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Enhanced Post-Yield Properties with Exercise, Increased Tissue Strength With Latency

ABSTRACT

We have previously shown that exercise during growth increases post-yield deformation
in C57BL6/129 (B6;129) male tibiae at the expense of reduced pre-yield deformation and
structural and tissue strength. Other research in the literature indicates that increased mineral,
cross-sectional geometry and structural strength due to exercise can be maintained or increased
after exercise ends for as long as 14 weeks. It was therefore hypothesized that after our exercise
protocol ends, effects of exercise on mechanical properties would persist, resulting in increased
post-yield behavior and rescued strength versus age-matched control mice. Beginning at 8
weeks of age, exercise consisted of running on a treadmill (30 min/day, 12 m/min, 5° incline) for
21 consecutive days. At the end of running and 2 weeks later, in the cortical bone of the tibial
mid-diaphyses of B6;129 male mice, changes due to exercise and latency following exercise
were assayed by mechanical tests and analyses of cross-sectional geometry. EXxercise increased
structural post-yield deformation compared with weight-matched control mice, without changes
in bone size or shape, suggesting that exercised-induced changes in pre-existing bone quality
were responsible. Over the two week latency period, no growth related changes were noted in
control mice, but exercise-induced changes resulted in increased tissue stiffness and strength
versus mice sacrificed immediately after exercise ended. Our data indicate that periods of
exercise followed by latency can alter strength, stiffness and ductility of bone independent of
changes in size or shape, suggesting that exercise may be a practical way to increase the quality

of the bone extracellular matrix.
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INTRODUCTION

Exercise-based mouse [1-5] and rat [6-9] models have almost universally shown a link
between exercise and increased bone formation, resulting in increased bone size and bone mass
and maintenance or increase of mechanical properties, thus supporting Wolff’s law [10]. We
recently demonstrated that 21 consecutive days of moderate intensity running, considerably
shorter than most exercise models, significantly increased structural post-yield deformation in
the tibial diaphyses of male C57BL6/129 mice [11]. Post-yield behavior in bone is important
when assessing the clinical relevance of an exercise model, as post-yield and failure deformation
are measurements of how well the overall structure is able to resist a catastrophic failure when
the bone is deformed. Thought of in another way, post-yield behavior is a measure of the bone’s
ability to contend with damage that accrues with use. However, increased post-yield
deformation came at the expense of reduced structural pre-yield deformation as well as structural
and tissue-level strength [11]. Because tissue-level properties were changed with exercise, and
properties at the tissue-level are independent of bone size, increased post-yield properties and
decreased pre-yield behavior were attributed to exercise-induced changes in tissue quality.

Mice in our previous study were sacrificed 3 days after the termination of running.
Others have shown that increased mineral and cross sectional geometry as well as increased
structural strength due to exercise can be maintained or increased after exercise ends, compared
with age-matched control rats and rats sacrificed immediately after exercise stopped [12, 13].
This continuation of the effects of exercise is similar to changes noted in the osteotomy gap
during the consolidation period following distraction osteogenesis (DO). DO models indicate
that 14 days of consolidation is enough for mineralized bone to fill in the osteotomy gap [14-16].

It is therefore hypothesized that after short-term moderate intensity exercise ends, mechanical
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changes that occurred in the bones during exercise will persist and new mechanical changes will
occur resulting in a rescue or increase in strength versus age-matched control mice.

At 11 (at the end of 21 consecutive days of exercise) and 13 weeks of age (2 weeks later),
in the cortical bone of the tibial mid-diaphyses of C57BL6/129 male mice, changes due to
exercise and a latency period following exercise were assayed by four-point bending mechanical
tests to determine mechanical properties at the whole bone (structural) and tissue levels, as well

as by analyses of bone cross-sectional geometry.
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MATERIALS AND METHODS
Animals and Treatment

All animal procedures were performed at the University of Michigan with University
Committee on Use and Care of Animals (UCUCA) approval (UCUCA animal approval protocol
#8518). To determine proper sample sizes for detecting effects of exercise and latency time,
power calculations were performed based on measured differences and standard deviations in
geometric and mechanical properties in C57BL6/129 (B6;129) male mice due to running on a
treadmill [11] using a value of 0=0.05 and a power (1-f) of 0.80 [17]. To be able to detect
differences in primary outcome measures of interest (cortical width and bone areas, structural-
level and tissue-level strength and deformation, stiffness and modulus of elasticity), a sample
size of n=15 was used for each group.

