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ABSTRACT

Berman, Alycia G. M.S.B.M.E., Purdue University, August 2016. Influence of Me-
chanical Stimulation on the Quantity and Quality of Bone During Modeling. Major
Professor: Joseph M. Wallace.

Skeletal fractures due to bone disease impact an estimated 1.5 million Americans

per year, creating a large economic burden on our society. Treatment of bone diseases

prior to fracture often involves bisphosphonates (current gold-standard in osteoporo-

sis care and prevention). Although bisphosphonates decrease fracture incidence, they

often improve bone mass without regard for bone quality. Thus, although bisphos-

phonates increase the amount of bone present, the inherent bone material strength

often decreases, creating a trade-off that increases the risk of atypical fractures after

long-term use. This trade-off demonstrates the need for a treatment that targets

both bone quality AND quantity. Although bone quality is important, the compo-

nents of bone that contribute to bone quality are incompletely understood, making

it difficult to create new pharmacological agents. With this in mind, my particular

area of interest is in understanding how mechanical stimuli protects the formation

of bone, leading to improved bone quality. Initially, this area was explored through

use of tibial loading in a disease mouse model (osteolathyrism, induced by injection

of β-aminoproprionitrile) as a means of assessing how the body is able to compen-

sate for decreased bone quality. The results of the BAPN and tibial loading studies

indicated that injecting mice with BAPN may not be the ideal method to induce

osteolathyrism. However, other intriguing results from the BAPN studies then led

us into an exploration of how tibial loading itself contributes to bone quality.
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1. INTRODUCTION

The following chapter (with the exception of the thesis overview section) was sub-

mitted as a review article entitled Mechanically-mediated adaption to the quality and

quantity of bone. Authors on the paper are Alycia G. Berman (first author) and

Joseph M. Wallace (corresponding author). The paper is currently under review.

Note that figures have been removed due to copyright restrictions.

1.1 Abstract

Prevention of fracture through improved bone mechanical strength is of great

importance given the large number of bone disease-related fractures each year, the

decreased quality of life associated with fractures, and the large anticipated increase

in fracture incidence over the upcoming years due to the aging population. Exercise

and other forms of mechanical stimulation have been shown to increase bone mass,

suggesting improved strength. However, while bone mass is a good indicator of

strength, other components (such as bone quality) also contribute to bone mechanical

integrity. While increased bone mass has been explored considerably using both

exercise and targeted loading models, the role of mechanical stimulation in altering

bone quality has been explored to a lesser degree. Understanding how to improve

both the quantity and quality of bone is critical to increasing fracture resistance.

Herein, we discuss quantity and quality-based improvements that have been observed

using both exercise and targeted loading models of bone adaptation.
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1.2 Introduction

Throughout the course of a lifetime, a persons bones are constantly loaded and

unloaded, whether that be through walking, running, bending over, standing up,

etc. As is true for any structure and material, the constant fatigue of bone can cause

accrual of damage, leading to weakened bone. In order for bone to maintain its

mechanical integrity, it must be a dynamic structure, one that is able to repair itself

and to adapt to the loads engendered on it.

1.3 Historical Perspective and Clinical Significance

This concept that bone responds to mechanical stimulation is not new. Although

Julius Wolff is often credited with the idea (commonly referred to as Wolff’s Law due

to his 1870 publication [1]), the notion that mechanical loads influence the structure

and organization of bone was observed well before, back to at least the 1830s. In

1917, in a book entitled “The Laws of Bone Architecture” [2], the author Koch noted

that, in the 1830s, there were three doctors (Bourgery, Ward, and Wyman) whom

each described their observations regarding trabecular organization. According to

Koch, their observations were rather simplistic, and so perhaps, the true credit for

the concept should be given to Georg Hermann von Meyer [3] who connected the

dots and wrote a seminal work in 1867 on the idea that trabeculae are arranged

in a specific manner which tended to align with the principal stress trajectories in

bone. Hermann von Meyer was later followed by Karl Culmann, a mathematician

who noted that the alignment of trabecular bone tended to follow a mathematical

pattern seen in “graphic statics.” In the late 1800s, Wolff referenced von Meyer’s

and Culmann’s works in the creation of his paper, where he discussed the adaptation

of trabeculae to load, which eventually came to be known as Wolff’s law and is often

used as the key reference for the mechanical adaptability of bone.

Effectively, Wolff’s law states that bone will adapt to the loads engendered on

it. In other words, the trabecular structure of bone is precisely arranged to place
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bone where it is needed and remove bone that is not needed in order to maintain

structural integrity. Over a hundred years later, in 1987, Harold Frost [4] published a

conceptual model on bone adaptation, called The Mechanostat, in which bone itself

was seen as a negative feedback system that would respond with either formation or

resorption, depending on the local strain field.

This response of bone to mechanical stimulation has been observed in many

human exercise studies [5]. A common example is found in tennis players who,

due to the forces of impact and muscle loading, often have increased bone mineral

content in their dominant arm as compared to their non-dominant arm, as shown

in Fig. 1 [6]. Running [7–9], jumping [10], gymnastics [11, 12], weight lifting [13],

and swimming [14, 15] have all been shown to increase bone mass as compared to

sedentary controls. This bone mass response seems to be dependent on the degree

to which the activity is weight bearing [16, 17], as well as the starting age, with

pre-menarche women having the greatest increase in bone mineral content [18].

Just as mechanical stimulation can increase bone mass, a decrease in mechanical

stimulation (through disease or disuse) can cause a relatively rapid decrease in mass.

This decrease can be seen as the bone trying to balance the need for strength with the

metabolic costs associated with maintaining that strength. Bone is a dense structure

in comparison to other tissues (nearly double the mass per unit volume) and has

large metabolic needs. In situations of disuse, bone loss will occur quickly because the

body no longer needs to metabolically support such a large structure for load bearing

ability [19]. A common example is astronauts, who often experience bone loss due

to microgravity while in space [20–23]. In a study of long-duration flights (average

duration approximately 6 months), almost all long-duration astronauts experienced

at least a 3% bone loss in at least one skeletal site, while 43% showed at least a 10%

bone loss in at least one skeletal site [24]. In fact, the decrease in bone in astronauts

was found to be approximately 1-1.5% per month [25], and was shown to be up to

2.7% per month in the trabecular region of the femoral neck [26]. Astronauts are not

the only ones affected. Bedrest is often used as a model of space flight [24], as it has
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been shown to decrease bone density by approximately 0.3-1% per month [27, 28].

