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Age-Related Changes in Trabecular Architecture Differ in Female and
Male C57BL/6J Mice*
Vaida Glatt,1 Ernesto Canalis,2 Lisa Stadmeyer,2 and Mary L Bouxsein1

ABSTRACT: We used µCT and histomorphometry to assess age-related changes in bone architecture in male
and female C57BL/6J mice. Deterioration in vertebral and femoral trabecular microarchitecture begins early,
continues throughout life, is more pronounced at the femoral metaphysis than in the vertebrae, and is greater
in females than males.
Introduction: Despite widespread use of mice in the study of musculoskeletal disease, the age-related changes
in murine bone structure and the relationship to whole body BMD changes are not well characterized. Thus,
we assessed age-related changes in body composition, whole body BMD, and trabecular and cortical microarchitecture at axial and appendicular sites in mice.
Materials and Methods: Peripheral DXA was used to assess body composition and whole body BMD in vivo,
and CT and histomorphometry were used to measure trabecular and cortical architecture in excised femora,
tibia, and vertebrae in male and female C57BL/6J mice at eight time-points between 1 and 20 mo of age (n
⳱ 6–9/group).
Results: Body weight and total body BMD increased with age in male and female, with a marked increase in
body fat between 6 and 12 mo of age. In contrast, trabecular bone volume (BV/TV) was greatest at 6–8 wk
of age and declined steadily thereafter, particularly in the metaphyseal region of long bones. Age-related
declines in BV/TV were greater in female than male. Trabecular bone loss was characterized by a rapid
decrease in trabecular number between 2 and 6 mo of age, and a more gradual decline thereafter, whereas
trabecular thickness increased slowly over life. Cortical thickness increased markedly from 1 to 3 mo of age
and was maintained or slightly decreased thereafter.
Conclusions: In C57BL/6J mice, despite increasing body weight and total body BMD, age-related declines in
vertebral and distal femoral trabecular bone volume occur early and continue throughout life and are more
pronounced in females than males. Awareness of these age-related changed in bone morphology are critical
for interpreting the skeletal response to pharmacologic interventions or genetic manipulation in mice.
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INTRODUCTION

A

NIMAL MODELS ARE commonly used in the study of
skeletal biology and serve as useful tools to delineate
mechanisms underling bone loss and skeletal fragility.
In animals and humans, a bone mass measurement in adulthood reflects the amount of bone achieved during
the period of peak bone mass acquisition, and the subsequent decline caused by both aging and gonadal insufficiency. Whereas ovariectomized rodents have been
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widely used to explore skeletal changes after estrogen deficiency, models for studying the age-related bone changes
in gonadally intact animals are less common. Moreover,
despite widespread use of mice in biological studies of
musculoskeletal disease, there have been few studies that
have characterized the age-related changes in murine bone
structure.
Most previous studies of age-related changes in murine
bone characterized changes in cortical bone structure and
indicated that cortical thickness decreases and crosssectional moment of inertia increases with increasing
age.(1–5) In addition, total femoral volumetric BMD
(vBMD), which reflects mainly the cortical bone compartment, increases until 4 mo of age and is maintained thereafter. (6) However, little is known about age-related
changes in murine trabecular microarchitecture, with one
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FIG. 1. 2D CT images showing regions of
trabecular bone evaluation in the (A and B)
lumbar vertebrae and (D and E) distal femur,
along with example of how cortical bone region was outlined in the (C) vertebral body
and (F) distal femur.

study reporting early and progressive decline in trabecular
bone volume at the proximal tibia in male mice.(7)
Additional data are needed to characterize the agerelated changes in trabecular bone morphology in mice,
including the timing of “peak” bone mass and whether
males and females show similar age-related changes in trabecular and cortical bone. Therefore, the objectives of the
current study were to assess age- and sex-related changes in
body composition, whole body BMD, histomorphometric
indices of trabecular bone morphology and turnover, and
3D indices of trabecular microarchitecture in the axial and
appendicular skeleton. We also determined whether agerelated changes in trabecular bone were accompanied by
alterations in bone cross-sectional geometry and cortical
thickness.

