) andmale C3H/HeJ (C3H)mice (supplied by The
Jackson Laboratory [JAX], Bar Harbor, ME, USA) for two
generations produced a genetically heterogeneous F2 mouse
population. At 4 months of age, female F2 mice were exposed to
3 weeks of hindlimb unloading (HLU)(9,19) followed by 3 weeks of
reambulation (RA) involving normal cage activities. The length of
the reambulation period was the same as the unloading period
to capture the initial, mechanically induced response to the
reintroduction of weight bearing and to minimize the influence
of age‐related changes in the skeletal phenotypes.(20) In all mice,
the metaphysis of the distal femur was scanned at 3‐week
intervals by in vivo micro–computed tomography (µCT),
coinciding with baseline, end of the unloading period, and

end of the reambulation period. A total of 644 mice had a
baseline scan. Because of the large total number of in vivo µCT
scans required across mice and time points, only a subset of mice
were subjected to hindlimb unloading (n¼ 464). A total of 352
mice completed both unloading and reambulation protocols. An
additional group of F2 mice was not subjected to hindlimb
unloading and served as normally ambulating age‐matched
controls (n¼ 26). These mice were scanned by in vivo µCT at the
same age as experimental mice. Throughout the protocol, all
mice were housed singly and had ad libitum access to standard
chow and water during a 12‐hour light/dark cycle. Upon the last
µCT scan, mice were euthanized and the spleen was harvested
and stored at �80°C for DNA extraction and analysis.

HLU

Hindlimbs were elevated off the ground by a cable system
connected to the tail with a 360‐degree swivel, allowing themice
tomove across the floor of a standard rat cage. Food pellets were
dispersed on the cardboard‐lined floor and water was provided
in bottles attached to the cage. The barrel of a 10mL syringe
was secured around the tail to prevent mice from climbing onto
their tails. The hindlimbs were raised over an initial 24‐hour
adjustment period until the mouse was unable to touch the
ground with its hindlimbs.

Skeletal phenotypes by in vivo µCT

Longitudinal in vivo µCT scans (VivaCT 40; Scanco Medical,
Brüttisellen, Switzerland) were necessary to describe the
phenotypes(21) because mice showed large differences in
baseline morphology, precluding the quantification of altered
trabecular morphology by comparing endpoint outcomes
between individual mice. For each µCT scan, the mouse was
anesthetized with isoflurane,(22) and images containing both the
left and right distal femur were acquired at 17.5‐µm voxel size
(integration time¼ 380ms; number of projections¼ 1000; en-
ergy¼ 55 kV, intensity¼ 109 µA).

Each scan delivered a CT dose index (CTDI) of about 340mGy as
estimated by the manufacturer with a 35‐mm phorbol myristate
acetate (PMA) cylinder that mimicked soft tissue of the mouse.
Radiation effects on bone are not well established. A large single
dose of 2000 mGy may induce bone loss in mice,(23) but this dose
did not exacerbate disuse‐induced bone loss.(24) The consequen-
ces of repetitive exposures to much smaller radiation levels
associated with µCT scans are also not clear. Three consecutive
scans at 2‐week intervals (430 mGy each) had no effect on
trabecular and cortical bone architecture, peripheral blood cell
counts, and colony‐forming capacity of hematopoietic progenitor
cells in rapidly growing or adult C57BL/6 mice.(25) Similarly, eight
weekly in vivo scans of 940 mGy each did not change bone
morphology in rats.(26) Adverse effects have been observed,
however, in rapidlygrowingmice inwhich fourweekly scansat850
mGy deteriorated trabecular bone volume in the tibia.(27)

Although these data suggest that our scanning protocol was
unlikely to affect our data, we directly tested whether radiation
may have influenced bone morphology during the unloading
phase and during normal ambulation. In 30 mice, baseline
scans were performed only on the right femoral metaphysis
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while the left legs were shielded from exposure. After 3 weeks
of unloading (n¼ 20) or normal ambulation (n¼ 10), the
metaphyses of both legs were scanned and compared to each
other. Another group of mice was unloaded for 3 weeks and, in
addition to the final scan at euthanasia, was scanned either three
times at weekly intervals (n¼ 25) or only at baseline (n¼ 15).
The scan resolution was chosen as a compromise between

