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Abstract

Fracture susceptibility is heritable and dependent upon bone morphology and quality. However,
studies of bone quality are typically overshadowed by emphasis on bone geometry and bone mineral
density. Given that differences in mineral and matrix composition exist in a variety of species, we
hypothesized that genetic variation in bone quality and tissue-level mechanical properties would also
exist within species. Sixteen-week-old female A/J, C57BL/6J (B6), and C3H/HeJ (C3H) inbred
mouse femora were analyzed using Fourier transform infrared imaging and tissue-level mechanical
testing for variation in mineral composition, mineral maturity, collagen cross-link ratio, and tissue-
level mechanical properties. A/J femora had an increased mineral-to-matrix ratio compared to B6.
The C3H mineral-to-matrix ratio was intermediate of A/J and B6. C3H femora had reduced acid
phosphate and carbonate levels and an increased collagen cross-link ratio compared to A/J and B6.
Modulus values paralleled mineral-to-matrix values, with A/J femora being the most stiff, B6 being
the least stiff, and C3H having intermediate stiffness. In addition, work-to-failure varied among the
strains, with the highly mineralized and brittle A/J femora performing the least amount of work-to-
failure. Inbred mice are therefore able to differentially modulate the composition of their bone mineral
and the maturity of their bone matrix in conjunction with tissue-level mechanical properties. These
results suggest that specific combinations of bone quality and morphological traits are genetically
regulated such that mechanically functional bones can be constructed in different ways.
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Fragility fractures affect both young adults (i.e., stress fractures) and the elderly (i.e.,
osteoporosis). In an attempt to determine the structural basis for fracture susceptibility, studies
have revealed that morphology (size and shape) [1-3] as well as quality (composition,
microstructure) [4-7] can affect bone mechanical properties. However, much of this research
has focused on the composite parameter bone mineral density (BMD) [8-10]. Despite heavy
reliance on BMD, researchers and clinicians often note that more subtle variation at the
ultrastructural level may influence bone functionality [7,11,12], yet this theory has received
relatively little investigation.

Groundbreaking work indicating that mineral and matrix variation influences bone
functionality comes from interspecies studies by Currey and others. It was observed that very
small changes (<5%) in the percent weight of mineral resulted in 10-fold changes in stiffness
and strength [13-18]. Similarly, studies have reported that variation in collagen orientation
[19,20] and collagen cross-linking [21,22] are associated with altered bone stiffness and
strength. Such major differences in bone mineral and matrix deposition are observed across
species in both similar (i.e., human and alligator femora) and different (i.e., whale bulla and
deer antler) bone structures. This interspecies variation suggests that genetic background plays
arole indirecting bone cells to build different types of bone tissue in order to satisfy mechanical
functionality. If genetic variation can result in significant alterations in bone quality across
species, it stands to reason that natural genetic variation within a species may give rise to
differences in tissue deposition or maturity and play a significant role in determining bone
functionality for individuals [23].

At the macroscopic level, intraspecies genetic regulation of bone functionality is clearly
established in fracture risk. Both BMD, a successful tool for predicting fracture risk in a clinical
setting [10], and an individual’s personal or family history of fracture [24-26] show strong
correlations with fracture susceptibility and are able to assist in explaining why one individual
may be at risk for fracture while another is not. Research in our laboratory further clarified the
importance of intraspecies genetic variation in bone functionality by using inbred mice. It was
shown that intraspecies genetic variation is accompanied by statistically significant differences
in whole-bone mineral content (<5% difference in ash weight percentage of mineral among
strains) [27,28] and tissue mineral density (TMD) as measured by micro-computed tomography
(micro-CT) [29]. In addition, mineral covaried with morphological traits such that differing
sets of traits defined whole-bone mechanical properties [2,29]. Thus, different genetic
backgrounds are known to give rise to sets of traits that covary to maintain bone functionality.
However, the extent and importance of mineral and matrix variation at the tissue level remains
unclear.

