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Abstract
With aging the skeleton may have diminished responsiveness to mechanical stimulation. The
senescence accelerated mouse SAMP6 has many features of senile osteoporosis and is thus a useful
model to examine how the osteoporotic skeleton responds to mechanical loading. We performed in
vivo tibial bending on four-month old SAMP6 (osteoporotic) and SAMR1 (control) mice. Loading
was applied daily (60 cycles/day, 5 days/wk) for 2 weeks at peak force levels that produced estimated
endocortical strains of 1000 and 2000 με. In a separate group of mice, sham bending was applied.
Comparisons were made between right (loaded) and left (non-loaded) tibiae. Tibial bone marrow
cells were cultured under osteogenic conditions, and stained for alkaline phosphatase (ALP) and
alizarin red (ALIZ) at 14 and 28 days, respectively. Tibiae were then embedded in plastic, sectioned
and endocortical bone formation was assessed based on calcein labels. Tibial bending did not alter
the osteogenic potential of the marrow as there were no significant differences in ALP or ALIZ
staining between loaded and non-loaded bones. Tibial bending activated the formation of
endocortical bone in both SAMP6 and SAMR1 mice, whereas sham bending did not elicit an
endocortical response. Both groups of mice exhibited bending strain-dependent increases in bone
formation rate. We found little evidence of diminished responsiveness to loading in the SAMP6
skeleton. In conclusion, the ability of the SAMP6 mouse to respond normally to an anabolic
mechanical stimulus distinguishes it from chronologically aged animals. This finding highlights a
limitation of the SAMP6 mouse as a model of senile osteoporosis.

Introduction
Senile osteoporosis is attributed to diminished bone formation with aging [1,2]. Reductions in
histological measures of bone formation in aged and/or osteoporotic individuals [3–7] are
consistent with decreased osteoblast numbers. Adult osteoblasts likely originate from bone
marrow osteoprogenitors [8,9], and a number of studies support the concept that the osteogenic
potential of bone marrow is reduced with aging [8,10–16]. Thus, fewer marrow
osteoprogenitors or a reduced ability of progenitors to differentiate may contribute to reduced
endosteal bone formation in senile osteoporosis.

Mechanical loading is a potent stimulus of bone formation. However, several animal studies
indicate that with aging the skeleton is less responsive to mechanical loading. Ulnar
compression in aged turkeys [17], and tibial bending in aged rats [18] and mice [19] have each
demonstrated a lower level of responsiveness than when the same level of stimulus was applied
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to younger animals. It is unclear if these effects are related to fewer osteoblasts and/or
diminished basal rates of bone formation with aging. One in vitro study reported no loss of
mechanosensitivity in human bone cells [20], supporting the notion that reduced osteoblast
number rather than reduced osteoblast vigor [21] explains the apparent age-related decline in
mechanoresponsiveness.

The senescence accelerated mouse SAMP6 has many features of senile osteoporosis, including
diminished rates of endosteal bone formation, fewer marrow osteoprogenitors and reduced
bone strength compared to age-matched SAMR1 controls [22–26]. SAMP6 mice are therefore
a useful model to examine the issue of whether or not the osteoporotic skeleton is less
responsive to mechanical loading.

Our objective was to examine the skeletal mechanoresponsiveness of the SAMP6 mouse. We
performed in vivo tibial bending in SAMP6 (osteoporotic) and SAMR1 (control) mice and
assessed changes in bone formation and marrow osteogenic potential. Because of its early aging
phenotype, we hypothesized that SAMP6 mice have a diminished response to mechanical
loading.

Methods
Animals

A total of 57 male mice (32 SAMR1, 25 SAMP6) were obtained at 4–5 mos. age from our
breeding colony following approval by our institutional Animal Studies Committee. SAMR1
and SAMP6 mice were maintained as separate inbred strains from breeders originally provided
by the Council for SAM Research (Kyoto University, Japan). SAMR1 is one of the SAM
‘Resistant’ strains and is considered an appropriate control for SAMP6 [23]. The osteoporotic
phenotype is evident by 4 months age in SAMP6 mice [22–24]. Mice were housed up to five
per cage, with 12:12 hour light:dark cycles and access to standard mouse chow and water ad
libitum.

