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Genetically Based Influences on the Site-Specific Regulation of
Trabecular and Cortical Bone Morphology
Stefan Judex,1 Russell Garman,1 Maria Squire,1 Leah-Rae Donahue,2 and Clinton Rubin1

ABSTRACT: The degree of site-specificity by which genes influence bone quantity and architecture was
investigated in the femur of three strains of mice. Morphological indices were highly dependent on both
genetic makeup as well as anatomical location showing that the assessment of bone structure from a single site
cannot be extrapolated to other sites even within a single bone.
Introduction: The identification of genes responsible for establishing peak BMD will yield critical information on
the regulation of bone quantity and quality. Whereas such knowledge may eventually uncover novel molecular drug
targets or enable the identification of individuals at risk of osteoporosis, the site-specificity by which putative
genotypes cause low or high bone mass (and effective bone morphology) is essentially unknown.
Materials and Methods: CT was used to determine morphological and microarchitectural features of the femora
harvested from three genetically distinct strains of 4-month-old female mice, each with distinct skeletal mass (low:
C57BL/6J [B6], medium: BALB/cByJ [BALB], high: C3H/HeJ [C3H]). Two trabecular regions (distal epiphysis and
metaphysis) were considered in addition to four cortical regions within the metaphysis and diaphysis.
Results and Conclusions: Comparing morphological properties of the different trabecular and cortical femoral
regions between the three strains of mice, it was apparent that high or low values of specific parameters of bone
morphology could not be consistently attributed to the same genetic strain. Trabecular metaphyseal bone volume, for
instance, was 385% larger in C3H mice than in B6 mice, yet the two strains displayed similar bone volume fractions
in the epiphysis. Similarly, BALB mice had 48% more trabecular bone than C3H mice in the epiphysis, but there
were no strain-specific differences in cortical bone area at the diaphysis. These data suggest that the genetic control
of bone mass and morphology, even within a given bone, is highly site-specific and that a comprehensive search for
genes that are indicative of bone quantity and quality may also have to occur on a very site-specific basis.
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INTRODUCTION

osteoporosis is strongly associated with
the levels of peak bone mass typically reached in the
third decade of life.(1) A variety of environmental factors,
including mechanical loading(2) and diet,(3) influence peak
bone mass, yet the predominant determinant of BMD is
manifested within the genome.(4) This link between genetics
and the prevalence of osteoporosis has caused investigators
to search for a specific gene, or set of genes, that is responsible for defining bone mass. To this end, polymorphisms in
several genes, including those coding for estrogen
receptor-␣, vitamin D receptor, or transforming growth
factor-␤, have been associated with bone mass and a susceptibility to osteoporosis.(5–9) While the comprehensive
identification of genes predicting variations in bone mass
may both unravel mechanisms by which the skeleton regu-
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lates its morphology as well as lead to the discovery of novel
drug targets to prevent and treat osteoporosis, the majority of
genes defining bone morphology are still elusive.(5)
Gene searches have not been limited to humans(10) and
have been very effective in genetically distinct inbred
strains of mice with different bone mass and architecture,
readily facilitating the separation of genetic from environmental factors.(11) Most studies in both humans and mice
have treated the quantitative trait of peak bone mass as one
that is manifested at the organ level. In other words, it has
been presumed that a skeleton with high bone mass will
have a high bone mass at all skeletal regions for both
trabecular and cortical bone. For example, C3H/HeJ mice
have been labeled a high BMD strain based on pQCT
measurements of the tibia and femur.(12) Trabecular bone
within the vertebral bodies of these mice, however, is associated with a rather low BMD,(13) similar to site-specific
gene– bone mass interactions found in other human and
mouse studies.(14 –17)
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These data indicate that different sets of genes may control bone morphology at different skeletal sites. The degree
of this site-specificity, which is yet to be established, will
provide critical information on the required site-specificity
when screening for gene candidates or assessing an individual’s skeletal status. Here, we investigated six trabecular
and cortical regions in the femur of three genetically distinct
strains of mice to test the hypothesis that subtle variations in
the genome will influence bone quantity and architecture
not only across different bones within a given skeleton, but
even within a given bone.