Given that intraspecies variation in murine whole-bone mineral content and mechanical
properties appears to mirror interspecies variation, we hypothesized that tissue-level
differences in the mineral content, mineral composition, mineral maturity, and matrix maturity
would exist among murine bones with different genetic backgrounds. In addition, we expected
tissue-level bone mechanical properties to vary among inbred mice. To test these hypotheses,
we used Fourier transform infrared imaging (FTIRI) and a custom tissue-level mechanical
testing system to relate mineral and matrix variation to tissue-level mechanical properties in
three inbred mouse strains with known differences in whole-bone morphology, quality, and
mechanical properties.
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Materials and Methods

Animals

A total of 52 female A/J, C57BL/6J (B6), and C3H/HeJ (C3H) mice were purchased from
Jackson Laboratory (Bar Harbor, ME, USA) at 8 weeks of age and housed at the animal care
facility of the Mount Sinai School of Medicine on a 12-hour light:dark cycle. Mice were fed
a standard feed (Purina Laboratory Chow 5001; Purina Mills, St. Louis, MO, USA) and water
ad libitum. At 16 weeks of age mice were killed and the femora removed. Analyses were
performed on 16-week-old mice because at this age the rate of bone growth is minimal [2,
30]. Further, mineralization data show that interstrain differences are clearly established by 16
weeks and the differences remain through 1 year [2]. The Mount Sinai Institutional Animal
Care and Use Committee approved all procedures for the treatment of mice.

Compositional Traits

Right femora from A/J (n = 6), B6 (n = 7), and C3H (n = 8) mice were isolated, cleaned,
embedded in polymethylmethacrylate (PMMA) [27], sectioned (coronal, 2 um thick) using the
RM2165 rotary microtome (Leica Microsystems, Exton, PA, USA), and mounted on 25 x 2
mm barium fluoride infrared windows (Spectral Systems, Hopewell Junction, NY, USA) for
FTIRI. Two to three replicate sections were taken from each animal. Each section was analyzed
using a Perkin-Elmer Spotlight Imaging System (Waltham, MA, USA) Spotlight Imaging
System. The spectral resolution was 4 cm™1, and regions of approximately 25 x 500 um were
analyzed at 6.25 pm pixel size in transmittance mode. Each image was taken at the mid-
diaphysis of the anterior-medial cortex below the third trochanter. This region was chosen for
analysis because it exhibits a lamellar bone structure at 16 weeks of age.

Spectral images obtained from each section were analyzed using ISYS Chemical Imaging
Software (Spectral Dimensions, Olney, MD, USA). After spectral subtraction of embedding
medium (PMMA), the following parameters were calculated from the corrected spectra:
mineral-to-matrix area ratio ([916-1180 cm1]/[1588-1712 cm-1]) [31], carbonate-to-matrix
area ratio ([840-890 cm1]/[1588-1712 cm-1]) [32,33], carbonate-to-mineral area ratio
[(840-890 cm1]/[916-1180 cm1]) [32,33], collagen cross-linking ratio (XLR) (1660/1690
cm1) [34], crystallinity (1030/1020 cm1) [35,36], and acid phosphate (1106/960 cm™) [36,
37] (Fig. 1). Each of these parameters except XLR has been validated by independent methods
[38,39]. XLR has been associated with the ratio of reducible/nonreducible cross-links [34] and,
for the purpose of this report, will be referred to as “collagen maturity.” Mean values for each
animal (mean of two to three sections) were then averaged to give a strain-averaged value for
each measured trait. For each of these IR spectral parameters, variation in pixel distribution
was quantified by fitting a Gaussian curve to the data and calculating the width of the curve at
half-maximum. Samples that were more homogeneous in their pixel distribution for a given
trait therefore had a smaller curve width at half-maximum. Carbonate bands were curve-fit
using public domain software (Moffatt, Canadian Research Council) to determine the
percentage of hydroxyl-substituted type A (871-873 cm™1), phosphate-substituted type B
(878-879 cm™1), and labile carbonate (865-867 cm-1) within each sample.