In Vivo Loading – Tibial Bending
The right tibiae of 43 mice (22 SAMR1, 21 SAMP6) were loaded in three-point bending using
a modified version of the method described by Akhter et al.[27]. Left tibiae were not loaded
and served as contralateral controls. We selected the tibia due to its large marrow cavity, and
we focused on the endocortical surface rather than the periosteal surface because of our interest
in marrow-bone interactions. For loading, the right lower hindlimb was placed in a bending
fixture attached to a servohydraulic materials testing machine (Instron 8841). In this fixture,
application of a transverse force at the mid-diaphysis produces tibial bending (Fig. 1A).

Mice were assigned at random to one of two loading groups based on the level of mechanical
strain (n = 10–11/group for each SAMR1 and SAMP6). Values of applied force were chosen
to produce a peak endocortical strain of either 1000 or 2000 microstrain (με) (Table 1). Because
endocortical strains cannot be measured directly, we estimated their values using periosteal
strain data and engineering analysis, as described in detail previously [28]. Forces for the
SAMP6 group were ~20% greater than for SAMR1 due to the greater moment of inertia of the
SAMP6 tibia. (A third force level corresponding to 3000 με was included at the beginning of
this study, but three of three mice from this group developed lameness in the right hindlimb
during the second week of loading and we discontinued this group.)

Loading was conducted on days 1–5 and 8–12 of a 15-day protocol [29]. Mice were
anesthetized (1–3% inhaled isofluorane) and positioned in the loading fixture. A 1 N
compressive preload was applied, followed by 60 cycles of rest-inserted loading [19] (triangle
waveform to the target peak force at 80 N/s load and unload, followed by a 10 s rest interval).
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After loading mice were returned to their cages and allowed unrestricted activities. Calcein (7
mg/kg; Sigma) was administered by i.p. injection on days 5 and 12 to label bone forming
surfaces. Mice were killed on day 15 by CO2 asphyxiation.

In Vivo Loading – Sham Tibial Bending
A second cohort of 14 mice (10 SAMR1, 4 SAMP6) were loaded using a sham bending protocol
to determine if periosteal compression by itself elicited an endocortical response. Rather than
apply three-point bending, we applied two-point transverse compression, with a single support
point directly opposite the loading point at the tibial midshaft (Fig. 1B). When the loading
point displaced downward, local compression was generated at the medial and lateral tibial
surfaces, but no net bending. Peak force values and all other aspects of the loading protocol
were identical to the tibial bending experiment.

Bone Marrow Cell Culture
To determine if the relative osteogenic potential of the marrow was altered by tibial bending,
we cultured adherent bone marrow stromal cells as described [25]. Briefly, bilateral tibiae were
dissected immediately post mortem and bone marrow flushed using standard culture medium
(α-minimum essential medium [Mediatech cellgro, MT10022CV, Fisher], with 10% heat
inactivated fetal bovine serum [FBS; SH30071.03; Hyclone Laboratories] and penicillin/
streptomycin [Washington Univ. Tissue Culture Support Center]). The FBS was from a single
manufacturer’s lot. The marrow was then filtered (70 μm) and centrifuged (1150 RPM, 10
minutes, 4°C), and the cells were resuspended in fresh medium. The cells were plated on 12-
well plastic culture plates at 3.6×106 cells/well in 2 ml of medium. There were 4–8 replicate
wells per tibia, divided between two plates. Cells from paired (left, right) tibiae were plated in
adjacent rows on the same plates. Plates were kept in a humidified incubator (5% CO2, 37°C).
On day 3, non-adherent cells were discarded and the medium changed to one that supports
osteoblast differentiation (standard media plus 13 mM β glycerophosphate [G-9891, Sigma]
and 50 mg/L L-ascorbic acid [A-4544, Sigma]). This osteogenic medium was used throughout
the rest of the culture period, with complete changes twice per week.