In addition, diseases such as osteoporosis are thought to be caused, at least in part,

by a failure of bone cells to respond to mechanical stimulation [29]. This bone loss

(through space flight, bed rest, osteoporosis, or another mechanism) decreases the

body’s ability to bear load and can lead to fracture in instances of high impact

loading (such as falling).

Prevention of fracture through improved bone mechanical strength is of great

importance given the large number of bone disease-related fractures each year, the

decreased quality of life associated with fractures, and the large anticipated increase

in fracture incidence over the upcoming years due to the aging population [30]. For

this reason, much research has been dedicated to understanding how and why bone

responds to mechanical load. In addition to clinical studies, the use of pre-clinical

animal models has aided greatly in advancing our knowledge on the response of bone

to mechanical stimulation.

1.4 Animal Models of Mechanical Stimulation

While clinical studies have provided clear indications that bone adapts to me-

chanical stimulation, most of our understanding of the specifics of how and why

bone adaptation occurs have been derived from studies using pre-clinical animal

models. In general, in vivo animal models of mechanical adaptation can be divided

into two broad groups: intrinsic (i.e. exercise) and extrinsic (i.e. targeted loading).

Exercise, as the name would suggest, refers to loading modalities such as treadmill

running [31, 32], jumping [33], swimming [34, 35], and climbing [36, 37]. Exercise

models tend to be non-invasive, where loading of bone is delivered through muscle

contraction and ground reaction forces. In exercise models, the entire animal is

affected which makes these models physiologically relevant. The main limitation,

however, is the incomplete control over the mechanical inputs to the bone, which

can be dependent on each individual animals activity and activity level, body weight,
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etc. It is also difficult to isolate the influences of mechanical loading from those that

result from the whole body response.

In contrast, targeted loading provides an alternative means of assessment in that

a known load or strain stimulus can be applied to all animals in a consistent manner.

A variety of targeted loading models are displayed in Fig. 2. Often, a single limb

or single bone is mechanically stimulated. Importantly for the continued use of

these models, adaptation of both cortical and cancellous bone has been shown to be

confined to the loaded limb and, lacking a systemic effect [38], enables the animal’s

contralateral limb to act as an internal, non-loaded control. Examples of targeted

loading include the use of surgical pins [39], four-point bending [40], cantilever tibial

loading [41], ulnar loading [42,43], and tibial loading [44].

1.4.1 Extrinsic Factors Influencing Bone Formation Response

Both exercise and targeted loading have significantly advanced our understanding

of what triggers a bone formation response. For example, the strain stimulus during

loading must be above a certain threshold [45] and the loading must be dynamic (not

static) [46] in order for bone to respond. The threshold was later found to be location

dependent, and it was demonstrated in the rat ulna that the threshold strain was

higher in areas that were regularly subjected to larger in vivo mechanical strains [47].

Once above that strain, bone formation responds linearly to the amount of strain

engendered [45, 48]. Strain rate also has an impact, with high strain rates resulting

in higher bone formation rates while static loads had no effect [46, 49, 50]. Inserting

rest into the loading bouts also increases the bone formation response [51–53], and

is thought to involve the modulation of intracellular levels of calcium in osteoblasts,

better allowing them to respond to load [54].

Most of the initial bone adaptation studies focused exclusively on cortical adap-

tation, since many of the early targeted loading models were unable to be used to

assess cancellous bone. However, with the addition of the ulnar and tibial loading
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models, the response of cancellous bone could also be probed [44]. Cancellous bone

adaptation has been observed in both male and female mice [55], with a response

even more robust than was observed in cortical bone [56]. This response in cancel-

lous regions has implications for osteoporosis since cancellous regions are often at

greatest risk for fracture [56].

In both cortical and cancellous regions, the strain engendered on bone plays an

integral role in determining its adaptive response. For that reason, the addition

of finite element analysis models has been crucial in enabling us to understand the

strain field engendered on bone for the various animal loading modalities. Numerous

studies have explored strain distributions under the loading regimes, each involving

increasingly more sophisticated models [57–61]. Digital image correlation (DIC) has

also been used to assess surface strains experimentally. For example, Sztefek et al.

measured surface strain using DIC and reported that after tibial loading, the surface

strains were reduced and more uniform than before loading [62], suggesting that bone

responds to mechanical stimulation as a means of reducing strain.

1.4.2 Intrinsic Factors Influencing Bone Formation Response

As our understanding of bone adaptation has increased, research in this area has

expanded to also include an assessment of various intrinsic factors with the aim of

understanding what causes bone to respond as it does.

The use of genetic animal models has been beneficial, both as a way to understand

why some humans might show a better response to loading than others, as well as

a means of exploring cellular pathways related to the response. For example, bone

adaptation occurs more readily in models of low density bone (C57BL/6J mice)

as compared to models of high density bone (C3H/HeJ mice) using targeted tibial

loading [63]. Similarly, a genetic study exploring three mouse strains (C3H/He,

C57BL/6, and DBA/2) showed decreased responsiveness in the C3H/He mice [64].

Together, these studies suggest that genetics contribute to a person’s predisposition
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for high or low bone mass and may also impact their ability to adapt to mechanical

stimulation. Genetic mouse models have also been used to tease out some of the

underlying molecular pathways involved in the loading response. LRP5-deficient

mice were used and showed that the LRP5 mutation was associated with increased

response to loading [65], while sclerostin-deficient mice demonstrated that long-term

sclerostin deficiency can result in increased bone formation [66].