Mechanical Properties

Right femora from a second group of comparably aged but distinct animals—A/J (n = 10), B6
(n=14),and C3H (n=7)—were cleaned and the epiphyses embedded in brass pots with Scotch-
Weld acrylic adhesive DP-810 (3 M, St. Paul, MN, USA). Potted bone samples were machined
to yield a gauge region comprised of only the anterior portion of the femoral diaphysis. The

anterior region was chosen for analysis because at 16 weeks of age this bone tissue has a largely
lamellar, cortical structure. Anterior regions for each test specimen were machined on their

medial and lateral sides to create gauge lengths of 3 mm and widths of 280 um under constant
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PBS irrigation using an automated CNC milling machine (model MDX-20; Roland DGA,
Irvine, CA, USA) (Fig. 2). To minimize microstructural defects from machining, the periosteal
and endosteal surfaces of each anterior specimen were not machined but quantitative
dimensional measurements were obtained using image analysis (see below). Although studies
of bending loads are relevant to fracture, bending induces a cross-hatch fracture pattern in the
compressive region which combines the effects of tissue ultrastructure and lamellar
organization [40]. In tensile loading, failure appears to initiate at the ultrastructural level.
Consequently, a tensile loading regimen was chosen to better relate tissue-level mechanical
properties to ultrastructural variation in mineral and matrix and not the higher-order lamellar
structure of bone. Tissue-level mechanical properties were obtained by loading milled samples
in tension at 10 um/sec using a servo-hydraulic materials testing system (model 8872; Instron,
Canton, MA, USA). Tensile deformations were accurately measured using a noncontacting
imaging system consisting of a high-resolution digital video camera (RH1100; Duncan Tech,
Auburn, CA, USA) and a video zoom microscope lens (Edmund Industrial Optics, Barrington,
NJ, USA) with a resolution of 2.3 um [41]. Bending loads were minimized through precise
alignment of all test fixtures using a micrometer stage. Further, minimum bending loads were
confirmed based on minimal side-to-side displacement of the sample after failing. Images were
taken every 0.1 seconds (10 times per second) during loading. During potting and testing, all
samples were kept moist using PBS supplemented with calcium chloride [42].

For each digital image, sample strain values were calculated using digital-image correlation
(IMAQ Vision Builder 6.0; National Instruments, Austin, TX, USA) by tracking the movement
(linear distance in two dimensions) of clusters of 16-um silicon carbide particles (McMaster-
Carr, Elmhurst, IL, USA) (Fig. 2) located just outside the proximal and distal thirds of the
gauge region so as to minimize irregularities from local deformations. Although our camera
resolution was 2.3 um, digital-image correlation affords a higher (subpixel) resolution by
tracking the change in distance of the centroids of the two silicon carbide clusters. Since only
the medial and lateral sides of the anterior quadrants were milled, true stress values were
calculated by dividing force data by the actual cross-sectional area of samples after failure.
First, the fractured samples were stained with basic fuchsin, embedded in Caroplastic (Carolina
Biological Supply, Burlington, NC, USA) and sectioned transversely (200 um) using a low-
speed diamond-coated wafering saw (Buehler, Lake Bluff, IL, USA). Next, sections were fixed
to acrylic slides, polished to a 1 um finish, and imaged with a digital Exwave HAD 3CCD
camera (Sony, New York, NY, USA) and light microscope (Axioplan2; Carl Zeiss IMT,
Minneapolis, MN, USA) with a pixel resolution of 0.286 um. Cross-sectional areas of three to
six sections/sample were measured using IMAQ Vision Builder 6.0 (National Instruments)
and the values averaged. Sample dimensions did not vary significantly before and after testing
(data not shown). Stress/strain curves of approximately 100 data points were created to
determine strength, post-yield strain, work-to-failure, and Young’s modulus (modulus) (Fig.
3). Modulus values were calculated from the initial, linear portion of the curve before yield;
yield was defined as a 0.2% offset. Although samples were loaded at constant displacement,
the testing apparatus is not a uniform structure and differences in the component material
properties can affect the actual strain rate of the sample gauge region. Under this experimental
setup, each sample will deform at slightly different rates depending on the compliance of these
additional interfaces and materials. We accounted for strain rate variation by regressing each
modulus value to the average strain rate of all A/J, B6, and C3H animals, thereby further
improving our precision and enabling us to better differentiate tissue-level properties among
the inbred strains. The overall accuracy of our mechanical testing and imaging methods was
verified using milled aluminum samples of known mechanical properties; our calculated
modulus for milled aluminum samples (n = 6) was 74.2 + 6.8 GPa compared to the published
value of ~70 GPa.
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Morphological Traits