On day 14, half of the plates were stained for the alkaline phosphatase (ALP) enzyme using a
commercial kit (85-L; Sigma) as per manufacturer’s instructions. Positively stained fibroblastic
colonies (CFU-F/ALP+) are considered to represent osteoprogenitors [13,30]. On day 28,
mineral deposits on the remaining plates were stained with 2% alizarin red (A5533; Sigma).
Positively stained colonies (CFU-OB) are taken to represent osteoblast colonies that deposited
matrix that was then mineralized [23,31].

Digital images of each well were captured (1360×1024, Olympus DC70) under standardized
lighting and camera settings. The images were loaded into an analysis program (Scion Image)
as grayscale images (0–255 arbitrary density). Threshold values (105 for ALP, 65 for alizarin
red) separating positive cells from background were chosen based on a sensitivity analysis.
Percent positive area (100 × positive area/total well area) was computed. Values from replicate
wells were averaged to get a single value of each parameter for each bone. The percent positive
area is taken as an in vitro index of the osteogenic potential of the bone marrow. The effect of
loading was analyzed using paired t-tests (right, loaded vs. left, control) and repeated measures
analysis of variance (ANOVA) with mouse strain (SAMR1, SAMP6) and mechanical strain
(1000, 2000 με) as factors.

Histomorphometry
Immediately after bone marrow was flushed, tibiae were placed in 70% ethanol for 1 day. They
were then dehydrated in ascending concentrations of ethanol (70–100%) and embedded in
methylmethacrylate (Fisher) using standard procedures for undecalcified bone. Three
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consecutive transverse sections (100μm thickness) were cut from the mid-shaft of each tibia,
~5 mm proximal from the distal tibiofibular junction (corresponding to the site of maximum
bending strain[28]) using a saw microtome (Leica SP 1600). Sections were mounted on glass
slides and viewed under UV excitation on a fluorescence equipped microscope (Leitz
Orthoplan). Dynamic measures of endocortical bone formation were determined based on
calcein labels using commercial software (Osteomeasure, Osteometrics). We determined
percent single-(sLS/BS) and double-labeled (dLS/BS) bone surface, mineralizing surface (MS/
BS), mineral apposition rate (MAR) and bone formation rate (BFR/BS) based on
histomorphometry standards [32]. For samples with no detectable double label, MAR and BFR/
BS were considered as missing data [33]. The periosteal surface was not analyzed
quantitatively. The effect of loading was analyzed using paired t-tests (right, loaded vs. left,
control) and repeated measures ANOVA with mouse strain (SAMR1, SAMP6) and mechanical
strain (1000, 2000 με) as factors.

Results
Both SAMR1 (control) and SAMP6 (osteoporotic) mice had increased measures of
endocortical bone formation in response to two weeks of daily tibial bending. Mineralizing
surface was increased significantly in loaded (right) vs. non-loaded (left) tibiae from SAMR1
and SAMP6 mice in both 1000 and 2000 με loading groups, due primarily to significant
increases in double-labeled bone surface (p < 0.05; Table 2). Double calcein labels were
observed in 30 of 43 loaded tibiae but only four of 43 non-loaded tibiae (Fig. 2). Loaded tibiae
from both SAMR1 and SAMP6 mice exhibited strain-dependent increases in mineral
apposition rate and bone formation rate (p < 0.05 based on two-way ANOVA) (Fig. 3). The
only evidence for a diminished responsiveness to loading in SAMP6 mice was that they did
not exhibit a strain-dependent increase in double-labeled surface or mineralizing surface,
whereas loaded tibiae from SAMR1 mice did (p < 0.01). Importantly, there were no significant
differences (based on two-way ANOVA) in measures of bone formation between SAMR1 and
SAMP6 mice, either when comparing absolute (loaded tibia) or relative (loaded tibia minus
non-loaded tibia) data. At the periosteal surface, we observed woven bone formation on 16 of
22 tibiae from SAMR1 and 20 of 21 loaded tibiae from SAMP6. Woven bone was typically
located on the lateral surface, corresponding to the site where the loading pad contacted the
leg. There was no incidence of woven bone on the non-loaded controls. Qualitatively, the
amount of woven bone was marginally greater for SAMP6 mice than SAMR1, consistent with
their marginally elevate baseline rate of periosteal bone formation [25]. Lastly, there was no
notable intracortical response to loading.