Another major area of exploration has focused on the influence of age. At 26

weeks of age, skeletally mature mice showed reduced sensitivity to mechanical stim-

ulation as compared to actively growing 10 week old mice, even though both young

and old mice responded to load. It was suggested that this effect was driven by a

decrease in bone tissue deformation [67]. Interestingly, in another study, the strains

engendered on bone increased with age due to cortical thinning as assessed exper-

imentally and with a finite element model [58]. This disparity might be driven by

the fact that the second study used mice at 5, 12 and 22 months of age, versus at

2.5 and 6 months of age as was the case in the first study. In another study that

explored the role of loading in young and old mice at either the same strain level or

the same load level, it was found that the same load level (which was a higher strain

level) was required in the old mice to observe an adaptive effect [68].

As we continue to explore the effects of intrinsic factors (such as age and genetics),

we can begin to tease out some of the reasons for the biological variability observed

by understanding the role of various factors on bone adaptation.

1.4.3 Mechanical Stimulation in Pre-clinical Assessment

The use of animal disease models has enabled pre-clinical assessment of the effect

of loading in the context of disease. For example, tibial loading was able to prevent

bone loss after orchidectomy [69]. In addition, there has been an increase in the

exploration of combination treatments, through which is has been observed that
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loading can synergistically improve the effect of drug treatments such as parathyroid

hormone [70] and tamoxifen [71], but not fulvestrant [71].

These studies, and more, have profoundly impacted our understanding of me-

chanical stimulation. However, as will be discussed in the next section, we must be

careful to not confuse improved bone mass with decreased fracture risk.

1.5 Quality Versus Quantity

Much of the focus of the above studies has been in understanding what triggers a

bone formation response, with outcomes typically restricted to bone formation rate,

bone mass, and bone mineral density. While these studies have been beneficial in

increasing our understanding of what drives bone formation, they beg the question

as to the importance of increased bone mass in relation to decreased fracture risk.

For example, while BMD is a good predictor of fracture risk, other components of

bone strength make it difficult for BMD alone to assess fracture [72, 73]. Thus, if

the ultimate goal is to decrease fracture risk in patients with compromised bone

structure, we must be sure that the treatments (exercise, targeted loading, etc.)

not only positively impact bone mass, but also bone mechanical integrity. If we

are merely increasing bone mass without improving mechanical integrity, we are not

achieving our end goal.

While bone mass alone should not be the end all assessment to reduce fracture,

increased bone mass is still a good outcome. This makes intuitive sense since some-

thing that is larger usually requires a greater force to break. Take, for example, a

pencil and a tree branch. Both may be made from the same wood, but experience

informs us that the pencil will be easier to break. For bone, similar principles apply.

In terms of mechanics, a greater cross-sectional area will decrease tissue-level stress

(the force experiences by the tissue itself) by distributing a given force over more

material and thus, decreases the risk of fracture. However, as mentioned previously,

bone mineral density and bone mass incompletely predict fracture risk, suggesting
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that there is more to the story. Often, this unknown contributor to bone strength is

referred to by the ill-defined term bone quality.

Bone quality, in essence, is the ability of the bone tissue itself to resist load,

without regard for its mass and structural morphology. It can be related to the

inherent states of the two primary components of the bone matrix: hydroxyapatite

and Type I collagen. Some measurable contributors to bone quality include chemical

composition, degree of collagen cross-linking, accumulation of advanced glycation

end-products (AGEs), microdamage, mineral-matrix interactions, and collagen fiber

orientation [74–77]. All of these factors can influence toughening mechanisms in

bone [78], thus altering its ability to bear load and absorb energy. Some bone diseases

result in increased fracture risk due to decreased bone quality. Take, for example,

diabetes. Although diabetic patients often have average or increased BMD, they are

also considered to be at higher risk of fracture due to the decreased quality of their

tissue, generally attributed to an accumulation of AGEs [79].

Thus, an important question to ask regarding bone adaptation to mechanical load

is, how are bone quality and tissue-level properties affected?

1.6 Mechanical Stimulation and Bone Quality

In answer to this, recent research has begun to focus on understanding the con-

tributors of bone tissue quality and how they are affected by mechanical loading.

Many of the studies show promising effects with respect to the ability of mechanical

stimulation to improve bone quality.

An interesting example of the quality/quantity conundrum has been shown in

swimming rats. Although clinical and pre-clinical studies have suggested that non-

load bearing activities such as swimming only result in mild increases (and some-

times even decreases) in bone mineral content and bone mass [80–82], the post-yield

mechanical properties of bones from swimming rats were significantly increased as

compared to their sedentary controls [83]. Improved post-yield parameters are im-
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portant in that they can be related to a bones ability to resist catastrophic failure

by dissipating energy through damage accrual. This damage can later be repaired

through targeted remodeling. Given the effect on post-yield mechanical properties,

the results were attributed to modifications in collagen since post-yield behavior is

most often associated with the state of collagen in bone. In support of the ability

of exercise to alter collagen, Isaksson et al. demonstrated that following voluntary

running in mice, mechanical properties of the bone collagen network were signifi-

cantly increased [84]. These benefits came without any changes in collagen content,

indicating loading-induced improvements to the collagen network itself.

An increase in post-yield parameters has also been observed in treadmill exercised

mice in which, after three weeks of running, mice exhibited increased post-yield

mechanical behavior as compared to sedentary controls even though there was no

change in bone size or shape [31]. These findings suggested that changes in bone

quality, and specifically in collagen, were responsible. Interestingly, when mice were

subjected to this running protocol for 3 weeks and then allowed 2 additional weeks

of latency, the post-yield benefits of exercise were maintained while tissue stiffness

and strength increased [85]. These changes, which continued after the termination

of loading, suggested that the modifications to collagen may require time to mature;

hence, the increased strength with the latency period.

Beyond impacts on monotonic mechanical properties, exercise and loading have

other effects which can also be related to changes in bone quality. These include

effects on fatigue life or the ability of bone to accrue and tolerate damage due to

repeated loading in the absence of a repair mechanism (ex vivo). One such study

of modified fatigue life involved the rat ulnar loading model [86]. Warden, et al.

loaded the ulna of rats daily for 7 weeks followed by 92 weeks of detraining to assess

changes in bone quality induced by loading as well as the ability to maintain those

changes over time. Although BMC values measured using DXA were the same in the

loaded and non-loaded limbs after detraining, the structure (minimum moment of

inertia) was larger in the loaded group and the fatigue life was significantly increased
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compared with controls. There were also increases in whole bone (ash content)

and localized (phosphate-to-protein) mineralization, as well as in the carbonate to

protein ratio in the loaded ulnas. Consistent with the increase in mineralization,

the exercised ulnas had increased stiffness and strength, but decreased post-yield

behavior, suggesting a more brittle bone. However, despite the increase in brittleness,

the increase in fatigue life suggests that the bone was still better able to resist fatigue

loading-induced failure, likely through modification in the bones organic phase (i.e.

collagen).