the requirements to keep the levels of ionizing radiation as low
as possible, and the ability to analyze the trabecular structure
with high accuracy as the numerical values of trabecular µCT
variables can be dependent on scanning voxel size.(21) The voxel
size used in our study was not small enough to consistently
contain three to four voxels across all trabeculae, which has
been recommended to minimize errors,(21) but trabeculae
contained at least two voxels across even after unloading, a
resolution that is high enough to enable the detection of
differences between a normal and osteoporotic state.(28) It is
entirely possible that the selected voxel size introduced a bias in
trabecular structures with thick trabeculae versus thin trabecu-
lae. Ostensibly, this bias may reduce the logarithm of the odds
(LOD) score for any given QTL region but will unlikely produce a
significant shift of the QTL region because the bias should be
relatively uniform across those mice with a given phenotype
(and most trabecular variables are at least to some degree
dependent on each other).
Trabecular bone was separated from the surrounding cortex

using a semiautomatic algorithm,(29) followed by a Gaussian
noise reduction (s¼ 0.3, support¼ 1) and global thresholding at
29.5% of the maximum grayscale value. Trabecular morphology
of the segmented tomography was evaluated for trabecular
bone volume fraction (BV/TV), connectivity density (Conn.D),
thickness (Tb.Th), number (Tb.N), bone surface per volume
(BS/BV), and tissue mineral density (TMD). All outcome variables
were averaged across the left and right leg of each mouse.
Baseline trabecular phenotypes included all morphological
variables at 4 months of age, prior to starting the experimental
phase. Unloading and reambulation phenotypeswere computed
as relative longitudinal differences of all outcome variables
between the end of unloading/reambulation and the previous
scan time point.

Genotyping

Tail tips from F2 female mice were submitted to the single
nucleotide polymorphism (SNP) genotyping service at JAX. DNA
was prepared using established phenol chloroform methods
and submitted to KBiosciences (UK) for SNP genotyping. With
direction from JAX, KBiosciences has developed over 2350
working SNP assays using the Amplifluor technique. SNPs were
spaced at approximately 1‐megabase (Mb) intervals across the
genome. From this set, 89 SNPs known to be polymorphic
between the BALB/cByJ and C3H/HeJ inbred strains were
selected for genotyping the set of F2 mice.

Statistical phenotype analysis

Only those mice that completed both the unloading and
reambulation phase were included in the presentation of the
skeletal phenotypes (n¼ 352). To avoid outliers, minimal and

maximal values of any given phenotypewere reported as the 5th
and 95th percentile of the population, with the range
representing the difference between these two percentiles.
Paired t tests compared individual phenotypes between two
different time points, whereas unpaired t tests compared data
between experimental and age‐matched control mice. Across
the baseline and the two experimental phases, individual skeletal
phenotypes were associated with each other via linear
regressions. To identify radiation effects, bone morphology
was compared between left and right legs via paired t tests,
whereas unpaired t tests were used to compare changes in bone
morphology between mice that were scanned either weekly or
only at baseline. For all statistical analyses, p< 0.05 was
considered statistically significant.

QTL mapping

QTL analysis was performed for all baseline, unloading, and
reambulation phenotypes using the statistical software R/QTL
(version 1.16–6).(30) The distributions of BV/TV, BS/BV, and Conn.
D were square‐root transformed to adjust for skewed distribu-
tions. The other outcome variables (phenotypes) did not require
transformation because their distributions did not show
substantial normality violations.

For genomewide one‐dimensional scans, pseudomarkers
were generated at 2‐cM (2 centimorgan) spacing for each
chromosome and scans were performed using 256 imputa-
tions.(31) The thresholds for QTL detection were computed from
1000 permutations.(32) Four thresholds, 1%, 5%, 10%, and 63%,
were calculated from the permutation results. QTLs with LOD
scores above the 1% threshold were strong QTLs, whereas those
above 63% were suggestive QTLs.(33)

For genomewide two‐dimensional scans, pairwise scans were
performed at 2‐cM spacing. On each chromosome, all possible
pairs of QTL locations were tested for association with the
phenotypes. The likelihood from the full model (pseudomarker
pair and the interaction between them)was compared to the null
model (no genetic effect) and LOD scores were calculated. In
addition, LOD scores were calculated that resulted from the
comparison between the likelihood from the full model and the
additivemodel (with only themain effects of pseudomarkers and
but no interaction).