To determine how tissue-level variation in spectral parameters and mechanical properties relate
to whole-bone morphology, whole-bone morphological traits were measured. From the cohort
of mice used for FTIRI analyses, contralateral (left) femora were taken for analysis of
morphology. In addition, femora used for tissue-level mechanical testing were analyzed for
morphological traits. Diaphyseal, transverse morphology was measured using the eXplore
Locus SP Pre-Clinical Specimen MicroComputed Tomography System (GE Healthcare,
London, Canada). Three-dimensional images of whole femora were obtained at an 8.7 um
voxel size, and analyses were performed on a 2.5-mm-tall region beginning distal to the third
trochanter. Total area (Tt.Ar), cortical Area (Ct.Ar), marrow area (Ma.Ar), and polar moment
of inertia (Jo) were calculated as previously described [29]. Cortical thickness (Ct.Th) was
calculated as 2x(Ct.Ar)/(periosteal perimeter + endosteal perimeter). Femoral length (Le) was
measured from the most proximal tip of the femoral head to the bottom of the distal epiphysis.

Statistical Analyses

Results

Mean values for FTIRI spectral parameters and mechanical properties were calculated for each
strain, and significant differences were assessed using ANOVA and Bonferroni post-hoc tests
with a significance threshold of P <0.05 (Statistica 6.0; Statsoft, Tulsa, OK, USA). To correlate
FTIRI parameters and tissue-level mechanical properties with their associated whole-bone
morphological traits, Pearson correlations were calculated for trait comparisons using the raw
data from individual strains and the raw data pooled across strains. For each correlation
analysis, the threshold for P < 0.05 significance was chosen using permutation tests in order
to correct for multiple comparisons and determine the maximum coefficient arising from a
random distribution of trait values across individuals [43,44]. Due to the known broadening
of the acid phosphate subbands with decreasing mineral content and crystallinity, statistical
correlations using our acid phosphate data were not performed [37,45]. For all other traits,
significant Pearson correlations were noted and then analyzed, where appropriate, using linear
regressions for individual strain data and for data pooled across all three strains (GraphPad
Software, San Diego, CA, USA).

Compositional Traits

Results from FTIRI analyses revealed significant variation between at least two strains for all
spectral parameters except crystallinity (Table 1, Fig. 4). Significant differences were found
in the comparison of A/J and C3H mean trait values. C3H femora demonstrated a mineral-to-
amide | area ratio (8.0 + 0.4) that was intermediate of A/J (8.4 +0.7) and B6 (7.5 + 0.4). C3H
carbonate-to-amide | and carbonate-to-mineral area ratios were both significantly lower (18%
and 11%, respectively) than values for A/J. Curve-fitting of carbonate bands revealed no
significant differences in the amount of type A, type B, and labile carbonate substituted in the
three strains (data not shown). Mean acid phosphate values for C3H were 23% lower than those
for A/J. Mean values for XLR revealed significant differences among all three stains, with C3H
having the greatest collagen maturity. Femora from A/J and B6 had collagen XLRs that were
11% smaller and statistically indistinguishable from each other. To determine if the pixel
distribution for each trait varied among strains, a Gaussian distribution was fit to the pixel
histograms for each spectral parameter. Results revealed that only XLR differed significantly
in its pixel distribution, as evidenced by a 62% increase in curve width at half-maximum for
the C3H strain (Fig. 5).
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Mechanical Properties