A loading-induced improvement in fatigue life was also observed in a study by

Kohn, et al. [87]. Using 16-week old male mice, 3 weeks of treadmill running sig-

nificantly improved tissue strength and fatigue resistance without changes in bone

size. Specifically, tibiae from control and exercised mice had similar levels of microc-

racks and diffuse damage. However, the number of new cracks formed during ex vivo

fatigue loading was lessened in exercised bones, suggesting that exercise made the

bones more resistant to damage accrual during fatigue. In sedentary mice, fatigue

loading altered the mineral-matrix ratio and increased the disorder of the secondary

structure of collagen in bone. These results were not observed in exercised mice,

indicating that the exercised bones were better able to resist damage to the collagen

matrix. Given the lack of changes in bone size (similar to what was seen in the ulnar

loading study above, [86]), these results all suggest a direct effect of loading on bone

tissue quality, potentially due to changes in collagen specifically.

Although studies of mechanical stimulation on bone quality have shown promis-

ing results, not all effects have been positive. Mosekilde, et al. [88] showed that

6 months of treadmill running in rats resulted in increased BV/TV and increased

cross-sectional area, but no mechanical improvements in the vertebrae. In addition,

the femoral midshaft had increased cortical thickness, but no change in ash content,

collagen content, apparent density, or mechanical properties. Some of this seem-

ing disparity in results might be driven by the difference in pre-yield and post-yield

parameters. Namely, many of the positive effects of loading noted in the above para-
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graphs have been in either post-yield properties or fatigue parameters, neither of

which were addressed in this study. The discussion of pre- and post-yield properties

raises another concern. Although many have demonstrated increases in post-yield

parameters, those increases are often accompanied by decreases in pre-yield mechan-

ical properties [31, 83]. The decrease in pre-yield mechanical properties could be

ameliorated by an additional period of latency [85]. However, the reason for this

alteration and the role that pre-yield and post-yield parameters play in ultimately

determining fracture resistance remains to be elucidated. Altogether, although many

of the studies show positive quality-based effects of mechanical stimulation, not all

studies do, and due to the paucity of information on this topic, the reasons for these

discrepancies are not clear.

1.7 Conclusion

Mechanical stimulation (whether through exercise or targeted loading modalities)

has been shown to beneficially affect bone mass. However, we must be certain that

these effects also contribute to improved bone quality and ultimately, to decreased

fracture risk. Recent studies have shown mostly positive results, suggesting that

loading may cause quality-based changes in bone. However, there have also been

several studies that show opposite trends. For that reason, future research is needed

to assess specific components of loading that may either contribute to or prevent

quality-based improvements to bone so that ultimately, an understanding of how to

improve both quantity and quality can be achieved.

1.8 Thesis Overview

As discussed in the above sections, although bone quality is important, our un-

derstanding of how mechanical stimulation impacts collagen quality is limited. With

this in mind, this thesis focuses on understanding how mechanical stimuli protect

the formation of bone, leading to improved bone quality.
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In Chapters 2 and 3, this area was explored through use of a diseased mouse model

(osteolathyrism, induced by injection of β-aminoproprionitrile (BAPN)). BAPN causes

a collagen quality-based disease by disrupting the formation and maturation of enzy-

matic cross-links. Targeted tibial loading was then employed as a means of assessing

how the body is able to respond and compensate for decreased bone quality. Specific

to Chapter 2, a low dose of BAPN was injected which was unable to induce an effect.

For that reason, in Chapter 3, a high dose of BAPN was used. Unfortunately, even

the high dose was unable to induce a functional disease.

Although Chapters 2 and 3 were unable to demonstrate a functional disease,

the results of the two studies suggested that the difference between quantity-based

and quality-based improvements to bone through loading may be, to some degree,

dependent on the amount of injury. For that reason, in Chapter 4, control mice

were loaded under various regimes and various pain parameters were observed to

determine how to decrease mouse injury during loading, in an effort to increase

quality, and not just quantity, of bone produced.

Lastly, in Chapter 5, a summary of results are discussed and potential future

directions are explored.
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2. IN VIVO TIBIAL LOADING OF OSTEOLATHRYTIC

MICE INDUCED BY A LONG-TERM LOW-DOSE

TREATMENT OF BAPN

2.1 Introduction

The goal of this initial study was to observe the effects of tibial loading in a

disease state that primarily affects bone quality. Osteolathyrism, induced by treat-

ment with β-aminoproprionitrile (BAPN), is a disease characterized by a reduction

in enzymatic cross-linking [1,2], resulting in decreased strength of the bone tissue [3].

BAPN irreversibly binds to lysyl oxidase, an enzyme involved in the formation and

maturation of enzymatic cross-links in collagen-based tissues, including bone [4, 5].

As such, BAPN only affects newly formed cross-links, making the presence of the

disease state dependent on the amount of cross-linking occurring. Due to its path-

way of action, treatment with BAPN directly affects the collagen portion of bone,

resulting in a quality-based bone disease.

In contrast, tibial loading (and mechanical stimulation as a whole) has been

shown to improve bone mechanical properties, including stiffness and strength. In

addition, studies of other loading regimes (such as exercise and ulnar loading) have

shown improvements in collagen-based parameters such as fatigue-loading [6, 7] and

post-yield mechanical properties [8, 9] suggesting that tibial loading may result in

similar effects. Considering the decrease in collagen quality that occurs with BAPN

treatment, and the increase in collagen quality that can occur with mechanical stim-

ulation, the working hypothesis of this study was that tibial loading would be able

to improve bone mechanical properties in healthy and osteolathrytic mice.