MATERIALS AND METHODS
Animals
Male and female C57BL/6J inbred mice were obtained
from the Jackson Laboratory, maintained under standard
conditions, and killed at 1, 1.5, 2, 3, 4, 6, 12, and 20 mo of
age for assessment of bone morphology by CT (n ⳱ 6–9
per age and per sex). For histomorphometry, different cohorts of male and female mice were killed at 1, 3, 5, and 12
mo of age (n ⳱ 3–11 per age and sex). Animals were
housed four mice per cage and were maintained on a 12:
12-h light-dark cycle with access to mouse chow (TD8664;
Harlan Teklad, Indianapolis, IN, USA) containing 2.5%
calcium and 1.2% phosphorus. The animal protocol was
approved by the ethical committees on animal care and use
at Beth Israel Deaconess Medical Center, Boston, MA, and
at St Francis Hospital and Medical Center, Hartford, CT.

Body composition and total body BMD
We measured total body BMD (g/cm2), total body BMC
(g), and total body fat (%) by peripheral DXA (PIXImus2;

GE Lunar, Madison, WI, USA) at 1, 2, 3, 4, 6, and 12 mo of
age (n ⳱ 7–26 per group), as previously described.(8) Some
mice were assessed longitudinally, whereas others were assessed at a single time-point. Because of the body size limitation on DXA, it was not possible to collect data on 20mo-old mice.

Bone architecture by µCT
At the time of death, mice were weighed, and the right
femur, tibia, and fifth lumbar vertebral body (L5) were dissected, cleaned of soft tissue, and stored in 70% ethanol.
Femoral length was measured to the nearest 0.01 mm using
digital calipers. CT (CT40; Scanco Medical AG, Basserdorf, Switzerland) was used to assess trabecular bone morphology in the fifth lumbar vertebrae (L5), distal femoral
metaphysis, and proximal tibial metaphysis using a 12-m
isotropic voxel size, as previously described.(8,9) Previous
studies have reported skeletal site differences in patterns of
bone loss in inbred mouse strains(8,10); therefore, we chose
to assess both an axial (i.e., the vertebral body) and appendicular (i.e., the distal femur and proximal tibia) site for
trabecular architecture. Moreover, these are the sites most
commonly used in skeletal biology studies in mice. Because
age- and sex-specific patterns of bone architecture changes
were nearly identical at the proximal tibia and distal femur.
we report data for the distal femur.
For L5, transverse CT slices were acquired for the entire
vertebral body, and trabecular bone was evaluated in a region 0.3 mm below the cranial and above the caudal growth
plate regions (Fig. 1A). For the distal femur, transverse CT
slices were evaluated in the region starting 360 m proximal
to the growth plate and extending 1800 m proximally (Fig.
1D). For younger mice (i.e., 4 and 6 wk of age), the location
and length of the region of interest was adjusted in proportion to vertebral height and femoral length. In all cases, the
trabecular bone region was identified manually by tracing
the region of interest (Figs. 1B and 1E). Images were
thresholded using an adaptive-iterative algorithm,(11–13)
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and morphometric variables were computed from the binarized images using direct, 3D techniques that do not rely on
any prior assumptions about the underlying structure.(14–16)
For trabecular bone regions, we assessed the bone volume
fraction (BV/TV, %), trabecular thickness (Tb.Th, m),
trabecular number (Tb.N, mm−1), trabecular separation
(Tb.Sp, m), connectivity density (ConnD, 1/mm3), and
structure model index (SMI).
To measure cross-sectional area (CSA, mm2) of the vertebral body, we used the CT images to delineate a region
of interest around the entire vertebral body at four locations along the height of the vertebrae and computed the
average CSA. Vertebral cortical thickness was computed by
manually delineating the ventral vertebral cortex for 100
slices of the cranial vertebral body (Fig. 1C). CSA and cortical thickness at the distal femur (Fig. 1F) were assessed for
the same set of slices used to assess trabecular bone properties. For both the vertebral body and distal femur, cortical
thickness was determined using the distance-transform
method.(15)