QTL and possible QTL�QTL interactions identified from a single
and pairwise QTL scan were fit into multiple regression models,
facilitating the estimation of the variations of the phenotype in
the models. Values of p for terms in the multiple regression
model were determined. Terms were dropped sequentially until
all of the terms in the model were significant at the 1% level for
main QTL effects and at 0.1% for interaction effects. For any QTL
that was characterized as strong, effect plots were generated for
the autosomal region by stratifying the mice based on
homozygous (BALB or C3H) or heterozygous alleles (BALB and
C3H). Gene lists were generated with biomaRt 2.8.1.(34) The NCBI
Mus musculus gene database (NCBIM37) and Mus musculus
variation database (dbSNP128) were used to retrieve genes and
SNPs within the 95% confidence interval of each QTL. Genes that
do not have polymorphisms between C3H and BALB were
excluded.
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Results

Trabecular bone morphology at baseline

At baseline, bone volume fraction in the metaphysis was on
average 21% (Table 1). As expected in this genetically
heterogeneous population, individual mice displayed large
differences in most measures of bone morphology at 4 months
of age. Coefficient of variations (CV) were high for BV/TV (38%)
and Conn.D (38%), moderate for BS/BV (16%), Tb.N (19%), and Tb.
Th (12%), and relatively small for TMD (3%) (Table 1, Fig. 1).
F2 mice that served as age‐matched controls had similar
phenotypic variations as experimental mice at baseline: BV/TV
(36%), Conn.D (29%), Tb.N (18%), Tb.Th (14%), BS/BV (16%), and
TMD (4%) (Table 1).

Changes in bone morphology during unloading and
reambulation

Similar to individual differences in baseline bone morphology at
4 months of age, F2 mice showed distinct responses to both
unloading and reambulation. Unloading of the hindlimbs

diminished (p< 0.0001 each), on average, BV/TV by 43% (range,
15% to 71%), Conn.D by 38% (range, 2% to 79%), Tb.N by 30%
(range, 7% to 30%), Tb.Th by 18% (range, 4% to 29%), and TMD
by 3% (range, �2% to 7%). The ratio of BS/BV increased by 28%
(range, 5% to 51%) (Figs. 1, 2). Morphological changes in
normally ambulating, age‐matched controls were relatively small
during this 3‐week period and reached statistical significance
only for BV/TV (�9%), Conn.D (�18%), and Tb.N (�9%) (Fig. 2).
For eachmorphological variable, changes in unloadedmice were
much greater than in controls (p< 0.0001 each). No radiation
effects were evident in unloaded (Fig. 3) or control (data not
shown) mice because changes in BV/TV (and architectural
variables) were virtually identical in limbs with and without
radiation as well as betweenmice exposed to either weekly scans
or a baseline scan only (significance for all comparisons p> 0.6).

The response of trabecular bone to reambulation was also
dependent on genetic makeup (Fig. 1). Averaged across all mice,
some aspects of trabecular morphology started to recover,
whereas others continued to deteriorate during this brief 3‐week
reambulation phase. On average (p< 0.0001 each), BV/TV
increased by 10% (range, �18% to 56%), Tb.Th by 16% (range,

Table 1. Trabecular Morphology of the Distal Femur at Baseline

Experimental Age‐Matched Control

Mean Minimum Maximum Mean Minimum Maximum

BV/TV (�) 0.21 0.05 0.43 0.22 0.09 0.43
BS/BV (1/mm) 35 22 52 34 21 42
Conn.D (1/mm3) 87 33 192 93 34 150
Tb.N (1/mm) 4.4 1.5 6.7 4.6 2.7 6.4
Tb.Th (mm) 0.07 0.04 0.09 0.07 0.06 0.09
TMD (mgHA/cm3) 846 776 908 841 802 924

Values are the mean, minimal, and maximal values of any given variable across the 352 experimental and 26 control female mice that completed the
entire protocol.
BV/TV¼bone volume fraction; BS/BV¼bone surface per volume; Conn.D¼ connectivity density; Tb.N¼ trabecular number; Tb.Th¼ trabecular

thickness; TMD¼ tissue mineral density.