Sham tibial bending was performed to assess the effect of periosteal compression (without
bending) on endocortical bone formation. Double-labeled bone surface was observed on only
two of 14 loaded tibiae (and one of 14 non-loaded tibiae) (Fig. 4; Table 3). Paired comparisons
between loaded versus non-loaded tibiae revealed no significant differences in single-labeled
surface, double-labeled surface or mineralizing surface. Therefore, we found no evidence of
increased endocortical bone formation due to periosteal compression. We did observe
periosteal woven bone on sham-loaded tibiae, although the amount of woven bone was
typically less than for three-point bending.

Tibial bending did not change the in vitro osteogenic potential of the bone marrow. Alkaline
phosphatase staining after 14 days of bone marrow cell culture revealed no differences between
loaded and non-loaded tibiae (p = 0.53, repeated measures ANOVA; Table 4). Similarly,
alizarin red staining of mineralized nodules did not differ between loaded and control tibiae (p
= 0.14). In addition, there were no differences between loading groups (1000 vs. 2000 με).
Alizarin red staining was greater in SAMP6 mice than in SAMR1 (p = 0.011), whereas alkaline
phosphatase staining did not differ between mouse strains (p = 0.97).
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Discussion
Our objective was to assess the skeletal mechanoresponsiveness of the SAMP6 mouse, a
murine model of senile osteoporosis. Endocortical bone formation was activated by two weeks
of daily tibial bending in 4-month old SAMP6 mice, similarly to age-matched SAMR1 controls.
Both groups of mice exhibited bending strain-dependent increases in bone formation rate, i.e.,
a dose-response. The only indication of an impaired response in SAMP6 mice is that, in contrast
to SAMR1, they did not demonstrate a dose-response increase in mineralizing surface.
However, SAMP6 mice did demonstrate a dose-response increase in endocortical mineral
apposition and bone formation rates. Taken together our data reveal little evidence of
diminished responsiveness to loading in the SAMP6 skeleton. In addition, tibial bending did
not alter the in vitro osteogenic potential of the bone marrow in either SAMP6 or SAMR1
mice.

There have been several reports on the responsiveness of the aged skeleton to mechanical
loading. Studies that used direct (non-physiological) loading methods have indicated reduced
responsiveness in aged versus young animals. The ulna of aged (3 yr.) turkeys was
unresponsive to compressive loading at strain magnitudes that elicited robust periosteal and
endocortical bone formation in younger (1 yr.) turkeys [17]. This failure to activate surface
modeling in aged turkeys was in contrast to normal measures of bone formation associated
with intracortical remodeling, indicating that the aged animals had the potential to form bone
but required a greater stimulus. Similarly, tibiae from aged (19 mo.) rats had markedly lower
rates of endocortical bone formation after two weeks of daily bending compared to tibiae from
young adult (9 mo.) rats loaded to comparable levels of strain [18,34]. The strain threshold for
activation of endocortical bone formation was much greater in the older rats, consistent with
the concept that a greater loading stimulus is required with aging. In addition, tibiae from aged
(22 mo.) C57Bl/6 mice were responsive to rest-inserted loading, but formed bone at
approximately 40% of the rate of younger (4 mo.) mice [19]. Therefore, our finding that
SAMP6 mice had no little or no deficit in mechanoresponsiveness compared to SAMR1 control
mice indicates that the SAMP6 model of senile osteoporosis does not reflect the loss of
mechanoresponsiveness reported with actual skeletal aging. This result, taken together with
our previous finding that SAMP6 bones have a matrix flaw that does not mimic aging [26],
calls into question the relevance of the SAMP6 mouse as a model of age-related osteoporosis.