Significant differences in mechanical properties were found between A/J and B6 femora (Table
2). A/J femora had a significantly larger (21%) modulus (34.9 + 4.4 GPa) than B6 femora (27.4
+ 4.1 GPa). However, B6 femora performed 47% more work-to-failure (1.50 + 0.71 MPa) than
AJJ femora (0.8 £ 0.49 MPa) and demonstrated nearly 60% more total strain, indicating that
although A/J femora are stiffer at the tissue level, they are also more brittle. The mean modulus
and work-to-failure for C3H femora were both found to be intermediate of A/J and B6.
Although the post-yield strain of A/J femora was one-third less than that of B6 and C3H femora,
no significant differences in post-yield strain were found among the three strains. In addition,
strength was not significantly different among the three strains.

Correlation Analyses

Correlation analyses were performed among whole-bone morphological traits and their
corresponding compositional traits or tissue-level mechanical properties. For comparisons
within strain, there were no significant composition-morphology relationships. However, when
data were pooled across strains, significant differences were found, indicating intraspecies
variation in trait relationships. Significant correlations were found among spectral traits (R >
0.68, P < 0.05) but not between spectral traits and whole-bone morphological traits. A
significant correlation (R > 0.86) between carbonate-to-amide | mean ratio and carbonate-to-
mineral mean ratio was observed. In addition, both carbonate-to-amide | and carbonate-to-
mineral mean ratios were negatively correlated with cross-link maturity (R >-0.70 and -0.69,
respectively). Linear regressions were applied to trait relationships with significant Pearson
correlations (Fig. 6). In all cases the slopes of lines fit to the individual strain data were
statistically indistinguishable (P < 0.05) and only the regression lines for data pooled across
strains are shown, confirming that trait variation within strains is minimal.

After pooling data across strains, significant correlations were found among tissue-level
mechanical properties and whole-bone morphological traits (R > 0.56, P < 0.05) but only for
modulus. A significant negative correlation was found between modulus and both Tt.Ar and
Ma.Ar (R>-0.58 and -0.70, respectively). Given that morphological traits and modulus values
cluster when regressed against each other, linear regressions were not performed for these
significant correlations. However, a clear trend of increasing modulus with increasing
slenderness (decreasing Tt.Ar/Le) was observed (Fig. 7).

Discussion

Compositional Traits

Comparisons across species have demonstrated that variation in bone matrix composition is
not random but part of a biological paradigm to establish function [13,16,17]. This investigation
focused on variation within species and found significant intraspecies variation in femoral
tissue-level composition, maturity, and mechanical properties, suggesting that genetic
variation defines mechanically relevant bone traits at the tissue level. Femoral ash content [2,
28] and BMD [46] are known to vary among inbred mice, and we confirmed these findings at
the tissue level with our measurements of mineral-to-amide mean area ratios. These results are
consistent with prior studies showing that mineral-to-amide | values are correlated with ash
content in synthetic mixtures of mineral and collagen and in bones from dogs and humans
[31,47]. The observed mineral-to-amide | and ash content variations indicate that A/J, C3H,
and B6 mice regulate mineralization at the tissue level by packing different amounts of mineral
into the collagen network. This finding supports prior work correlating increases in whole-
bone mineral content with increased stiffness at the expense of decreased post-yield strain
(increased brittleness) in A/J femora [27].