Bone histomorphometric analysis
Static and dynamic histomorphometry was carried out on
femurs from 1-, 3-, 5-, and 12-mo-old male and female mice.
Mice were injected with calcein, 20 mg/kg, and demeclocycline, 50 mg/kg, at intervals of 2–7 days, depending on their
age, and killed by CO2 inhalation. Femurs were dissected,
fixed in 70% ethanol, dehydrated, and embedded undecalcified in methyl methacrylate. Longitudinal sections, 5 m
thick, were cut on a Microm microtome (Richard-Allan
Scientific, Kalamazoo, MI, USA) and stained with 0.1%
toluidine blue, pH 6.4, or von Kossa. Static parameters of
bone formation and resorption were measured in a defined
area between 725 and 1270 m from the growth plate, using
an OsteoMeasure morphometry system (Osteometrics, Atlanta, GA, USA). For dynamic histomorphometry, mineralizing surface per bone surface (MS/BS, %) and mineral
apposition rate (MAR, m/d) were measured in unstained
sections under UV light and used to calculate bone formation rate with a surface referent (BFR, m3/m2/d), as previously described.(17) We also measured the eroded surface
per bone surface (ES/BS, %) and number of osteoblasts
(NOb/BPm, mm−1) and osteoclasts (NOc/BPm, mm−1) per
bone perimeter. The terminology and units used are those
recommended by the Histomorphometry Nomenclature
Committee of the American Society for Bone and Mineral
Research.(18)

Data analysis
Standard descriptive statistics were computed, and data
were checked for normality. Two-way ANOVA was used
to assess the overall influence of age and sex on skeletal
morphology. Unpaired t-tests were used to evaluate differences between sexes at each age. The percent change in
each parameter over life was computed between 2 and 20
mo using a regression model, derived from the mean values
at each age. Both linear and nonlinear relationships were
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tested, and the best fitting model was used for analysis of
age-related changes. All tests were two-tailed, with differences considered significant at p < 0.05. Data are presented
as mean ± SE, unless otherwise noted.

RESULTS
Age-related changes in body composition, femur
length, and total body BMD
Body weight increased 3-fold over life, from 16.3 ± 0.9 to
45.7 ± 2.6 g in males and from 11.6 ± 0.7 to 35.6 ± 1.6 g in
females (Fig. 2A). Femoral length increased rapidly until
3 mo of age, more slowly until 6 mo of age, and plateaued
thereafter (Fig. 2B). As expected, compared with females,
males were significantly heavier at all time-points and had
increased femoral length, except at 12 and 20 mo. In both
sexes, total body BMD (TBBMD) increased steadily with
age (Fig. 2C), whereas body fat, expressed as a percent of
total body weight, was constant until 6 mo of age and increased markedly between 6 and 12 mo of age (Fig. 2D).
Accordingly, the percent lean mass was steady until 6 mo of
age and declined markedly from 6 to 12 mo of age (data not
shown). females tended to have higher percent fat (Fig. 2D)
and lower lean mass than males. The patterns of age-related
changes in body weight, femur length, total body BMD, and
body composition did not differ between males and females.

Age-related changes in trabecular bone architecture
by µCT
Age-related changes in trabecular bone architecture are
shown in Figs. 3 and 4. Vertebral trabecular BV/TV increased between 1 and 2 mo in males and females and
declined thereafter in females. In males, BV/TV was stable
until 6 mo and declined. Overall, there was a greater decline
in BV/TV over life in females than males (52% versus 26%,
p ⳱ 0.05; Table 1; Fig. 3A), and females had lower vertebral BV/TV than males throughout life (p < 0.01). ANOVA
revealed a significant age-by-sex interaction among adults,
indicating that patterns of age-related change differed in
males and females. In both sexes, vertebral Tb.N peaked at
1–2 mo of age and declined thereafter, with a greater decline over life in females than males (Table 1; Fig. 3C).
Tb.N was lower in females than males at all ages (p < 0.01).
In contrast, vertebral Tb.Th increased steadily until 4 mo in
both sexes and plateaued in males, while continuing to increase slightly in females with age (Table 1; Fig. 3E). Connectivity density declined similarly with age in both sexes
and was lower at all ages in females than males (Fig. 3G).
From 1 to 2 mo, vertebral trabecular SMI declined, indicative of a shift to a more platelike architecture, and was
relatively constant thereafter in both sexes (Fig. 3I).
Age-related changes in trabecular architecture at the distal femur followed similar patterns as the vertebrae, although the decline in BV/TV over life was more dramatic,
particularly in females at early ages (Figs. 3 and 4). At the
distal femur, trabecular BV/TV peaked between 1 and 2 mo
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FIG. 2. Changes in body composition, femoral length, and whole body BMD in male and female mice from 1 to 20 mo of age (mean
± SE). Males are represented by solid symbol and line, whereas females are shown as open symbol and dashed line. *Difference
between males and females at a given age (p < 0.05).