Fig. 1. Trabecular bone volume fraction (BV/TV) of 25 randomly selected mice at baseline, after 3 weeks of unloading and after 3 weeks of reambulation.
The dotted line shows the mean of the 25 experimental mice whereas the dashed line represents the mean of 26 normally ambulating control mice over
the same time period.
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2% to 33%), and TMDby 3% (range,�1% to 6%), whereas Conn.D
decreased by 18% (range, �55% to 28%), Tb.N by 8% (range,
�21% to 3%), and BS/BV by 15% (�3% to 27%) (Fig. 2). In the
trabecular metaphysis of normally ambulating age‐matched
controls, Conn.D (�12%), Tb.N (�3%), Tb.Th (2%), TMD (1%), and
BS/BV (5%) were all altered during this 3‐week period (Fig. 2).
With the exception of Conn.D, the alteration of morphologic

indexes in unloaded mice was significantly different from
control mice.

Body mass and its relation to bone morphology

Experimental mice lost about 15% of their baseline body mass
during unloading and gained 8% body mass (relative to their

Fig. 2. Mean and SD of trabecular variables describing the distal femoral diaphysis of mice at baseline and subjected to 3 weeks of unloading followed by
3 weeks of reambulation (n¼ 352). Changes in normally ambulating control mice are shown by a dashed line (n¼ 26); (A) bone volume fraction, (B) bone
surface over bone volume, (C) connectivity density, (D) trabecular number, (E) trabecular thickness, and (F) tissue mineral density.

Fig. 3. To test for radiation effects associated with µCT scanning, the loss of bone volume fraction in the distal femoral metaphysis during 3 weeks of
hindlimb unloading was monitored in mice that were subjected to different levels of radiation. (A) Comparison between right and left legs that, prior to
endpoint scanning, were exposed (right leg) or shielded (left leg) from µCT‐induced radiation at baseline. (B) Comparison of HLU‐induced reductions in BV/TV
between groups ofmice in which the distal femoral metaphysis was either exposed to threeweekly scans or only one scan at baseline (prior to endpoint scan).
Subdivisions within the 3� Exposure group represent the relative loss of trabecular bone during the first, second, and third week of unloading.
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unloaded state) during reambulation (p< 0.0001 each). In
normal control mice, body mass did not change significantly
over the 6‐week period (þ2%). We performed correlations
between body mass and bone morphological variables at
baseline as well as between their changes during unloading and
reambulation to test the dependency of trabecular bone
morphology on body mass. R2 values for correlations at baseline
were very small, ranging from 0.01 for Conn.D to 0.05 for BS/BV.
Correlations for changes in body mass and changes in bone
morphology during the two experimental phases were even
smaller (all R2< 0.05).

Morphologic relations between baseline, unloading, and
reambulation

Linear regressions were used to identify associations between
baseline morphology and altered morphology induced by HLU
and RA. The link between femoral trabecular morphology
present prior to initiating HLU and the change in morphologic
variables during HLU was weak to moderate. All associations
were negative in nature. For instance, smaller BV/TV and Conn.D
at baseline (BL) correlated with a greater relative loss in BV/TV
and Conn.D during HLU (R2¼ 0.27 and R2¼ 0.21), whereas the
correlative strength was less for the other variables (R2¼ 0.05–
0.11; Table 2). The morphologic variables quantified at the
transition from HLU to RA that were best capable of predicting
the change induced by RA were distinct from those that had the
highest R2 values for the correlations between baseline and HLU‐
induced changes; R2 values for Tb.Th (R2¼ 0.29), TMD (R2¼ 0.34),
and BS/BV (R2¼ 0.36) were greater than for the other variables
(R2¼ 0.04–0.05; Table 2). Similar to correlations obtained for HLU,
the correlations for RA were also negative (with the exception of
Tb.N). Thus, smaller morphologic values prior to initiating HLU
and RA led to greater relative changes during HLU and RA. In
contrast, for any given morphologic variable (with the exception
of Tb.N), a greater change during HLU was associated with a

greater change during RA; R2 values were greater for Tb.Th, TMD,
and BS/BV (R2¼ 0.30–0.39) than for the other three variables
(R2¼ 0.03–0.07).

QTLs modulating trabecular morphology at baseline

Genomewide scans identified significant QTLs for BV/TV, Conn.
D, Tb.N, Tb.Th, TMD, and BS/BV at baseline (Fig. 4). The location
of the genetic loci was similar within the group of BV/TV, Conn.
D, and Tb.N as well as within the group of Tb.Th, BS/BV, and
TMD. The percent of trait variability that was accounted for by
all significant QTLs at baseline was 15% for BV/TV, 16% for
Conn.D, 19% for Tb.N, 9% for Tb.Th, 27% for TMD, and 6% for
BS/BV.