Calcif Tissue Int. Author manuscript; available in PMC 2009 November 1.
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In addition to differences in the amount of mineral, we observed that the mineral structure at
16 weeks of age is different among A/J, C3H, and B6 femora. Although the type of carbonate
substitution did not differ significantly among strains, C3H femora had a smaller total amount
of carbonate relative to mineral and amide | compared to A/J and B6 femora. This indicates

that the mineralization process in C3H femora limits the number of OH™ and POf( groups
replaced by carbonate. Similarly, acid phosphate was less prevalent in C3H femora, indicating
it has a more stoichiometric apatite than A/J and B6. Acid phosphate is associated with
immature, more labile mineral crystals [37] and the presence of increased carbonate
substitutions in hydroxyapatite has been linked to increased apatite dissolution [48] and
osteoclastic resorption [49]. In C3H femora, deposition of mineral with reduced levels of acid
phosphate and carbonate may represent a mechanism for promoting increased bone formation
[2,50,51] and decreased bone resorption [2,52] that is additional to known regulatory pathways
such as receptor activator of nuclear factor x (RANK)-dependent regulation of cellular activity.
This variation may help explain the increased Ct.Th of C3H relative to A/J and B6 mice.

Despite differences in mineral composition, which might imply that the crystallinity of C3H
femora is also greater, there were no significant differences in crystallinity as assessed from
the FTIRI parameters among the three mouse strains. Although the measured crystallinity
(defined from FTIR 1030/1020 ratio as average crystal size/perfection as correlated with XRD
analyses [31]) tended to increase with increased mineral-to-matrix ratio [53], significant
differences were not detected, reflecting the lack of sensitivity of the crystallinity parameter
as determined by a peak height ratio of 1030/1020 cm™! subbands [54]. There are other cases
where mineral content increases and crystallinity does not. For example, in younger
osteonectin-null mice, an increase in mineral-to-matrix ratio accompanied a decrease in
crystallinity [54]; and in ovariectomized mice, there was no change in crystallinity with
increasing mineral-to-matrix ratio [55]. Also, in biglycan knockout mice, ash content and
mineral-to-matrix ratios decreased but crystallinity, as determined by X-ray diffraction, did
not change [56]. Increased crystallinity has been associated with bone brittleness [57], and
while C3H femora had an increase in mineral content and modulus relative to B6, there was
no increase in tissue-level brittleness or crystallinity. Thus, the biological mechanism
responsible for an increase in C3H femoral mineral content and modulus appears to be
fortuitously associated with no increase in tissue-level brittleness. Further, if a decrease in
carbonate and acid phosphate content of C3H femora did serve to protect against bone
resorption and promote endosteal in-filling, then mineral of increased crystallinity would also
be expected since it is less resistant to dissolution. However, C3H femora had statistically
comparable crystallinity values for A/J and B6, and this may indicate that genetic regulation
of other variables (carbonate, acid phosphate, collagen cross-linking) may be able to
compensate to maintain functionality (i.e., larger modulus with no increase in brittleness).

Significant collagen matrix differences were observed as evidenced by the FTIRI of C3H
femora having a greater XLR; increases in XLR have been associated with increases in matrix
maturity [34,58,59]. This confirms prior work reporting that C3H humeri and tibiae had more
mature, pyridinoline cross-links than B6 [60]. Interestingly, the distribution of these mature
cross-links in C3H femora varied such that there were regions of cross-link maturity similar
to A/J and B6 as well as regions with much greater cross-link maturity (Fig. 4). There was no
consistent spatial variation for these regions of high and low cross-link maturity, indicating
that C3H femora may exhibit significant spatial variation in matrix maturity.

Previous studies have reported tissue-level variation in the compositional parameters examined
here. For example, variable tissue-level mineral content [53,54,61,62], carbonate content
[53,63], and collagen cross-link maturity [34,64] have been documented. Although these
studies are informative, they are a function of either a disease state or variable animal/tissue
age. The present study is one of the first investigations demonstrating that different adult tissue-
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level bone mineral composition and matrix maturity phenotypes can simultaneously arise from
natural genetic variation within species. The observed phenotypic differences suggest that
intraspecies genetic variation gives rise to differential cellular control over mineral and matrix
maturity during growth and development. Consequently, multiple bone quality phenotypes can
be formed and are able to exist within variable, but mechanically functional, whole-bone
structures [28,29].