Sixty B6;129 male mice were purchased at 5 weeks of age (The Jackson Laboratories;
Bar Harbor, ME). Animals were housed in standard cages and given access to a standard diet,
water and cage activity ad libitum. On the first day of the study (Day 1, 8 weeks of age), mice
were randomly assigned to 1 of 4 body weight-matched groups (11 week control, 11wc; 11 week
exercise, 11we; 13 week control, 13wc; 13 week exercise; 13we). Control mice remained
confined to cages for the duration of the study. Exercise consisted of running on a treadmill (12
meters/minute at a 5° incline) for 30 minutes/day, 7 days/week for 21 consecutive days
(Columbus Instruments, Model 1055M, Columbus, OH)[11]. Each lane of the treadmill was
equipped with an adjustable-amperage (0-1.5 mA) shock grid at the rear of the belt to stimulate
each mouse to run independently of all others. By the end of the second day of the experiment,
all mice were running without the need of shock stimulation. One day following the end of the
exercise regimen (Day 22), 11wc and 11we mice were sacrificed by CO, inhalation, at which

time the left tibia of each animal was harvested, stripped of soft tissue and stored at 4°C in a
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Ca**-buffered saline solution for mechanical testing within 24 hours. The 13wc and 13we mice
were sacrificed 14 days later on Day 36, and the left tibiae were treated in this same manner.
Body mass was measured in all mice on Day 19. At the time of sacrifice (Day 22 for the 11

week groups, Day 36 for the 13 week groups) body mass was measured in all mice.

Mechanical Testing

Left tibiae were brought to room temperature before testing and were kept hydrated in
calcium-buffered saline until the test was complete. Before testing, the length of each tibia was
measured from the most proximal portion of the tibial plateau to the most distal portion of the
medial malleolus using digital calipers accurate to 0.01 mm (Mitutoyo, Aurora, IL). Bones were
tested in the medial-lateral (ML) direction (medial surface in tension) in four-point bending
(Admet eXpert 450 Universal Testing Machine; Norwood, MA). The fibula was carefully
removed from each bone using a scalpel and the bones were positioned such that the most
proximal location of the tibia-fibula junction (TFJ) was lined up with the outside edge of one
loading roller. The bones were then monotonically tested to failure in displacement control at a
rate of 0.025 mm/sec. Load and deflection were recorded, from which structural strength (yield
and ultimate forces), stiffness (the slope of the linear portion of the force vs. displacement curve)
and deformation (yield deformation, post-yield deformation and total deformation) were derived
at the whole bone level [11, 18]. After testing, the fractured halves of each bone were placed in
70% ethanol.

Bones were visually monitored during testing and the point of fracture initiation was
noted. Because fractures often propagated at an angle across the bone (i.e. oblique fractures), the
half of the fractured bone containing both the fracture initiation site and a full planar section of

bone transverse to that site was processed for histology and sectioned as described below (see
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histomorphometry section). The jagged edge of the bone adjacent to the fracture site was
trimmed off, and a 150 um thick planar section was obtained (see histomorphometry section
below). Cross-sectional images at the fracture site were acquired (Nikon Eclipse TE 300) and
analyzed using digital analysis software (Image Pro-Plus v4.5, Matlab v6.0). A subset of
geometric properties at the fracture site was obtained for the purposes of normalizing structural-
level mechanical data and calculating predicted tissue-level properties (bending moment of
inertia about the anterior-posterior (AP) axis, Iap, and the distance from the centroid to the tensile
surface of the bone, ¢). For the purposes of determining the effects of exercise and latency time
on cross-sectional properties, a full set of geometric properties was determined at a standard site
(see histomorphometry section below). Together with the load and deflection data, Iap and ¢
were used to map force and displacement (structural level properties dependent on bone
structural organization) into stress and strain (predicted tissue level properties) from standard

beam-bending equations for four-point bending:

Fac (MPa) Microstrain = & = bed __y 10°

Stress=o0 = 2 m
In these equations, F is the force, d is the displacement, a is the distance from the support to the
inner loading point (3 mm) and L is the span between the outer supports (9 mm). The yield point
was calculated using the 0.2% offset method based on the stress-strain curve [19]. The modulus
of elasticity was calculated as the slope of the linear portion of the stress-strain curve. Deriving

mechanical properties at the tissue-level using beam bending theory is only valid in the pre-yield

regime [19]. Therefore, post-yield and failure strain are not reported.
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Static Histomorphometry

Following mechanical testing, both fractured halves of all left tibiae were dehydrated in
graded ethanol (70%, 80%, 95%, 100%), cleared in xylene and Clear-Rite 3 (a blend of
isoparaffinic aliphatic hydrocarbons, Richard-Allen Scientific; Kalamazoo, MI) and infiltrated in
a liquid methylmethacrylate monomer (Koldmount™ Cold Mounting Liquid, Mager Scientific).
The bones were then embedded in poly methylmethacrylate (Koldmount™ Cold Mounting Kit,
Mager Scientific). Using a low-speed sectioning saw (South Bay Technology, Model 650; San
Clemente, CA) with a diamond wafering blade (Mager Scientific), sections approximately 150
pum thick were made at the fracture site (to normalize mechanical properties as described in the
Mechanical Testing Section above) or at a standard site just proximal to the TFJ for static
histomorphometry (sections were located an average distance of 6.85 + 0.83 mm from the distal
end of the bone). Histomorphometric sections were hand ground and polished to a final
thickness of between 50 and 75 pum using wet silicon carbide abrasive discs.