QTLs modulating changes in trabecular morphology
induced by unloading/reambulation

Changes in trabecular morphology during unloading and
reambulation were also linked to individual variations in the
genome of F2 mice (Fig. 4). During unloading, more than 20% of
the variability in the reduction in BV/TV was explained by the
genomic variability in six different chromosomal locations. Of
these six QTLs, five promoted and one reduced themagnitude of
bone loss in BALB when compared to C3H (Fig. 5). The QTL on
chromosome 8 (Chr 8) was shared between baseline BV/TV and
the change in BV/TV during unloading, whereas the others were
independent (Fig. 4). QTLs of trabecular architectural variables
explained between 3% and 20% of the variability in the HLU‐
induced changes of any given variable (Table 3). Similar to BV/TV,
there was little to moderate overlap between QTLs linked to
baseline architecture and QTLs linked to architectural changes;
two QTLs were shared for Conn.D, one for Tb.N, two for Tb.Th,
one for BS/BV, and one for TMD. There was moderate overlap
between QTLs for any given architectural variable with other
variables during unloading, one QTL on Chr 1 was shared
between Conn.D and TMD, on Chr 2 between BV/TV, Tb.Th, and
BS/BV, on Chr 3 between BV/TV and BS/BV, on Chr 5 and 6
between Tb.Th, TMD, and BS/BV, on Chr 7 between BV/TV and
Conn.D, and on Chr 8 between BV/TV, Conn.D, Tb.Th, Tb.N,
and TMD.

Fewer significant QTLs linking genetic differences to the
phenotypic response were identified for reambulation than
for unloading. No significant QTLs were found for Conn.D.
Compared to unloading, QTLs associated with reambulation
accounted also for a smaller percentage of the variability in the
phenotype compared to QTLs associated with unloading. The
QTL for BV/TV on Chr 13 accounted for 6% of the variability in
the changes in BV/TV during reambulation (Table 3, Fig. 5),
whereas QTLs pertaining to architectural variables accounted for
9% to 17% of the variability in any given variable across all mice
(Table 3). Genomic‐phenotypic relations for reambulation were
the most similar for BV/TV, BS/BV, Tb.Th, and TMD. QTL regions
that regulated bone’s response to reambulation were mostly
distinct from those that regulated bone morphology at baseline
or changes in it during unloading. One QTL on Chr 9 was shared
between reambulation and baseline for Tb.Th, BS/BV, and TMD,
whereas for TMD, a QTL on Chr 8, was shared between HLU and
RA (Table 4, Fig. 4).

Table 2. Coefficients of Determination (R2) for the Association
Between Any Given Morphologic Variable at Baseline (BL),
Immediately After Completing the Unloading Phase (HLU), and
the Change During HLU (DHLU) and RA (DRA)

BL‐DHLU HLU‐DRA DHLU‐DRA

BV/TV 0.27 (�) 0.04 (�) 0.03
Conn.D 0.21 (�) 0.05 (�) 0.07
Tb.N 0.05 (�) 0.05 0.13 (�)
Tb.Th 0.11 (�) 0.29 (�) 0.33
TMD 0.05 (�) 0.34 (�) 0.39
BS/BV 0.08 (�) 0.36 (�) 0.30

p< 0.001 for all regressions.
(�) ¼ negative association; BL¼baseline; HLU¼ unloading phase;

DHLU¼ change during unloading phase; RA¼ reambulation; DRA¼
change during reambulation phase; BV/TV¼bone volume fraction;
Conn.D¼ connectivity density; Tb.N¼ trabecular number; Tb.Th¼ trabecular
thickness; TMD¼ tissue mineral density; BS/BV¼bone surface per
volume.
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Discussion