Previous work in our lab indicated that 2 weeks of BAPN treatment was insuf-

ficient to induce a disease state in bone [10]. Thus, a long-term (7 week) BAPN
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treatment study was performed. For the study, BAPN and control (CON) mice were

injected subcutaneously with either BAPN or phosphate-buffered solution (PBS)

daily, respectively, beginning at 4 weeks of age. At 8 weeks of age, n = 5 BAPN and

CON mice were sacrificed as a baseline to perform a load/strain calibration. The

remaining mice continued with daily injections, and their right tibiae were loaded for

3 days, followed by 2 days of rest, repeated 4 times over the course of 3 weeks. At 11

weeks of age, the remaining mice were euthanized. This setup allowed observation

of the disease progression (after 0 weeks, 4 weeks, and 7 weeks of treatment). In

addition, the use of tibial loading enabled the contralateral limb of each mouse to

act as its own internal control, and allowed us to explore the effect of load on the

diseased and non-diseased mice.

While the study was designed to address the above-mentioned questions, the re-

sults indicated a lack of a functional disease state, lending this study more of an

observation regarding the effect of mechanical stimulation rather than an under-

standing of how mechanical stimulation affects disease. Due to the lack of effects of

BAPN, the next chapter explores the use of a higher dose of BAPN treatment as a

means of inducing a disease.

2.2 Methods

2.2.1 Animals

All animal procedures were performed with prior approval from the Indiana Uni-

versity School of Science Institutional Animal Care and Use Committee (IACUC).

Fifty-one C57Bl6 mice (Harlan Laboratories) were obtained at 3 weeks of age and

allowed to acclimate for one week prior to the start of the study. At four weeks

of age, five weight-matched mice were euthanized and their tibiae were harvested

as a pre-injection baseline. The remaining 46 mice were divided into two weight

matched groups: β-aminoproprionitile (BAPN; n = 23) and control (CON; n = 23).

The BAPN group was subcutaneously injected each day with 164 mg/kg of BAPN
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(300 mg/kg of BAPN fumarate) dissolved in 200 µL of sterile PBS, while the CON

group was injected with same volume of sterile PBS. Throughout the study, mice

were weighed every other day to assess health and maintain a constant drug dosage.

2.2.2 Strain Calibration

After four weeks of injections, five weight-matched mice from each group were

used for a strain gage calibration, as previously described [11]. Briefly, mice were

anesthetized with isoflurane. An incision was made through the skin of the right

tibia and the underlying bone was exposed. A strain gage was then attached using

cyanoacrylate to the anteromedial portion of the bone, proximal to the tibia-fibula

junction. After attachment, the strain gage was coated with polyurethane. The right

tibia of each mouse was then cyclically loaded in a mechanical tester from 1 to 10 N

in 1 N increments, and the resulting strain was recorded. After the calibration, mice

were immediately euthanized and their tibiae harvested as a pre-loading baseline.

Due to complications with the placing of the strain gage, two mice per group were

removed from analysis.

2.2.3 In vivo Loading

Based on the results of the strain calibration, the right tibiae of the remaining

mice (n = 18 BAPN and n = 18 CON) were loaded daily for three days followed by

a two day rest, and repeated four times for a total of 12 bouts of loading over a three

week period. The contralateral limb acted as an internal, non-loaded control. Each

loading bout consisted of 220 cycles, split into 4 loading cycles at 2 Hz followed by 3

seconds of rest, and repeated 55 times. For the first three days, the CON and BAPN

mice were loaded to 11.1 and 9.8 N, respectively (engendering 2100 µε). Also for

the first three days, the rest period was held at 0.3 N. However, after three days of

loading, it was noted that the mice were limping and it was determined that holding

the load at 0.3 N caused the mechanical testing actuator to jump slightly upon



26

reloading to maximum load level, possibly causing injury. For that reason, the load

during the rest period was switched to the high load level, as previously performed

in the lab. In addition, the maximum compressive load was dropped to 10.0 and 8.9

N, respectively (engendering 1900 µε), for the remainder of the loading bouts. This

response of the mice to loading will be explored later in Chapter 4. During the three

weeks of loading, mice were injected daily with either PBS or BAPN.

At 11 weeks of age, the mice were euthanized by CO2 asphyxiation. The right

and left tibiae were harvested, wrapped in saline-soaked gauze, and stored at -20 °C

for analysis.

2.2.4 Micro Computed Tomography (µCT)

All tibiae were thawed to room temperature and scanned by µCT. During scan-

ning, each tibia was wrapped in parafilm to maintain hydration and then scanned at a

9.8 µm voxel resolution. Calibration was performed using two hydroxyapatite phan-

toms (0.25 and 0.75 g/cm3) in order to calculate mineral density from the grayscale

values. Images were reconstructed using NRecon and analysis was performed on cor-

tical and trabecular regions of interest (ROI). Of the tibiae imaged, 10 right and left

BAPN and CON tibiae were used for µCT analysis and mechanical testing, while the

remaining 8 right and left BAPN and CON tibiae were used for fracture toughness

testing.

For cortical analysis, an ROI was selected as seven transverse slices centered

at 50% of the bone length. Tissue mineral density (TMD) was calculated using

vendor-supplied software (CTAn). A binary threshold was then applied to the slices

and geometric properties were calculated using a custom MATLAB code. Output pa-

rameters include total cross sectional area (tCSA), medullary area (Med.Ar), cortical

area (Ct.Ar), cortical thickness (Ct.Th), periosteal bone surface (pBS), endocortical

bone surface (eBS), the moment of inertia about the anterior-posterior axis (Iap),

the moment of inertia about the medial-lateral axis (Iml), and tissue mineral density
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(TMD). In addition, average cortical profiles for each group were created to aid with

visualization. To better enable an assessment of the effects of age, the cortical pro-

files at 4 and 8 weeks of age were also created and compared to those at 11 weeks;

however, no statistical analyses were performed at 4 and 8 weeks of age.

Trabecular analysis was performed on an ROI defined as 6% of the total bone

length, beginning at the end of the proximal growth plate and extending distally.