Mechanical Properties

Accompanying variation in tissue-level composition, A/J, C3H, and B6 mice exhibited
significant differences in tissue-level mechanical properties. Prior to this investigation, whole-
bone morphological traits and ash content have been reported for these three strains and
variation in these traits explained 66-88% of the variability in whole-bone mechanical
properties [28]. It was therefore expected, but unconfirmed, that variation at the tissue level
would also influence whole-bone functionality. Our results demonstrate that variation at the
tissue level is significant and is in agreement with whole-bone mechanical data. Given that A/
Jfemora have greater mineral content than C3H and B6 and mineral content is highly correlated
with stiffness, a greater modulus value for A/J femora was expected. However, at the whole-
bone level A/J stiffness no longer exceeds B6, and this is because geometry must be taken into
account: A/J femora are more slender. Similarly, the intermediate mineral content and modulus
for C3H translate to a whole-bone stiffness that is much larger than that of both A/J and B6 by
virtue of C3H’s large Ct.Ar.

Variation in tissue-level strength and post-yield strain mirrored whole-bone values for the three
strains [28], though no statistical differences were found. It should be noted that the variability
of post-yield strain does not indicate a lack of experimental precision. Since post-yield strain
is a parameter that describes the failure process, measurements are typically very complicated
and heterogeneous. Prior studies measuring post-yield strain at the whole-bone level also
reported tremendous variability [28,29]. One of the reasons we machined only two sides of
each bone was to minimize machining defects that might enhance variability in post-yield
strain. That our tissue-level post-yield strain and total strain data support variation in mineral
content is testimony to the accuracy of the approach (we thought the variability might obscure
all tissue-level trends among mice, but the trends were still observable). We expect that if
technology advances to provide more accurate values for failure properties of such small
specimens, the mean values obtained will still be in line with those found in our investigation.

Differences in tissue-level work-to-failure also mirrored whole-bone values, and significant
differences were observed between A/J and B6 femora. As expected, A/J femora exhibited a
brittle (nonductile) failure behavior with minimal post-yield strain and as a result performed
the least amount of work-to-failure. In addition to the contribution from increased mineral,
increased acid phosphate levels and decreased collagen cross-link maturity may contribute to
the brittleness of A/J femora. Support for this theory is found in a study where the occurrence
of vertebral microdamage was associated with local increases in acid phosphate and decreases
in collagen cross-link maturity [65].

It should be noted that a number of investigations have reported tissue-level mechanical
properties for bone tissues and these values can vary by an order of magnitude. Recent studies
using nanoindentation on adult mouse [66-68], rat [5], and human [69] femoral cortices gave
modulus values of 15-33 GPa. On the other hand, in studies that determined modulus through
back-calculations [59,70,71] or through mechanical testing with “grip-to-grip” calculations,
where sample strain is assumed to be identical to the strain of the grips holding the sample
[72], modulus values were significantly lower (1-6 GPa) compared to our current results (27-34
GPa). We confirmed this experimental variation by calculating our modulus values using grip-
to-grip displacements and by back-calculating from whole-bone mechanical properties. Using
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these approaches, we obtained modulus values of 5-6 and 2-5 GPa, respectively (data not
shown). In addition, differences in mean values among strains are no longer apparent using
these approaches. Thus, nanoindentation and tissue-level mechanical testing with true strain
values appear to give more accurate values for tissue-level mechanical properties. In support
of this, we constructed an updated plot of tissue-level stiffness (modulus) versus ash content
using our mouse data and a variety of published bone data ranging from deer to whale (Fig.
8). There is a strong correlation between the two variables as originally noted by Currey [17];
and our measured values for A/J, C3H,and B6 femora fall near those for human and bovine
femora measured using similar experimental methods.