of age and declined thereafter, with a greater decline in
females than males over life (−94% versus −56%, respectively; p < 0.05; Table 1; Fig. 3B). Generally, females had
lower BV/TV than males, particularly at the oldest age (1.0
± 0.3% versus 10.7 ± 1.3% in females and males, respectively; p < 0.001). Tb.N at the distal femur showed a similar
pattern as BV/TV, increasing between 1 and 2 mo of age
and declining thereafter, with males having higher values
than females (Fig. 3D). With aging, Tb.Th increased slightly
in both males and females (Fig. 3F). In males, SMI changed
little with age, whereas in females, it increased markedly
between 1 and 3 mo of age and plateaued (Fig. 3J), resulting
in a higher SMI (i.e., more rodlike structure) throughout
life for female mice (p < 0.001 versus males). Age-related
changes in trabecular architecture at the proximal tibia followed similar patterns as the distal femur (data not shown).

Age-related changes in bone CSA and cortical
thickness by µCT
To evaluate potential concomitant changes in bone size
or cortical properties, we assessed CSA and cortical bone
morphology (Table 1; Fig. 5). At both the vertebral body

and distal femur, there was a marked increase in CSA during the rapid growth phase, but thereafter, no notable agerelated changes (Fig. 5). females had greater vertebral CSA
than males at 12 and 18 mo (Fig. 5A), whereas males had
higher CSA of the distal femur at most time-points. In both
males and females, thickness of the ventral vertebral cortex
increased markedly from 1 to 3 mo of age and was maintained or slightly increased thereafter. At the distal femur,
cortical thickness increased dramatically from 1 to 3 mo of
age and was maintained or declined slightly, yet was generally higher in females than males (Fig. 5D).

Age-related changes in bone structure and
remodeling indices by histomorphometry
To assess potential cellular mechanisms underlying the
age-related changes, we assessed static and dynamic indices
of bone structure and turnover by histomorphometric
analysis of the distal femoral metaphysis in male and female
mice at 1, 3, 5, and 12 mo of age (Fig. 6). Similar to CT
findings, trabecular BV/TV declined steadily with age in
both sexes, but more rapidly in female than male mice (p <
0.01; Fig. 6A). The decline in BV/TV was accompanied by
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FIG. 3. Changes in trabecular bone architecture at the fifth lumbar vertebral body and distal femoral metaphysis in male and female
C57Bl/6J mice from 1 to 20 mo of age, assessed by CT (mean ± SE). Males are represented by solid symbol and line, whereas females
are shown as open symbol and dashed line. *Difference between males and females at a given age (p < 0.05).
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FIG. 4. Representative 2D CT images
showing age-related changes in trabecular
bone architectures in male and female mice at
the lumbar spine (L5) and distal femur.

decreased trabecular number (p < 0.001), along with maintained or increased trabecular thickness (Fig. 6). Consistent
with an overall increase in bone turnover, the extent of
mineralizing surface increased in both sexes with age (p ⳱
0.016). In males, MAR declined from 1 to 3 mo (p < 0.005)
and was maintained thereafter, whereas it was unchanged
in females. Accordingly, there was no net change in BFR
with age in either sex. ES/BS declined significantly from 1
to 3 mo (p < 0.01), increased from 3 to 5 mo (p < 0.05), and
either remained stable (in males) or declined again (in females). ES/BS was similar in males and females, except at 5
mo of age, where it was 46% higher in females (p ⳱ 0.04).
The number of osteoblasts declined 2- to 3-fold from 1 to 3
mo of age (p < 0.01 for both males and females), and was
constant thereafter (Fig. 6H). The number of osteoclasts
also declined from 1 to 3 mo (p < 0.001) but increased at 5
mo, particularly in females (p < 0.01), before declining
again at 12 mo (p < 0.01; Fig. 6I). The number of osteoclasts
and osteoblasts was significantly higher in females than
males (overall p < 0.001).