MATERIALS AND METHODS
Experimental design
Female mice of three genetically distinct strains,
C57BL/6J (B6, n ⫽ 8), C3H/HeJ (C3H, n ⫽ 8), and BALB/
cByJ (BALB, n ⫽ 9), were killed when they reached 4
months of age.(18) These strains are commonly known as
low, high, and medium BMD mice, respectively. All mice
were housed individually in standard cages (28 ⫻ 17 ⫻ 13
cm) and had access to rodent chow (autoclaved diet National Institutes of Health-31 with 6% fat, 18% protein,
Ca:P 1:1, vitamin and mineral fortified) and tap water ad
libitum. On death, right femurs were harvested and preserved in 70% EtOH. All experimental procedures were
approved by the Institutional Animal Care and Use Committee.

CT
High-resolution (11 m) CT scanning (CT 20; Scanco
Medical) was used to determine morphological indices of
bone volume and architecture in the epiphyseal, metaphyseal, and diaphyseal regions of the distal femur (Fig. 1). The
trabecular volume of interest in the epiphysis contained 444
m and enclosed the secondary center of ossification, with
the most distal slice defined as the plane where the condyles
merge. The metaphyseal region spanned 1500 m, with the
first slice starting 400 m proximal of the physealmetaphyseal demarcation. The length of these regions was
chosen to maximize the volume of interest given the space
constraints within the distal mouse femur. Trabecular bone
was separated from cortical bone with manually drawn
contour lines. Cortical bone was analyzed from the metaphysis (surrounding the trabecular volume of interest) and
from three 224-m-long diaphyseal regions; the proximal
diaphysis (defined at 40% of femoral length), the midshaft
(at 50%), and the distal diaphysis (at 60%). Using these
landmarks in a blinded study design (unpublished data), the
root mean square CV(19) associated with selecting the volume of interest for any given region was less than 2% for
bone volume and slightly higher for bone architectural
indices such as trabecular thickness (3.0%), trabecular number (4.3%), trabecular spacing (4.0%), and connectivity
density (11.1%)— consistent with the previously suggested
high repeatability of CT scanning.(20,21)
A constrained 3D Gaussian filter partly suppressed the
noise in the volumes; values for “support” and “sigma”
were chosen as 1.0 and 0.6, respectively. Bone tissue was
segmented from marrow and soft tissue using a thresholding

FIG. 1. Volumetrically rendered CT image of the femur of a BALB
mouse depicting the different trabecular and cortical regions analyzed
in this study.

procedure that used the same threshold for each analyzed
region within each mouse strain. Thresholds had to be
adjusted, however, across anatomical location to allow for
accurate reconstructions of the scanned trabecular and cortical morphology (because absorption coefficients and beam
hardening artifacts were influenced by trabecular and cortical geometry, in addition to different degrees of tissue
mineralization). Threshold values chosen for the metaphysis
and diaphysis were 143 for B6, 162 for BALB, and 200 for
C3H, whereas thresholds for the epiphysis were 176 for B6,
184 for BALB, and 202 for C3H. These thresholds were
chosen by a single evaluator a priori who averaged the
“visually optimal” threshold from six bones of each strain
that contained three slices for each region (i.e., a threshold
for a given region was based on 18 measurements). We
found in a preliminary study, that a blinded evaluator was
able to identify the thresholds of 32 CT images (from eight
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TABLE 1. MORPHOLOGICAL PARAMETERS

Metaphysis

Epiphysis

OF

TRABECULAR BONE QUANTITY AND MICROARCHITECTURE QUANTIFIED
DISTAL FEMUR IN THREE STRAINS OF MICE

IN

THREE REGIONS

OF THE

Index

B6

C3H

BALB

BV/TV (%)
Tb.Th (m)
Conn.D (l/mm3)
SMI
DA
BV/TV (%)
Tb.Th (m)
Conn.D (l/mm3)
SMI
DA