Correlation Analyses

Significant correlations were found among FTIRI spectral parameters. As expected, carbonate-
to-mineral mean ratios were positively correlated with carbonate-to-amide | mean ratios,
confirming that our carbonate changes are independent of changes of mineral or amide I.
Carbonate-to-mineral and carbonate-to-amide | mean ratios were each negatively correlated
with collagen maturity. Although the relationship between collagen maturity and bone
formation/resorption is unclear, the association of lower concentrations of carbonate with
increased collagen cross-link maturity suggests that mineral composition and matrix maturity
may covary during growth to permit increased bone formation and decreased bone resorption.

Mean modulus values were found to vary among A/J, B6, and C3H such that mice with more
slender bones (small Tt.Ar relative to Le, A/J) tend to contain stiffer material, whereas mice
with larger bones (large Tt.Ar relative to Le, B6) contain less stiff material (Fig. 7). This trend
is in agreement with prior work on human samples showing that smaller tibiae had increased
moduli and were more brittle than larger tibiae [73]. C3H femora are intermediate to A/J and
B6 in both modulus and slenderness. However, given that C3H femora have increased Ct.Ar
relative to both A/J and B6, the need for increased tissue-level mechanical properties (modulus)
seems redundant. Despite this difference, we know that C3H femora still covary mineral
deposition and whole-bone morphology during growth and in a manner consistent with A/J
and B6 [2]. Future studies are needed to determine if the increased Ct.Ar is truly redundant or
if it plays a specialized mechanical or physiological role.

Conclusions

This investigation has demonstrated that, within species, genetic variation can give rise to
phenotypic variation in the tissue quality of bone (mineral composition, matrix maturity) and
that this variation is matched to whole-bone morphology, thereby creating bones that are
functional for normal loads. Variation in mineral and matrix traits can be found in a variety of
animal models, and given that associations between bone quality, morphology, and mechanical
properties have been reported in many species, this likely represents a global biological
paradigm for the regulation of trait covariation. The cellular processes directing variation in
bone quality and morphological phenotypes are likely shared by a number of species and close
correlation between mouse and human confirm that inbred mice are a good model for studying
skeletal functionality and fracture susceptibility. Future studies examining genetic disruption
of bone quality and morphology, as well as studies during growth, will shed light on the cellular
and molecular mechanisms that permit the creation of functional and nonfunctional skeletal
phenotypes.
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Fig. 1.
Representative FTIR spectrum for mouse femoral cortical bone from a B6 mouse with
frequencies of interest labeled
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Fig. 2.

Representative mouse femora after milling to create a 280 um wide x 3 mm long gauge region.
Silicon carbide circles line the specimen and were used for subsequent strain calculations. Bar
=50 um
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Representative stress/strain curve for a milled mouse femora. Modulus (E) was taken as the
linear portion of the curve (before yield), strength as the maximum force before failure, post-
yield strain as the deformation after yield, and work-to-failure as the area under the curve
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Representative pixel population histograms for collagen cross-linking. The curves represent
Gaussian fits to the histogram used to calculate pixel distribution relative to the maximum.
Note the wider curve at half-maximum for C3H
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Fig. 7.

Plots for (a) mean modulus value and (b) Tt.Ar/Le for A/J, C3H, and B6 femora. Data are
taken from Table 2 and illustrate the intraspecies trend of increased modulus with increased
slenderness (decreased Tt.Ar/Le)
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Modulus versus ash content (dry %) for a variety of animal bones [4,16,18,20,74-79]. R? =

0.65
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Table 2

Mean values * standard deviations for tissue-level mechanical properties from A/J, C3H, and B6 femora
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Al C3H B6
Modulus (GPa) 34.9+4.47 31.8+14 27.4+41"
Strength (MPa) 1430+ 2538 164.0 + 34.3 150.2 + 23.6
Post-yield strain 0.001 + 0.001 0.003 + 0.002 0.003 + 0.003
Total strain 0.005 + 0.002 0.007 + 0.003 0.012 + 0.016
Work (MPa) 0.80+0.49" 115+0.71 150+ 0.71"

*
Significantly different from A/JJ, ANOVA P < 0.05

7LSignificantly different from B6, ANOVA P < 0.05
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