We generated several hundred genetically heterogeneous mice
with a large range of sensitivity to altered mechanical demand.
Upon removal of weight bearing, some mice were largely
protected from the subsequent catabolic pressure whereas
others lost most of their trabecular bone in the distal femur,
with devastating consequences for its architecture. Similarly, the
reintroduction of ambulation did not stopbone loss in somemice
whereas others regained their baseline bone volume prior to
unloading. This differential mechanosensitivity facilitated the
identification of QTLs modulating the changes in bone morpho-
logic variables. Most of the QTLs that regulated changes during
unloading or reambulation did not overlap with those QTLs
identified at baseline, suggesting that these QTLs harbor genes
thatarespecific todefiningbone’s response toalteredmechanical
demand. The limited overlap in QTLs between unloading and
reambulation, together with low phenotypic correlations be-
tween the two experimental phases, also emphasizes that the
genes modulating the trabecular response to unloading are
distinct from those regulating tissue recovery during reloading.
Ultimately, this work may lead to defining regulatory genes of
bone’s sensitivity to alteredmechanical signals and serve toward
the identification of those individuals that aremost susceptible to

unloading induced bone loss and/or the least capable of
recovering.

The inbred progenitor mouse strains were selected based on
the differential susceptibility of their skeletons to unloading.(9,35)

Although segregation of the alleles from the two genetically
distinct inbredstrains resulted inF2micewith randomassortment
of susceptible and protective alleles, this variability does not
resemble the much broader variability across the entire mouse
genome. Thus,QTLs identifiedhereonly reflect polymorphisms in
genes that differentially modulate bone’s susceptibility to
unloading and reloading in BALB and C3H, and the selection of
different progenitor strains may unravel additional QTLs.
Nevertheless, the advantage of using BALB as the mechanically
responsive progenitor strain was that, unlike C57BL/6J mice that
also display a high sensitivity to the removal/application of
mechanical signals, the baseline morphology of BALB is much
more similar to C3Hmice, reducing the likelihood of confounding
factors associated with baseline morphology. Another benefit of
using these two inbred strains was that the F2 mice, on average,
largely maintained their trabecular bone volume during the 6‐
week period and therefore limited the potential interaction with
aging effects that cannot be discounted in B6 mice.(20)

Previous studies performed primarily in mice, identified more
than 100 QTLs associated with bone phenotypes including bone

Fig. 4. Genomewide scans identified QTLs for trabecular morphology at (A) baseline (n¼ 644) and for the changes in morphological variables during (B)
unloading (n¼ 464) and (C) reambulation (n¼ 352). The solid, dash, dot, and dash‐dot lines denote significance thresholds of 63%, 10%, 5%, and 1%,
respectively.
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morphology or bone mechanical properties. Not surprisingly,
some of the genomic regions identified as QTLs in this study
overlapped with previously reported QTLs (Table 4). In particular,
bone mineral density 39 (BMD39)(17) and bone response to
mechanical loading 2 (BRML2),(16,36) both of which reside on Chr
8, have been previously suggested as important in regulating
bone’s responsiveness to exogenous mechanical signals. Mice
that carried alleles from the C3H progeny onto a B6 background
at BMD39 showed reduced responsiveness to in vivo ulna
loading based on cortical BMD phenotyping.(17) The BRML2 locus
was not only identified as a modulator of cortical BMD to
exogenously applied mechanical loads but also for regulating
alkaline phosphatase and bone sialoprotein activity of the F2
progeny of B6 and C3H strains.(16,36) Our study showed that a
gene at this locus may also modulate trabecular BV/TV, Conn.D,
Tb.N, and TMD to unloading, and Tb.Th, TMD, and BS/BV to
reambulation. Other QTLs observed within these 95% confi-
dence intervals on Chr 8 have been related to geometric and
mechanical properties of the mouse femur, suggesting that this
gene may have multiple functions.

The QTL that was associated with the regulation of the
largest number of phenotypes during reambulation (BV/TV,
Tb.N, Tb.Th, TMD, and BS/BV) resided on Chr 13. Within the
95% confidence interval of this locus, no QTLs for mechanical
loading have been proposed previously, but QTLs for other
bone‐related traits have been suggested. For instance,
proteasome subunit beta type‐2‐B (PBD2) was identified in
SAMP mice by microphotodensitometry as a locus that
controls peak bone mass.(37,38) Further, BMD13 is an additive
modulator of pQCT‐based BMD in B6XC3H crosses.(39) Togeth-
er, these data suggest that either the regulatory gene for the
reambulation QTL on this chromosome is distinct from the
gene underlying the previously determined QTLs for high bone
mass, the previous bone density QTLs are based on mechanical
effects, or the pathways for bone development and bone’s
plasticity to the application of mechanical signals share a
common element.