DISCUSSION
We found that, whereas body weight and whole body
BMD increase steadily throughout life, trabecular bone volume fraction is greatest at a relatively young age and declines steadily thereafter in C57BL/6J mice. The age-related

deterioration in trabecular bone architecture was more severe in the metaphyseal region of the long bones than the
vertebral body. Finally, we noted in separate groups of animals evaluated by different techniques, namely 3D CT
and 2D histomorphometry, that age-related changes in trabecular bone occur earlier and are more dramatic in female
than male mice, particularly in the secondary spongiosa region of the distal femur.
Our data indicating that trabecular bone volume peaks at
an early age and declines thereafter are consistent with a
prior study of trabecular architecture in the proximal tibia
of male C57BL/6 mice.(7) The early decline in BV/TV is
caused primarily by a decrease in trabecular number and is
accompanied by an age-related increase in trabecular thickness, particularly in the long bones, a phenomena also seen
by Halloran et al.(7) The decline in trabecular number may
result from remodeling activity that attempts to create a
more efficient, organized structure according to the predominant loading conditions,(19) whereas the increase in
mean trabecular thickness may represent a compensatory
thickening of existing trabeculae as thinner ones are resorbed, and stress on existing trabeculae increases. Alternatively, the increase in mean trabecular thickness may reflect the phenomenon that, as thinner trabeculae are
removed, the average thickness of remaining trabeculae increases. If the increase in trabecular thickness was caused
primarily by resorption of thin trabeculae, one would expect that the SD of trabecular thickness measurements
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TABLE 1. BONE MICROARCHITECTURE

AT THE

LUMBAR SPINE

Females

Lumbar spine
BV/TV (%)
TbTh (m)
TbSp (m)
TbN (mm−1)
ConnD (1/mm3)
SMI
CSA (mm2)
Cortical thickness (m)
Distal femur
BV/TV (%)
TbTh (m)
TbSp (m)
TbN (mm−1)
ConnD(1/mm3)
SMI
CSA (mm2)
Cortical thickness (m)

1203
AND

DISTAL FEMUR, ASSESSED

Males

BY

CT
p

Mean ± SE
at 2 mo

Percent
change
over life*

Mean ± SE
at 2 mo

Percent
change
over life*

Male vs. female
difference
at 2 mo†

Male vs. female
difference in
age-related change‡

28.6 ± 0.7
51.2 ± 0.4
179 ± 7
5.4 ± 0.2
286 ± 24
0.42 ± 0.07
1.72 ± 0.06
85 ± 2

−52%
20%
168%
−59%
−81%
118%
25%
8%

29.1 ± 0.6
48.9 ± 0.3
155 ± 2
6.1 ± 0.1
306 ± 9
0.46 ± 0.06
1.63 ± 0.02
77 ± 1

−26%
9%
56%
−35%
−67%
63%
10%
22%

NS
0.0005
0.0039
0.0097
NS
NS
NS
0.0048

0.0578
0.0005
0.0001
0.0252
NS
NS
0.0001
NS

17.7 ± 1.3
50.5 ± 1.1
196 ± 7
4.9 ± 0.1
192 ± 12
2.19 ± 0.11
3.21 ± 0.15
121 ± 2

−94%
3%
281%
−72%
−99%
54%
−3%
−4%

24.1 ± 0.9
53.8 ± 1.9
153 ± 4
6.2 ± 0.2
314 ± 14
1.88 ± 0.07
3.40 ± 0.04
100 ± 3

−56%
14%
110%
−51%
−88%
19%
−5%
19%

0.0008
NS
0.0001
0.0001
0.0007
0.0537
NS
0.0002

0.02
NS
0.0001
NS
0.0002
0.0041
NS
0.0062

* Computed from regression of mean values between 2 and 20 mo of age, expressed as percent change from 2 to 20 mo.
†
p value determined from unpaired Students’s t-test.
‡
p value of age-by-sex interaction term in ANOVA, ages 2–20 mo.
BV/TV, bone volume/tissue volume; Tb.N, trabecular number; Tb.Th, trabecular thickness; Tb.Sp, trabecular separation; ConnD, connectivity density;
SMI, structure model index; CSA, cross-sectional area.

(Tb.Th.SD) would decrease with age. However, our data
indicate that the SD of trabecular thickness measurements
(Tb.Th.SD) is either constant or increases slightly with increasing age (data not shown), thus providing partial support for the view that thickness of individual trabeculae
may increase in a compensatory fashion driven by mechanical loading.
We found that age-related changes in trabecular bone
architecture follow slightly different patterns in female than
male mice. Females tended to undergo a more rapid decline
in BV/TV in adolescence, whereas rates of decline were
similar in adulthood, although perhaps slightly delayed in
males compared with females. The mechanisms underlying
these age-related changes in trabecular bone in the absence
of gonadal insufficiency are incompletely understood. The
decline in gonadal steroid production with age may contribute to some of the changes we observed. Serum estradiol
peaks at 2 mo of age in females, at levels three to five times
higher than in males, and declines gradually thereafter (in
both sexes), remaining higher in females throughout
life.(20–22) In comparison, testosterone is 20-fold higher in
male than female mice, and whereas females show little
age-related change, in males, values decline 3- to 4-fold
from 6 to 12 mo of age, still remaining markedly higher than
females at all ages.(20–22) The higher androgen levels in
males may provide partial protection from age-related decline in trabecular bone.(23)
With increased age, expression patterns of RANKL and
OPG tend to favor osteoclast over osteoblast activity.(24)