3.37 ⫾ 1.21a,b
35.6 ⫾ 4.1a,b
16.5 ⫾ 17.6a,b
3.51 ⫾ 0.31a,b
1.26 ⫾ 0.08a,b
20.1 ⫾ 1.5b
50.9 ⫾ 3.3
124.7 ⫾ 12.9a
1.17 ⫾ 0.17b
1.39 ⫾ 0.11a

16.4 ⫾ 3.2a
60.2 ⫾ 6.9a,c
71.6 ⫾ 15.1a,c
1.95 ⫾ 0.25a,c
1.63 ⫾ 0.07a,c
19.2 ⫾ 1.6c
56.2 ⫾ 3.0c
64.6 ⫾ 17.3a,c
1.23 ⫾ 0.18c
1.56 ⫾ 0.20a,c

18.0 ⫾ 6.1b
46.5 ⫾ 6.3b,c
120.8 ⫾ 38.2b,c
1.40 ⫾ 0.58b,c
1.48 ⫾ 0.08b,c
28.4 ⫾ 3.0b,c
48.2 ⫾ 5.2c
133.3 ⫾ 15.4c
0.40 ⫾ 0.31b,c
1.28 ⫾ 0.11c

Values are means ⫾ SD.
a
Significant differences between B6 and C3H mice.
b
Significant differences between B6 and BALB mice.
c
Significant differences between C3H and BALB mice.

bone samples that were randomly repeated four times) with
a high repeatability. The CV associated with selecting
thresholds was 6% for the trabecular metaphysis and 5% for
the trabecular epiphysis (variations for cortical bone were
less). Inherently, a local thresholding procedure may introduce more bias than a global one(22); however, the sitespecific analyses used here required an accurate reconstruction of all locations, which global thresholding was not able
to achieve. While inaccuracies in threshold selection would
affect absolute values of the morphological parameters,
these variations are likely small compared with the large
differences related to genetics and anatomical location.
For all trabecular regions, bone volume fraction (BV/
TV), trabecular separation (Tb.Sp), trabecular thickness
(Tb.Th), trabecular number (Tb.N), and connectivity density (Conn.D) were determined.(23,24) In addition, the geometrical degree of anisotropy (DA), defined as the ratio
between the maximal and minimal radii of the mean intercept length ellipsoid and the structural model index(25)
(SMI), a measure indicating the composition of the trabecular structure with respect to the occurrence of plates and
rods with SMI ⫽ 0 being a perfect plate and SMI ⫽ 3 being
a perfect rod, were calculated. For all cortical regions,
cortical bone area (Ct.Ar) and areas of the endocortical
(Ec.En) and periosteal envelopes (Ps.En) were calculated as
averages along the length of each region.

(22.2 ⫾ 1.6 g), but BALB mice were significantly (p ⬍
0.05) heavier than the other two strains (24.7 ⫾ 2.1 g).
Weekly weight recordings indicated that the body mass of
any given strain fluctuated by less than 3% during the 3
weeks before death, consistent with the completion of bone
density accrual at 4 months of age reported previously.(12)

Metaphyseal trabecular bone
Metaphyseal trabecular bone quantity and architecture
was significantly different between the B6, C3H, and BALB
mouse strains. B6 mice had less bone fractional volume
(BV/TV) than C3H (⫺79%, p ⬍ 0.001) and BALB (⫺81%,
p ⬍ 0.001) mice, which was associated with a lower connectivity density (⫺77%, p ⬍ 0.001 and ⫺86%, p ⬍ 0.001,
respectively) and trabecular thickness (⫺41%, p ⬍ 0.001
and ⫺23%, respectively, p ⬍ 0.01; Table 1; Fig. 2). The
SMI of trabecular bone in B6 mice was 80% greater (p ⬍
0.001) than in C3H mice and 150% greater (p ⬍ 0.001) than
in BALB mice. Although there was no difference between
C3H mice and BALB mice in trabecular bone quantity,
there were differences in trabecular architecture: SMI and
trabecular thickness were 39% (p ⬍ 0.05) and 29% (p ⬍
0.001) larger in C3H mice, whereas connectivity density
was greater in BALB mice (69%, p ⬍ 0.01).