Within that region, the trabecular section was automatically segmented from the

cortical outer shell using a custom MATLAB script. Geometric properties (bone

volume fraction (BV/TV), trabecular thickness (Tb.Th), separation (Tb.Sp), and

number (Tb.N), and tissue mineral density (TMD)) were calculated using vendor-

supplied software (CTAn).

2.2.5 Mechanical Testing

Following µCT, tibiae were tested to failure in four-point bending (9 mm outer

span; 3 mm inner span). A displacement rate of 0.025 mm/sec was used. The

tibiae were oriented in the medial-lateral direction with the medial side in tension.

After failure, the distance from the proximal end of the bone to the site of fracture

was recorded. Seven slices at the site of fracture were pulled from the µCT data

and used to normalize load and displacement into stress and strain, respectively.

Structural-level and tissue-level mechanical properties were then obtained from the

load-displacement and stress-strain curves.

2.2.6 Fracture Toughness Testing

Fracture toughness testing was performed as previously described [12,13]. Briefly,

tibiae were hand-notched with a scalpel blade in the anterior-medial region of the

mid-diaphysis, proximal to the tibia-fibula junction such that the notch entered the

medullary cavity but did not proceed more than halfway through the bone. During

notching, the scalpel blade was lubricated with a 1 µm diamond suspension. After
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notching, bones were tested to failure in three-point bending at 0.001 mm/sec with

the notched side in tension and the notch located directly under the applied load.

After the test, the distance to the fracture site was measured using calipers, which

was then used in conjunction with µCT to determine geometric properties at the

location of fracture. Bones were then dehydrated with graded ethanol (70–100%),

and the fracture surface was imaged using scanning electron microscopy (SEM).

Images obtained were used to determine the angles of stable and unstable crack

growth. Force and displacement data, geometric properties, and the crack growth

angles were used in a custom MATLAB script to determine fracture stress intensity

(K) values at yield force (crack initiation), at maximum force, and at failure force

(crack instability).

2.2.7 Statistics

The data were checked for assumptions of normality and homogeneity of variance,

and violations were corrected using transformations. A repeated-measures ANOVA

was performed to assess the main effects of disease (between-subject effect), load-

ing (within-subject effect) and their interaction (significance at p < 0.05). If the

interaction term was significant, main effects were determined using a t-test (effect

of disease) or a paired t-test (effect of loading), and a Bonferroni correction was

applied (p < 0.0125). In the case that normality could not be corrected, a pairwise

Mann-Whitney U Test was performed and p-value corrected for multiple comparisons

(p < 0.0125).

2.3 Results

2.3.1 Animal Weight

Animal weights from the BAPN and CON mice were monitored every other day

as a means of checking animal health and ensuring proper dosage of the BAPN drug.
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Results indicated no difference between the BAPN and CON groups throughout

the study. At harvest, mice weights were 20.46 ± 0.96 g for the CON mice and

20.78 ± 1.45 g for the BAPN mice.

2.3.2 Strain Calibration

The strain calibration was performed on n = 3 BAPN and CON mice at 8 weeks

of age. The results suggested that the CON mice had slightly stiffer bones, as shown

in Figure 2.1; however, the difference was not significant.

Fig. 2.1. Strain calibration of BAPN and CON mice at 8 weeks of age
indicate that CON mice had slightly stiffer bones (not significant).
Loading the CON and BAPN mice to 11.1 N and 9.8 N, respectively,
engendered 2100 µε in both groups.

Based on the results of the strain calibration, CON and BAPN mice were loaded

with a dynamic compressive load of 11.1 and 9.8 N, respectively, engendering 2100 µε

in both groups. Due to observed limping in the animals, after three bouts of loading,
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the dynamic load was reduced to 10.0 N for CON and 8.9 N for BAPN, engendering

1900 µε in both groups.

2.3.3 Tibial Morphology

Morphology of the tibia was assessed by µCT using n = 10 BAPN and CON

mice. Both cortical and cancellous analyses were performed.

For the cortical section, analysis was performed on the 4 week pre-injection base-

line (n = 5), 8 week baseline (n = 5 BAPN and CON), and 11 week loaded and

non-loaded (n = 10 BAPN and CON) mice. Slices were taken from the midshaft

(50% of the bone length). A clear effect of growth was observed in both groups over

the course of the 7 week treatment, especially within the first 4 weeks (Figure 2.2).

(a) Effect of growth in CON mice. (b) Effect of growth in BAPN mice.

Fig. 2.2. During the 7-week study, significant growth occurred in
(a) CON and (b) BAPN mice, especially in the first 4 weeks.

Since BAPN only impacts the formation of cross-links and has no impact on pre-

existing cross-links, the significant amount of growth during the treatment period
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(from 4 to 11 weeks of age) would suggest that there was ample time to reduce

cross-link formation and induce an osteolathrytic disease state.

Interestingly, however, there were only mild effects of BAPN on morphology. A

comparison of BAPN and CON at 8 weeks and 11 weeks of age is shown in Figure 2.3.

(a) Effect of treatment at 8 weeks. (b) Effect of treatment at 11 weeks.

Fig. 2.3. Cortical cross-section of the BAPN mice at (a) 8 weeks and
(b) 11 weeks of age indicate that although there was slightly altered
morphology in the BAPN mice at 8 weeks of age, those differences
vanished at 11 weeks.

Although Figure 2.3(a) suggests a difference in cortical morphology at 8 weeks

of age, the results were not significant due to the small sample size. At 11 weeks of

age, any potential differences seen at 8 weeks of age vanished, resulting in an almost

identical average cross section (Figure 2.3(b)). Statistics indicated that there were

a few modest significant effects of BAPN in the loaded limbs (decreased periosteal

bone surface and moment of inertia about the medial-lateral axis). However, there

were no major changes.

Although the effect of BAPN was minimal, the response to load was robust,

shown in Figure 2.4.
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Fig. 2.4. Cortical cross-sections in non-loaded and loaded limbs show
a robust response of bone to load. Effects involve both periosteal
expansion and cortical contraction.

Loading resulted in periosteal expansion and endocortical contraction in both the

CON and BAPN mice. These results are summarized in Table 2.1.