Aging also significantly increases stromal/osteoblastic cell–
induced osteoclastogenesis, promotes expansion of the osteoclast precursor pool, and alters the relationship between
osteoblasts and osteoclasts in cancellous bone.(25) Several
factors may contribute to this altered balance between osteoclast and osteoblast activity with increased age, including age-related altered hormonal and cytokine profiles,(5,26)
increased oxidative stress,(27,28) declines in physical activity,(5) alterations in body composition, and marrow adiposity.(29–33)
We observed that, in both sexes, the decline in trabecular
bone volume occurred at the same time that total body
BMD and total body fat were increasing. This indicates that
total body BMD is relatively insensitive to changes in the
trabecular compartment. The pattern of increase in total
body BMD with age was similar to the pattern for femoral
length, consistent with the view that the total body BMD
measurement reflects increases in bone size, as well as bone
acquisition in the cortical compartment. The early, rapid
decline in BV/TV occurred when body fat was reasonably
stable; however, the subsequent decline in BV/TV during
adulthood occurred while body fat increased markedly. It
may be that the increase in total body fat was subsequent to
a decline in physical activity, and therefore, declines in trabecular bone volume were driven by decreased mechanical
demands.(5) It is also possible that an age-related accumulation of adipocytes in the marrow contributed to the agerelated decline in BV/TV in adulthood. However, the relationship between an age-related accumulation of total body
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FIG. 5. Changes in bone CSA and cortical thickness at the vertebral body and distal femur in male and female mice from 1 to 20 mo
of age, assessed by CT (mean ± SE). Males are represented by solid symbol and line, whereas females are shown as open symbol and
dashed line. *Difference between males and females at a given age (p < 0.05).

fat and marrow fat is poorly defined and deserves further
study.(31,34,35)
We noted that age-related changes in trabecular bone
were more extensive in the appendicular skeleton than in
the vertebral body (Table 1; Figs. 3 and 4). This observation
seems counterintuitive to the presumed mechanical loading
patterns associated with quadrupedal locomotion. To explain it, one must speculate about the possible function of
trabecular bone in general and how these functions vary by
skeletal site. We suggest that trabecular bone is needed for
structural reasons: (1) to transmit forces from the joint surface to the cortex (the primary structural feature in long
bones) and (2) in the epiphysis, to provide support to the
subchondral bone and cartilage surface. The observation of
greater age-related changes in the long bone metaphysis
than in the vertebral body may be attributable to several
factors. First, this observation suggest that mechanical
forces are efficiently transmitted to the cortex of the long
bones and that metaphyseal trabecular bone (i.e., in the
secondary spongiosa) is not needed for mechanical function
in mice, because despite early and marked declines in trabecular bone volume, the mice do not suffer spontaneous
fractures. We note (but do not report quantitatively) that

age-related changes in trabecular bone in the epiphysis are
minimal (see Fig. 4). Thus, it seems that trabecular bone is
required in close proximity to the joint surface, and it is not
required in the region of secondary spongiosa. Following
this logic, we would speculate that load-transfer characteristics are different in the vertebral body and that a higher
fraction of the loads is carried by the trabecular bone.(36)
We hypothesize that this difference in load-transfer characteristics between the two skeletal sites contributes to the
difference in patterns of age-related trabecular bone
changes.
Our observation of an early peak and immediate decline
in trabecular bone volume contrasts with a previous report
in several inbred mouse strains showing that peak total
femoral volumetric BMD, a measurement largely influenced by cortical bone, occurs at 4 mo of age and is relatively stable until 1 yr of age.(6) It is not necessarily surprising, but perhaps underappreciated, that the timing of
“peak” bone mass acquisition differs for trabecular and cortical compartments. Moreover, our data reinforce the notion that bone modeling and remodeling have different agepatterns on periosteal, endocortical, and trabecular
surfaces.(2,4)
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FIG. 6. Changes in trabecular bone architecture and indices of bone turnover at the distal femoral metaphysis in male and female
C57Bl/6J mice from 1 to 12 mo of age, assessed by histomorphometry (mean ± SE). Males are represented by solid symbol and line,
whereas females are shown as open symbol and dashed line. *Difference between males and females at a given age (p < 0.05).