Epiphyseal trabecular bone

Statistics
One-way ANOVAs followed by Student-Neumann-Keul
(SNK) tests evaluated differences in body mass, bone quantity and microarchitecture of mice across the three strains.
Significance levels of 0.05, 0.01, and 0.001 were tested for
the SNK test (SPSS for Windows 9.0). All data are presented as mean ⫾ SD.

RESULTS
Body mass
At the time of death, there were no differences in body
mass between B6 mice (22.7 ⫾ 1.9 g) and C3H mice

In stark contrast to the metaphysis, there was no difference in bone volume between B6 and C3H mice in the
trabecular epiphysis. Bone quantity of B6 mice, however,
was 29% (p ⬍ 0.001) less than in BALB mice (Table 1; Fig.
3). Microarchitecturally, connectivity density was 93% (p ⬍
0.001) greater in B6 mice than in C3H mice, while no other
differences between these two strains were detectable. Both
quantitative and structural indices were significantly different between C3H and BALB mice: BV/TV (48%, p ⬍
0.001) and connectivity density (106%, p ⬍ 0.001) were
greater in BALB mice, whereas trabecular thickness (16%,
p ⬍ 0.05) was greater in C3H mice.
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FIG. 2. Representative cross-sections of B6,
C3H, and BALB mice displaying differential
bone quantity and architecture in the metaphysis
(top row), the epiphysis (middle row), and the
mid-diaphysis (bottom row).

was related to smaller endocortical envelopes ( 35%, p ⬍
0.001 and 21%, p ⬍ 0.001, respectively) and smaller periosteal envelopes (20%, p ⬍ 0.001 and 8%, p ⬍ 0.05,
respectively). There was no difference in cortical bone area
between C3H and BALB mice, but BALB mice had significantly greater endocortical (22%, p ⬍ 0.01) and periosteal
(15%, p ⬍ 0.01) envelopes (Table 2).

Diaphyseal cortical bone

FIG. 3. Trabecular bone volume fraction of the metaphysis and
epiphysis of the distal femur in mice pertaining to the three strains
(mean ⫾ SD), showing the high degree of site-specificity by which
bone accrues and maintains mineral. aSignificantly different metaphyseal bone volume than in B6 mice (p ⬍ 0.001); bsignificantly different
epiphyseal bone volume than in B6 and C3H mice (p ⬍ 0.001).

Metaphyseal cortical bone
Genetic variations also influenced the morphology of
cortical bone in the metaphysis. Compared with B6 mice,
mean cortical bone area was significantly greater in C3H
(12%, p ⬍ 0.05) and BALB (19%, p ⬍ 0.01) mice, which

Three regions within the diaphysis were compared between the different mouse strains. Cortical bone area in B6
mice was significantly smaller than in the C3H mice for all
three regions, although the difference was more pronounced
in the distal diaphysis (⫺17%, p ⬍ 0.001) than in the
proximal diaphysis (⫺13%, p ⬍ 0.05; Table 2). Averaged
across the three regions, B6 mice had a 182% (p ⬍ 0.001)
larger endocortical and a 29% (p ⬍ 0.001) larger periosteal
envelope than C3H mice, with the difference in endocortical
envelope area being 239% at the distal diaphysis and only
129% at the proximal diaphysis. There was no difference in
cortical area between C3H and BALB mice; however,
BALB mice had significantly greater endocortical and periosteal envelopes than C3H mice. These differences
amounted to 118% (Ec.En; p ⬍ 0.001) and 20% (Ps.En; p ⬍
0.01) in the distal region but only to 60% (Ec.En; p ⬍
0.001) and 10% (Ps.En; p ⬍ 0.05) in the proximal region
(Table 2).

604

JUDEX ET AL.