Sections were imaged at a magnification of 200X (Nikon Eclipse TE 300) and analyzed
using digital analysis software (Image Pro-Plus v4.5). For static histomorphometry, cross-
sectional geometric properties were determined (total cross-sectional area, cortical area, marrow
area, AP width, ML width, average cortical thickness and moments of inertia about the AP (1ap)

and ML (Iu) axes).
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Statistical Analysis

All data are presented as mean + standard error of the mean (SEM). Statistical analyses
were performed on body mass, and all geometric and mechanical properties using a two-way
ANOVA checking for the main effects of exercise and time, followed by post-hoc Student-
Newman-Keuls tests (Sigma Stat 3.0, Jandel Scientific). A value of p<0.05 was considered
significant. In groups which failed to exhibit normal distributions or equal variance, Mann-

Whitney rank sum tests were performed.
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RESULTS
Body mass (Table 1)

Between Day 1 and Day 19, the body mass of 11wc mice significantly increased
(p=0.034) while that of 11we mice was unchanged. The result was that at Day 19, 11we mice
weighed significantly less than 11wc mice (p=0.050). For 13 week control mice (13wc), there
was no difference in body mass compared with 11wc mice at Day 19. In 13wc mice, there was
no change in body mass between Day 1 and Day 19 or between Day 19 and Day 36. In 13we
mice, there was no change in body mass between Day 1 and Day 19, but body mass was
significantly increased during the latency period between Day 19 and Day 36 (p=0.009). In
13we versus 13wc mice, body mass was significantly decreased at Day 19 (p=0.016), but was

not significantly different at Day 36.

Cross-Sectional Geometry (Figure 1)

There were no significant differences present in any cross-sectional geometric properties
(Figure 1) or in tibial length (Table 1) in 11we versus 11wc mice or in 13we versus 13wc mice.
There were also no significant differences in cross-sectional geometric properties (Figure 1), or
tibial length (Table 1) between 13wc mice and 11wc mice. The absence of cross-sectional and
longitudinal geometric changes indicates a lack of growth-related changes in these mice. A
comparison between 13we mice and 11we mice shows that 13we mice had significantly smaller
marrow area compared with 11we mice (p=0.041, Figure 1A), indicating endocortical

contraction following the termination of exercise.

10
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Structural-level mechanical properties (Figure 2)

At the structural level, exercise significantly increased post-yield deformation in 11we
versus 11wc mice (p=0.010, Figure 2A), and deformation to yield was significantly decreased
(p=0.028, Figure 2A), but there were no differences in yield force, ultimate force or stiffness.
There were no differences in structural-level mechanical properties in 13we versus 13wc mice,
13wec versus 11wc mice or 13we versus 11we mice (Figure 2). These data indicate that while
exercise impacted structural-level mechanical properties, there were no changes with growth or

with the post-exercise latency period.

Tissue-level mechanical properties (Figure 3)

Pre-yield tissue level mechanical properties were not different in 11we versus 11wc mice
or in 13we versus 13wc mice. No tissue-level properties differed significantly in 13wc versus
11wc mice, indicating no changes with growth. 13we mice had significantly increased yield
stress (p=0.049, Figure 3B), ultimate stress (p=0.044, Figure 3B) and modulus (p=0.010, Figure
3C) versus 11we mice, suggesting that these properties continued to change in the post-exercise

latency period.

11
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DISCUSSION

Following three weeks of exercise, the tibiae of male B6;129 mice exhibited significantly
increased post yield deformation but decreased pre-yield deformation (Figure 2A), consistent
with a previous experiment using the same exercise protocol [11]. Mechanical changes came in
the absence of changes in cross-sectional size or shape (Figure 1), suggesting that alterations in
the quality of the tissue versus changes in bone mass were responsible.