Fig. 5. Effect plots for significant QTLs modulating changes in bone
volume fraction (BV/TV) during (A–F) unloading and (G) reambulation.

Table 3. Summary of the Number of QTLs Identified for Each Morphologic Variable During Unloading and Reambulation

Condition Index LOD Trait variation (%) QTL (n)

Unloading BV/TV 24.6 22 6
Conn.D 22.1 20 5
Tb.N 3.3 3 1
Tb.Th 17.2 16 3
BS/BV 19.2 17 4
TMD 15.0 19 4

Reambulation BV/TV 4.4 6 1
Conn.D � � �
Tb.N 7.3 9 2
Tb.Th 12.0 15 3
BS/BV 10.6 13 3
TMD 13.8 17 4

The cumulative LOD score and the percent of trait variation that is accounted for by the sum of significant QTLs is provided for any given outcome
variable. QTL ¼ quantitative trait locus; LOD ¼ logarithm of the odds; BV/TV ¼ bone volume fraction; Conn.D. ¼ connectivity density; Tb.N ¼ trabecular
number; Tb.Th ¼ trabecular thickness; BS/BV ¼ bone surface per volume; TMD ¼ tissue mineral density.
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The determination of QTLs represents a critical step toward
defining the genetic influence on trabecular phenotypes during
unloading and reambulation, but further studies are required to
identify the underlying individual genes from the typically 100 to
500genes residing ineachQTL interval.(40) Several approachesare
available—fromcomputational to experimental or a combination
of the two. Because these additional studies would require
congenic strains, additional crosses, bioinformatics, and/or gene
expression analyses, they are outside the scope of the current
study. For instance, haplotype analyses can be very effective in
narrowing a QTL region,(41) but require the generation of
additionalmultiple crosses (F2sorN2s)or inbred strains subjected
to unloading. Similarly, association mapping using a diversity
outbredmouse (http://churchill.jax.org/research/cc.shtml), a new
mapping resource, would necessitate the phenotyping and high‐
density SNP array genotyping of approximately 300 unloaded
mice. Further, any gene variant suggested by a given approach
will ultimately require in vivo validation.(42)

Even though considerable work will be required to determine
the causative genes within the QTLs identified here, genes within
the 95% confidence intervals of the QTLs can be compared to
genes previously identified to play a role in the pathways by
which bone responds to (un)loading. To this end, we considered
1100 unloading and 1428 loading genes that have recently
been found significantly upregulated or downregulated, with
unloading in a rotating wall vessel bioreactor(43) and after
sciatic neurectomy,(44) and with (re)loading using in vitro fluid
shear(45) or an in vivo loading model with(44) or without sciatic
neurectomy.(44,46) Contrasting these genes with those that
harbor polymorphisms between the BALB and C3H strains and
are contained in QTLs for changes in BV/TV during unloading and
reambulation yielded 61 common genes for unloading and 12
genes for (re)loading (Table 5). Unloading candidate genes
encoded for cytoskeletal elements (eg, Actc1, Akap12), growth
modulating genes (eg, Gas2), calcium and collagen binding
molecules (eg, s100a6, calr3, ccar1), a negative regulator of Wnt
signaling (Lrp4), and an estrogen receptor (Esr1). (Re)loading
candidate genes encoded for enzymatic or catalytic processes in
the cytoplasm (eg, Cap2, Agtpbp1, Ctsm, Gmds), cytoskeletal
elements (Actn2), Wnt signaling (Sfrp4), and multiple functions
(eg, Ctsl, Ptch1). The greater than 10‐fold reduction in candidate
genes resulting from a comparison of genes within the QTL to a
limited number of previous gene expression studies indicates

that most previously suggested mechanosensitive genes are not
regulators of the magnitude of the phenotypic response
observed here.

In summary, novel QTLs were identified that modulate the
magnitude of changes in trabecular quantity and microarchi-
tecture to both unloading and reambulation. The QTLs for
unloading were largely distinct from those for reambulation,
suggesting that these two processes are regulated by distinct
sets of genes. The future definition of specific genes that cause
differences in the skeletal sensitivity to weightlessness and
reambulations will not only provide novel diagnostic and
personalized therapeutic means of combating bone loss in
space or during bed rest and paralysis but also suggest strategies
to optimize bone gain during recovery based on the genetic
makeup of an individual.
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