TABLE 2. CORTICAL BONE AREA (CT.AR), THE AREA ENCLOSING THE ENDOCORTICAL ENVELOPE (EC.EN), AND THE AREA ENCLOSING
PERIOSTEAL ENVELOPE (PS.EN) MEASURED IN THE METAPHYSIS AND THREE DIAPHYSIAL REGIONS

Metaphysis

Proximal diaphysis

Mid-diaphysis

Distal diaphysis

THE

Index

B6

C3H

BALB

Ct.Ar (mm2)
Ec.En (mm2)
Ps.En (mm2)
Ct.Ar (mm2)
Ec.En (mm2)
Ps.En (mm2)
Ct.Ar (mm2)
Ec.En (mm2)
Ps.En (mm2)
Ct.Ar (mm2)
Ec.En (mm2)
Ps.En (mm2)

0.92 ⫾ 0.04a,b
1.97 ⫾ 0.10a,b
2.89 ⫾ 0.10a,b
0.89 ⫾ 0.05a
0.76 ⫾ 0.04a,b
1.65 ⫾ 0.06a,b
0.78 ⫾ 0.04a,b
0.80 ⫾ 0.03a,b
1.58 ⫾ 0.06a,b
0.77 ⫾ 0.03a,b
0.80 ⫾ 0.04a,b
1.57 ⫾ 0.05a,b

1.03 ⫾ 0.13a
1.27 ⫾ 0.11a,c
2.31 ⫾ 0.16a,c
1.02 ⫾ 0.12a
0.33 ⫾ 0.03a,c
1.36 ⫾ 0.12a,c
0.93 ⫾ 0.09a
0.27 ⫾ 0.04a,c
1.20 ⫾ 0.10a,c
0.93 ⫾ 0.08a
0.24 ⫾ 0.04a,c
1.17 ⫾ 0.09a,c

1.10 ⫾ 0.09b
1.55 ⫾ 0.25b,c
2.65 ⫾ 0.26b,c
0.96 ⫾ 0.08
0.53 ⫾ 0.08b,c
1.49 ⫾ 0.14b,c
0.89 ⫾ 0.08b
0.52 ⫾ 0.07b,c
1.41 ⫾ 0.13b,c
0.89 ⫾ 0.08b
0.51 ⫾ 0.09b,c
1.41 ⫾ 0.16b,c

Values are means ⫾ SD.
a
Significant differences between B6 and C3H mice.
b
Significant differences between B6 and BALB mice.
c
Significant differences between C3H and BALB mice.

TABLE 3. RELATIVE DIFFERENCES IN BONE FRACTIONAL VOLUME
(BONE AREA FOR CORTICAL BONE) BETWEEN A GIVEN STRAIN AND
THE AVERAGE OF ALL THREE STRAINS FOR EACH OF THE CORTICAL
AND TRABECULAR REGIONS
B6

C3H

BALB

Trabecular Epiphysis
2
2
11
Metaphysis
2222222 111 1111
Cortical
Metaphysis
—
—
—
Proximal diaphysis
—
—
—
Mid-diaphysis
2
—
—
Distal diaphysis
2
—
—
—, difference in BV/TV (Ct.Ar.) between the respective strain and the
mean value of the three strains was between ⫺10% and ⫹10%; 2, 10 –19%
lower; 22, 20 –29% lower; 222, 30 –39% lower, etc. Analogous to
downward arrows, upward arrows denote larger BV/TV (Ct.Ar.) than the
average value.

DISCUSSION
The site-specificity by which genetic variations influence
the quantity and architecture of trabecular and cortical bone
was examined in the femora of three genetically distinct
strains that, based on whole bone density, have been previously labeled low, medium, and high BMD mice. Inter- and
intrastrain comparisons between six trabecular and cortical
regions demonstrated that indices of bone volume and microarchitecture were strongly dependent on bone type and
anatomic location, with no single strain consistently displaying small, large, or intermediate values of a specific
parameter of bone morphology (Table 3). Such a relationship was not even found when solely considering trabecular
bone. For example, trabecular connectedness in the metaphysis was 77% greater in C3H than in B6 mice, yet this
relationship was reversed in the epiphysis, where B6 mice
showed a 93% greater trabecular connectedness. These data
indicate that a more complete identification of specific
genes or gene sets that are responsible for defining bone