There were no differences in any properties in the 13we versus 13wc mice, meaning that
the significant decrease in pre-yield deformation noted in 11we versus 11wc mice was
compensated for during the latency period (Figure 2A). There were no growth related changes in
tibial length, geometric or mechanical properties in control mice in the two weeks following the
end of exercise (13wc versus 11wc, Table 1, Figures 1-3). However, tissue-level strength
(Figure 3B) and stiffness (Figure 3C) were significantly greater in 13we mice versus 11we mice,
indicating that exercise altered the way these properties changed during the latency period in
these mice. Further, marrow area was significantly smaller in 13we mice versus 11we mice,
indicating endocortical contraction after exercise was terminated. Changes following the
termination of running could be the result of latency, or continuing effects of exercise. Given
more time to adapt following the end of running (in excess of the 2 weeks investigated here), the
exercise-induced changes in both pre-yield and post-yield mechanical properties may result in
greater differences versus age-matched control mice. By sacrificing at different times following
the termination of exercise, the evolution of these changes could be investigated.

Cross-sectional geometric size and shape (Figure 1) were not altered by exercise or
growth. Since cross-sectional size is indicative of the quantity of bone present and moment of

inertia is representative of the distribution of that bone, the mechanical changes that occurred

12
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during exercise were likely driven by differences in the quality of the pre-existing extracellular
matrix (ECM).

Exercise initially increased post-yield behavior at the structural-level. Since post-yield
properties of bone are primarily dictated by the organic portion of the ECM [20-24], and cross-
sectional size and shape did not change with loading, exercise likely exerted its initial effects
through changes in the organic compartment of pre-existing bone. In fact, recent studies
utilizing Raman microspectroscopy to probe the chemical composition of bone indicate that
exercise increases the overall maturity of collagen cross-linking in the tibiae of male mice of this
background strain [25].

The 13we mice had significantly greater tissue-level modulus, yield stress and ultimate
stress compared with 11we mice (Figure 3), properties that suggest the mineral was altered after
exercise was terminated [18, 20, 24, 26]. However, mineral composition and density were not
measured in the current study, so this hypothesis cannot be specifically addressed.

This short-term exercise regimen can increase the expression of a number of bone
proteins including type I collagen and signaling molecules (TGFf, BMP2 and BMP4) [27]. Itis
possible that changes in tissue quality that are ultimately impacting the mechanical integrity of
the bones in this study are driven by both local cell-mediated [28]and non-cell-mediated
processes [29-33].

It has been known for many years that mechanical stimulation can influence bone
through accrual of bone mass and changes in structural architecture [10, 34]. However, it is
becoming increasingly clear that exercise can influence the quality of the bone ECM independent
of changes in bone size, leading to increased mechanical integrity[25]. The current study is
consistent with the idea that exercise followed by latency may be practical way to alter the

quality of bone [35-38] and warrants further investigation. A limitation of this study is that a

13
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continuous exercise group (i.e. 5 weeks of exercise beginning at 8 weeks of age), which could
have helped in clarifying the effects of latency, was not used.

The 21 days of exercise used in the current study is shorter in duration than most other
exercise protocols [2, 39]. A single bout of mechanical loading may be enough to induce a
response [40], but that response may become saturated [41]. It may be possible to decrease the
duration of our exercise protocol even further and still elicit changes in mechanical integrity.

In summary, data from this study suggest that independent of changes in bone size or
shape, exercise increased mechanical properties reflecting changes in ECM quality. Over the
two week latency period following exercise, exercise-induced changes resulted in increased
tissue-level stiffness and strength versus mice sacrificed immediate after exercise ended.
Increased stiffness and strength likely occurred through alterations in mineral chemistry and/or
density [25, 42]. The current study suggests that exercise followed by latency may be a practical
way to increase the quality of the bone extracellular matrix, a concept that requires further

investigation.

14
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Figure Titles and Legends

Figure 1

Title: Cross-Sectional Geometric Properties in the Tibial Diaphyses

Legend: There were no differences in any cross-sectional geometric properties in 11we versus
11wc mice or in 13we versus 13wc mice. No properties changed with growth in
control mice between 11 and 13 weeks of age. In 13we mice compared with 11we

mice, there was a significant decrease in marrow area. Data are presented as mean +

SEM.

Figure 2

Title: Structural-Level Mechanical Properties in the Tibial Diaphyses

Legend: There was a significant decrease in elastic deformation to yield (A) and a significant
increase in post-yield deformation (A) in 11we mice versus 11wc. No properties
changed with growth in control mice between 11 and 13 weeks of age. There were no

differences in any structural-level mechanical properties in 13we mice versus 13wc

mice or versus 11we mice. Data are presented as mean £ SEM.

Figure 3

Title: Tissue-Level Mechanical Properties in the Tibial Diaphyses

Legend: No properties were different in 11we mice versus 11wc mice or in 13we mice versus
13wc mice. No properties changed with growth in control mice between 11 and 13
weeks of age. In 13we mice compared with 11we mice, there was a significant

increase in yield stress (B), ultimate stress (B) and modulus (C). Data are presented as

mean + SEM.

15
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Figure 2
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Figure 3
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