Similar results were observed when analyzing the cancellous architecture. Namely,

the effects of BAPN were minimal, while the effects of load were robust. Proper-

ties of the cancellous bone are displayed in Table 2.2. Note that one CON mouse

was removed from analysis as it was a statistical outlier in many of the properties

analyzed.

As stated previously, the effects of BAPN were minimal. Tissue mineral density

was significantly decreased with BAPN, but only in the loaded limbs. There were no

other significant differences noted with disease. In contrast, loading resulted in robust

improvements in cancellous architecture, as can be observed by the significantly
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improved trabecular thickness and tissue mineral density. Interestingly, loading also

negatively impacted trabecular separation and trabecular number, resulting in fewer,

thicker trabeculae that had greater separation between them.

2.3.4 Tibial Mechanics

The tibiae used for CT analysis were then tested in four-point bending to assess

mechanical integrity. Representative graphs of the force-displacement and stress-

strain curves for each group are shown in 2.5. Statistics were not performed on the

representative graphs, but instead serve to illustrate differences.

(a) Structural-level mechanics. (b) Tissue-level mechanics.

Fig. 2.5. Representative Force-Displacement and Stress-Strain curves
show a robust response of load in terms of structure-level properties.
When normalized by cross-sectional area, the effect of load is less
pronounced. Treatment with BAPN had no effect on the mechanics.

From the load-displacement graph 2.5(a), it is clear that the loaded limbs were

stiffer and able to maintain higher forces before breaking. The stress-strain graph

2.5(b) suggests a similar trend; however, the difference is not as pronounced due to
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the large increase in the loaded bones cross-sectional area as noted in the previous

section. In contrast to the effects of load, there was no clear effect of BAPN treatment

on bone mechanics. These results are summarized in Table 2.3 and 2.4.

2.3.5 Fracture Toughness

Fracture toughness was performed on the right and left tibiae of 8 CON and

BAPN mice. Results showed no significant effects of either load or BAPN treatment.

Results are tabulated in Table 2.5.

2.4 Discussion

Altogether, the results of this study showed minimal effects of BAPN and a robust

effect of tibial loading on bone mass and mechanics (larger effect in structural-level,

rather than tissue-level, mechanics). Due to the lack of effects of disease, this study

was unable to answer the initial research question as to the ability of tibial loading to

improve bone quality in a disease state; however, the study did produce interesting

results with respect to the effect of tibial loading itself.

2.4.1 Little Effect of BAPN Treatment

This study was initially designed as a means of understanding if mechanical

stimulation could improve bone quality in a mouse model of osteolathyrism. However,

based on the results, we were unable to induce a disease state with BAPN. While we

did not measure enzymatic cross-linking, the lack of effects in both morphology and

mechanics would suggest the lack of a functional disease. A full discussion of this

topic will be included in the next chapter. For now, the limited effects observed after

7 weeks of a low-dose treatment of BAPN resulted in the decision to increase the

dose and repeat the study. That study and a discussion of both studies are included
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in the next chapter. The remainder of this discussion will be focused on the effect of

tibial loading.

2.4.2 Robust Bone Formation Response Due to Loading

While there was little effect of disease, the response to load was robust. In terms

of the cancellous bone, loading resulted in thicker trabeculae and higher tissue min-

eral density. Interestingly, loading also resulted in increased separation and decreased

number of trabeculae, which are considered negative effects. One possible explana-

tion is that the damaged accrued in the cancellous region caused reabsorption to

occur, resulting in decreased number and increased spacing. At the same time, the

loading itself may have caused increased bone mass on the trabeculae that remained,

resulting in a seeming dichotomy of results.

Analysis of the cortical bone showed loading-induced increases in cross-sectional

area, cortical area, and cortical thickness, resulting in higher moments of inertia.

These morphological increases translated to mechanical benefits, with increased

strength and stiffness, similar to what was shown previously [11]. After normal-

izing for the size and shape of the bone, some mechanical effects were still observed

but they were more modest, indicating that the primary response to this method of

loading was to increase bone mass.

2.4.3 Minimal Effects of Loading on Bone Quality

While the response to load was robust in terms of cancellous and cortical archi-

tecture, as well as in terms of bone mechanical behavior as measured by monotonic

four-point bending tests, these results were not translated into improved bone quality,

as assessed by fracture toughness. In fact, it is interesting to note that the fracture

toughness testing showed little difference between loaded and non-loaded tibiae in

CON mice. In BAPN mice, the test showed some improvement, but was unable to

reach significance for any of the three measures of toughness. These results were
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unexpected in that there was an assumption that loading which improved quantity

would also improve quality, as has been shown in other loading models [6–9]. How-

ever, as discussed in the introduction, that is not always the case, and in this study,

the two were not linked.

The question then remains as to why. It is possible that the loading method

(tibial loading) had some effect on the output. In the previous studies where a

quality effect was noted, models of ulnar loading and exercise were used, whereas

in this study, tibial loading was employed. However, ulnar and tibial loading are

similar techniques (both are external, non-invasive loading regimens) and thus, if

ulnar loading were to show improved bone quality, it would be expected that tibial

loading would, as well.

An alternate explanation could be that this lack of effect was due to pain (as

indicated by the limping that was observed in the mice following loading). As stated

in the methods section, after 3 days of loading, it was noticed that the mice were

limping, causing us to decrease the load level on the remaining days. At the same

time, we switched from holding the rest load level at 0.3 N to holding the rest load

at the high load level. For previous studies in our lab [11], the load had been held

at the high load level during the rest period. However, when beginning this study,

the resting load was switched to the low load level as it was thought that doing so

would allow for better recovery of the mice, which was not the case.

The reason for the increased limping may be related to the control system of the

loading device. Namely, during the 3 second rest period, the distance between the

loading fixtures increased (through creep). Then, when the rest period was finished,

the distance between the fixtures rapidly decreased in order to reach the desired

peak load level. This rapid compression was thought to be the cause of injury to the

animals. For that reason, after the first three day loading period, the hold level was

switched back to the high load level and continued in that way for the remainder of

the study.
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Although the limping was not extreme and the mice continued to gain weight

and groom themselves regularly, it is possible that the limping was indicative of an

injury response, which ultimately reduced or negated a quality-based effect. The

limping may have been a sign of injury, which caused the bone to respond by rapidly

increasing mass to the negligence of bone quality. In any case, the robust structural

mechanical improvements but modest tissue level changes and lack of change in

fracture toughness suggest that although the loading resulted in improved mass,

these effects were mostly decoupled from quality-based improvements.