Previous studies in mice showed continued periosteal expansion with aging at mid-diaphyseal regions,(1,2,4) a phenomena that would help to maintain whole bone bending
strength in the face of endocortical resorption and declining
material properties with age. However, our data are
equivocal as to whether changes in cross-sectional geometry and/or cortical thickness ameliorate the anticipated declines in bone strength caused by loss of trabecular bone at
the vertebral body and distal femoral metaphyseal regions.
At these regions, dramatic gains in cross-sectional area occurred during the rapid phase of growth, but thereafter,
there were no substantial increases in cross-sectional area,
particularly at the distal femur, despite ongoing loss of trabecular bone volume. Thickness of the ventral vertebral
cortex increased rapidly during growth and continued to
increase, albeit slowly, throughout life, possibly helping to
maintain vertebral compressive and bending strength. In
contrast, at the distal femoral metaphysis, cortical thickness
peaked at 3 mo of age and was either steady (in males) or
declined (in females). The compensatory changes are difficult to interpret completely, because we did not yet assess
bone matrix properties or perform mechanical testing, and
thus we cannot ascertain how the changes we observed im-

pact bone fragility. It is likely that increased cross-sectional
geometry and cortical thickness in adolescence compensates at least in part for declines in trabecular bone volume,
although direct mechanical testing is needed to test this
hypothesis.(37,38)
Knowledge of age-related changes in trabecular bone of
rodents is key for interpreting therapeutic and genetic interventions. Our data indicate that, unlike rats, who have a
prolonged period of stable or even increasing trabecular
bone volume at the lumbar spine and proximal tibia during
adulthood (i.e., from 3 to 12 mo of age),(39–42) during normal aging in mice, trabecular bone volume declines continuously after 2 mo of age. Although there is variability
with age and skeletal site, trabecular bone remodeling rates,
assessed by dynamic histomorphometry, are generally 2- to
3-fold higher in mice than rats, which may contribute to
their higher rate of trabecular bone changes with
age.(9,22,43–51)
Age-related changes in humans are similar to those observed in mice. A recent population-based, cross-sectional
study of men and women 21–97 yr of age examined bone
microarchitecture at the distal radius using high-resolution
3D pQCT.(52) Similar to our findings in mice, young women
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had lower trabecular BV/TV than men, and with aging,
women had a greater decline in trabecular number than
men.(52) Moreover, the age-related declines in BV/TV at
the distal radius began in young adulthood, at a time of
“normal” sex steroid levels, and were more pronounced in
women than men. QCT-assessed trabecular volumetric
BMD at the spine and proximal femur also showed a
greater decrease over life in women than men.(53) Other
studies have also shown age-related declines in volumetric
BMD in the axial skeleton in young adults.(54,55) Overall,
the similar patterns of age-related changes in trabecular
bone between humans and mice suggest that mice may be
useful for studying the factors that contribute to the trabecular bone loss that occurs when sex steroid levels are
normal.
A primary shortcoming of our study is that we infer agerelated changes from a cross-sectional study. New in vivo
CT systems will facilitate longitudinal assessment of
changes in bone architecture with aging.(56–58) In addition,
further exploration of age-related changes in hormonal and
cytokine profiles, as well as gene expression patterns, would
help to delineate biologic and molecular mechanisms underlying the age-related changes that we observed. Finally,
we only examined a single inbred strain and patterns of
age-related change in bone microarchitecture may differ in
other strains. Nonetheless, the strain we examined is widely
used in biomedical research, and the data provided are critical for design and interpretation of experiments in skeletal
biology.
In summary, our results indicate that age-related changes
in vertebral, femoral, and tibial trabecular microarchitecture in mice occur early and continue throughout life. Many
aspects of trabecular architecture differed between sexes at
the time of peak trabecular bone volume acquisition, and in
addition, the age-related deterioration was more pronounced in the metaphyseal regions of the long bones than
in the vertebral body and was greater in females than males.
Altogether, our findings provide strong rationale for further study of the interactions among sex-steroids and bone
remodeling in inbred strains of mice to gain insights into the
pathogenesis of skeletal fragility.
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