The molecular basis for the low bone formation osteoporosis in SAMP6 mice is not clear.
Recently, a possible role for secreted frizzled-related protein (Sfrp4) as a negative regulator of
peak bone mass in SAMP6 mice has been described [35]. Sfrp4 expression is relatively high
in SAMP6 bone, which might lead to inhibition of Wnt signaling and osteoblast proliferation
[35]. Examination of changes in Wnt signaling due to loading in SAMP6 mice was beyond the
scope of the current study, but our results suggest that any baseline defects related to Wnt
signaling in SAMP6 mice can be overcome by mechanical stimulation. In addition, diminished
osteoblastogenesis in SAMP6 mice has been linked to reduced interleukin (IL)-11 expression
in bone marrow stromal cells [36,37]. Interestingly, parathyroid hormone (PTH) stimulates
IL-11 expression in osteoblasts and bone marrow stromal cells [38,39], and PTH treatment
increases bone formation rates in SAMP6 mice [40]. Moreover, mechanical stimulation of
bone formation is PTH-dependent [41]. Thus, we hypothesize that the ability of SAMP6 mice
to respond to mechanical loading reflects, more generally, an intact PTH response. Additional
studies would be required to address this hypothesis and to determine if diminished
mechanoresponsiveness with aging is linked to PTH.

Previous reports of skeletal unloading have indicated that the osteogenic potential of the bone
marrow is diminished by unloading. Bone marrow cell cultures initiated 11 days after sciatic
neurectomy had reduced alkaline phosphatase activity and mineralized nodule formation vs.
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control [42]. Similarly, bone marrow cell cultures started 2–7 days after tail suspension
unloading showed reduced cell proliferation, alkaline phosphatase activity and mineralized
nodule formation as well as diminished responsiveness to PTH stimulation [43,44]. We are
unaware of prior studies that have looked at changes in bone marrow cells after skeletal
overloading. Our results indicate that 2 weeks of daily tibial bending does not increase the
number of alkaline phosphatase positive or mineralized CFUs, suggesting that the osteogenic
potential of the marrow, while sensitive to unloading, is not enhanced by increased loading.
This finding is consistent with the view that in the short-term, loading acts to activate existing
lining cells or committed osteoprogenitors [45,46] rather than alter lineage allocation. This in
turn suggests that deficits in the bone marrow osteoprogenitor pool may not be responsible for
any age-related changes in bone mechanoresponsiveness. Additional studies looking at marrow
responses with other techniques (e.g., microarrays, stem cell deficient mice) are needed to
provide more insight into the role, if any, of marrow stem cells in supporting loading-induced
bone formation.

There are several limitations to our study. First, we relied on estimated values of endocortical
strain to equate the mechanical stimuli at the endocortical surfaces of SAMR1 and SAMP6
mice. It is not possible to directly measure endocortical strains, so we relied on periosteal data
combined with finite element analysis to estimate the endocortical strains in our loading model
[28]. It is possible that errors in these estimates may have led to differences in the level of
stimuli applied to the different mouse strains. A second limitation is that the tibial bending
method we used generates direct periosteal pressure at the points of contact, which likely
contributes to the periosteal woven bone response at the site of interest. For this reason, and
also because of our interest in bone-marrow interactions, we focused on the endocortical
response. Importantly, the sham tibial bending case (Fig. 1B) did not elicit an endocortical
response (Fig. 4). A null response at the endocortex following sham bending has been noted
by others in mice [47] and rats [34]. Thus, we do not believe that periosteal contact directly
contributed to the endocortical response we observed. Nonetheless, it is clear that high bending
strains plus periosteal contact led to robust periosteal woven bone formation in the majority of
loaded tibiae (Fig. 2). It is not possible using non-invasive means to generate endocortical
strains great enough to activate endocortical bone formation without also generating even larger
periosteal strains, which will in turn stimulate a periosteal response. Thus, in our loading model
and others, the bone may act as an organ, and it is possible that responses on the periosteal
surface influence endocortical responses. Nonetheless, this should not affect our main study
objective which was to compare SAMP6 and SAMR1 mice exposed to similar stimuli. Notably,
we recently used the same loading method and found significant differences in endocortical
bone formation between wildtype and connexin 43-null mice, even though both genotypes had
exuberant periosteal woven bone formation [29].