quantity and architecture will have to occur at a site-specific
level.
This study focused on the assessment of bone morphology, and other parameters such as moments of inertia and
mineral content of the tissue(26) could add another degree of
site-specificity if bone strength, the most reliable indicator
of fracture risk, was considered. As with any model, direct
conclusions from this investigation are limited to the mouse
strains under consideration. Mice lack primary haversian
bone in addition to other systemic differences between the
two species; nevertheless, the human and mouse genomes
share a large degree of homology(27) and a similar putative
number of genes.(28) Not surprisingly, many genes, not only
those mapping for bone quantity, have been discovered in
mice with homologous regions to the human genome,(8,29,30)
but data from non-human models will always have to be
interpreted with care. Thus, extrapolations of our results
from mice to humans, which may help to identify high bone
mass genes and explain why some body types are more
prone to osteoporosis than others,(31) ultimately relies on the
validity of this established model.(30,32)
The complex interdependence between bone morphology, genetic variations, and anatomic location observed in
this study raises the question of how such a site-specific
regulation of bone morphology is achieved. At the level of
the skeleton, the influence of genetic factors on bone formation and bone mass(33–35) have been established long ago,
consistently showing that epigenetic determinants of bone
quantity or quality are small by comparison (although codependences may exist). A recent study examined a large
number of such genetic and epigenetic factors and found
that even the combination of all parameters was only able to
explain 14 –18% of individual variation in peak bone
mass,(5) inferring that a large number of genes that affect
bone morphology is yet to be uncovered.
If such a large number of bone-specific genes exist, it is
conceivable that polymorphisms within different combinations of these genes determine site-specific differences in

INFLUENCE OF GENETICS ON BONE MORPHOLOGY

morphology dependent on an individual genotype. For the
three strains of mice used in this study, it can be assumed
that they are polymorphic for ⬃50% of their genomes.
While only a fraction of these polymorphisms is currently
known(36) and an even smaller fraction of these polymorphisms will be specific to bone, the large number of possible
combinations of genes with polymorphisms and even without polymorphisms might be capable of realizing the local
control of bone quantity and quality within a bone. Nevertheless, such a relation seems overly complex given the
great number of anatomical sites within and across bones,
especially in light of the systemic, and not necessarily local,
influence of most of the genes currently known to affect
bone mass.
Alternatives to a multigene regulated control mechanism
include the possibility of very few genes regulating the
distribution of tissue within a bone, or more likely, the
existence of local control mechanisms and strong gene–
environment interactions.(34) Examples for such mechanisms comprise (genetically defined) intracellular networks
modulated by gap-junctions(37) or autocrine and paracrine
factors(38) to orchestrate the distribution of tissue quantity
within a bone. Thus, an exogenous nonuniformly distributed
factor, such as mechanical loading arising through load
bearing, might interact with one such system very differently than another, although the physical signal is identical.
In addition, differences in the genetically controlled growth
and development of specific anatomical regions between the
different strains (e.g., primary center of ossification versus
secondary center of ossification) may have contributed to
the observed site-specificity, a hypothesis that could be
tested when using inbred strains at different developmental
stages.
This work also implies inherent difficulties in approximating the skeletal status of an animal or human based on
single-site measurements of bone quantity. Similarly to
inaccuracies encountered when assessing the risk of osteoporosis from a single bone,(39) our current data may implicate that evaluating low bone mass from just one site within
a bone may also be problematic because of the site-specific
variations in bone morphology in heterogeneous populations. Thus, a measurement indicating high bone mass for a
specific region may be poorly correlated with the relative
mass of an adjacent region. Because of the current lack of
means to determine which region of the bone presents the
optimal measuring site (weakest link) based on an individual’s genotype, the sensitivity of detecting osteoporosis may
be enhanced by performing multiple measurements within a
bone.
In summary, we investigated the extent by which genetic
variations influence bone quantity and microarchitecture on
a site-specific basis. The relative difference of any investigated index of bone morphology between the genetically
distinct strains of mice differed greatly from one anatomical
region to another, and often, even reversed in sign. Thus,
optimal detection methods of osteoporosis as well as the
comprehensive search for genes responsible for high bone
mass may have to consider site-specific approaches that
fully assess bone quantity and quality at the level of the
tissue.
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