Another limitation of our study is that measures of bone formation and marrow CFUs from
non-loaded limbs of SAMP6 mice were, unexpectedly, not less than non-loaded limbs from
SAMR1 controls. This finding contradicts previous reports by us and others of diminished
endosteal bone formation and marrow osteogenic indices in age-matched SAMP6 mice vs.
SAMR1 [22,23,25]. It is possible that the SAMP6 mice in the current study had a systemic
response to the loading protocol and/or anesthesia that upregulated their basal skeletal
metabolism. This in turn may have made them better able to respond to skeletal loading. Thus,
our conclusion that loading was able to activate localized bone formation equally well in
SAMP6 and SAMR1 mice carries the caveat that a systemic response may have contributed
to the local response.

In summary, two weeks of daily tibial bending activated endocortical bone formation in
SAMP6 and SAMR1 mice but did not enhance the osteogenic potential of the bone marrow.
Both strains of mice exhibited dose-response increases in bone formation, and overall there
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was little evidence of diminished responsiveness to loading in SAMP6 mice. Whatever the
mechanism is for the low bone formation phenotype of SAMP6 mice, mechanical loading is
able to overcome it. This finding is consistent with the ability of other anabolic stimuli such
as PTH to stimulate bone formation in SAMP6 mice [40]. In conclusion, the ability of the
SAMP6 mouse to respond normally to an anabolic mechanical stimulus distinguishes it from
chronologically aged animals [17–19], indicating an important limitation of the SAMP6 model
as a model of senile osteoporosis.
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Figure 1.
Sketch showing skeletonized view of mouse lower hindlimb positioned for in vivo mechanical
loading. (A) For three-point bending, the medial surface of the leg was positioned over two
supports spaced 10 mm apart, with the proximal support contacting just distal to the knee joint
and the distal support contacting near the distal tibiofibular junction (TFJ). The loading point
contacted the lateral surface of the leg at the midpoint between the two supports. The contact
points were 1.8 mm diameter wooden dowels covered with a 2-mm thick rubber pads. In this
setup, downward movement of the loading point produces tibial bending in the medial-lateral
plane with tension on the medial surface [28]. (B) For sham bending, a single support point is
placed opposite the loading point so that application of force does not produce bending of the
tibia. (Figure modified from [28]).
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Figure 2.
Fluorescent photomicrographs illustrating increased bone formation in SAMR1 and SAMP6
tibiae subjected to bending (right) versus non-loaded controls (left) (specimens shown are from
2000 με loading groups). In particular, loading increased the endocortical double-labeled
surface (arrowheads). Histomorphometric analysis was performed on the endocortical surface
only.
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Figure 3.
Endocortical bone formation rate (mean ± SE) was significantly increased in loaded tibiae of
both SAMR1 and SAMP6 mice compared to zero and to average value of non-loaded tibia (*
p < 0.05, unpaired t-test). Bone formation rate increased with increasing bending strain (2000
με different from 1000 με, p = 0.011 by two-way ANOVA; + p < 0.07 for individual
comparisons within the same mouse strain). There were no significant difference between
SAMR1 and SAMP6. (ND – no detectable double label)
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Figure 4.
Fluorescent photomicrographs illustrating lack of endocortical bone response in tibia subjected
to sham bending (right). (Sections shown are from a SAMR1 mouse subjected to high force
15.1 N periosteal compression.) Periosteal bone formation was activated, but in the absence
of bending there was no detectable endocortical response.
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Table 1
Compressive forces for in vivo tibial bending to produce estimated peak values of 1000 and 2000 με on endocortical
surface of the tibial diaphysis in SAMR1 and SAMP6 mice [28].

Peak Endocortical Strain (με) SAMR1 (control) SAMP6

1000 8.2 N 10.0 N

2000 15.1 N 17.7 N
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