This result, in combination with the results of the next study, led to the study in

Chapter 4, wherein we explore the effect of various loading regimes on mouse pain

and bone morphology.

2.5 Conclusion

Injection of a low dose of BAPN in mice from 4 to 11 weeks of age resulted in

few changes to bone morphology or mechanics. In contrast, tibial loading increased

cortical cross-sectional area and led to larger trabeculae, which translated into in-

creased strength. These results did not extend to improved bone quality as assessed

by fracture toughness. This lack of an effect may be due to the limping observed

in mice; however, such a hypothesis requires further exploration. As a result of this

study, two additional studies were performed: the first (discussed in the next chapter)

explored a higher dose of BAPN while the second study (discussed in the following

chapter) explored the pain response in mice due to various loading regimens.

2.6 Acknowledgments

We would like to acknowledge the Integrated Nanosystems Development Institute

for use of their JSM-7800F system, which was awarded through the National Science

Foundation MRI-1229514 grant.



43

2.7 References

[1] P. Bornstein, “The cross-linking of collagen and elastin and
its inhibition in osteolathyrism,” The American Journal of
Medicine, vol. 49, no. 4, pp. 429–435, 1970. [Online]. Available:
http://www.sciencedirect.com/science/article/pii/S0002934370800365

[2] M. Yamauchi and M. Sricholpech, “Lysine post-translational modifications
of collagen,” Essays Biochem, vol. 52, pp. 113–33, 2012. [Online]. Available:
http://www.ncbi.nlm.nih.gov/pubmed/22708567

[3] E. M. B. McNerny, B. Gong, M. D. Morris, and D. H. Kohn, “Bone
fracture toughness and strength correlate with collagen cross-link maturity
in a dose-controlled lathyrism mouse model,” Journal of Bone and
Mineral Research, vol. 30, no. 3, pp. 455–464, 2015. [Online]. Available:
http://dx.doi.org/10.1002/jbmr.2356

[4] S. R. Pinnell and G. R. Martin, “The cross-linking of collagen and elastin:
enzymatic conversion of lysine in peptide linkage to alpha-aminoadipic-delta-
semialdehyde (allysine) by an extract from bone,” Proceedings of the National
Academy of Sciences, vol. 61, no. 2, pp. 708–716, 1968.

[5] R. C. Siegel, S. R. Pinnell, and G. R. Martin, “Cross-linking of collagen and
elastin. properties of lysyl oxidase,” Biochemistry, vol. 9, no. 23, pp. 4486–4492,
1970. [Online]. Available: http://dx.doi.org/10.1021/bi00825a004

[6] S. J. Warden, R. K. Fuchs, A. B. Castillo, I. R. Nelson, and C. H.
Turner, “Exercise when young provides lifelong benefits to bone structure and
strength,” Journal of Bone and Mineral Research, vol. 22, no. 2, pp. 251–259,
2007. [Online]. Available: http://dx.doi.org/10.1359/jbmr.061107

[7] D. H. Kohn, N. D. Sahar, J. M. Wallace, K. Golcuk, and M. D. Morris,
“Exercise alters mineral and matrix composition in the absence of adding
new bone,” Cells Tissues Organs, vol. 189, no. 1-4, pp. 33–7, 2009. [Online].
Available: http://www.ncbi.nlm.nih.gov/pubmed/18703871

[8] J. M. Wallace, R. M. Rajachar, M. R. Allen, S. A. Bloomfield,
P. G. Robey, M. F. Young, and D. H. Kohn, “Exercise-induced
changes in the cortical bone of growing mice are bone and gender
specific,” Bone, vol. 40, no. 4, pp. 1120–1127, 2007. [Online]. Available:
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC2729655/

[9] J. M. Wallace, M. S. Ron, and D. H. Kohn, “Short-term exercise in mice in-
creases tibial post-yield mechanical properties while two weeks of latency fol-
lowing exercise increases tissue-level strength,” Calcified tissue international,
vol. 84, no. 4, pp. 297–304, 2009.

[10] C. A. Clauser, “In vivo tibial loading of healthy and osteolathrytic mice,” Thesis,
2015.

[11] A. G. Berman, C. A. Clauser, C. Wunderlin, M. A. Hammond, and J. M. Wal-
lace, “Structural and mechanical improvements to bone are strain dependent
with axial compression of the tibia in female c57bl/6 mice,” PloS one, vol. 10,
no. 6, p. e0130504, 2015.



44

[12] M. A. Hammond, A. G. Berman, R. Pacheco-Costa, H. M. Davis, L. I. Plotkin,
and J. M. Wallace, “Removing or truncating connexin 43 in murine osteocytes
alters cortical geometry, nanoscale morphology, and tissue mechanics in the
tibia,” Bone, vol. 88, pp. 85–91, 2016.

[13] R. Ritchie, K. Koester, S. Ionova, W. Yao, N. Lane, and J. Ager, “Measurement
of the toughness of bone: a tutorial with special reference to small animal
studies,” Bone, vol. 43, no. 5, pp. 798–812, 2008.



45

3. IN VIVO TIBIAL LOADING OF OSTEOLATHRYTIC

MICE INDUCED BY A LONG-TERM HIGH-DOSE

TREATMENT OF BAPN

3.1 Introduction

Treatment of mice with a low dose of β-aminoproprionitrile (BAPN) over a long-

term period (7 weeks) was unable to induce a disease phenotype. For that reason,

a second BAPN study was performed at more than double the dose (350 mg/kg in

the current study versus 164 mg/kg in the previous study). The same study design

from Chapter 2 was employed (7 weeks of injections, with the last 3 weeks also in-

cluding tibial loading). Analysis consisted of computed tomography and mechanical

testing. Due to the similarities between studies, the details in the methods section

are shortened.

3.2 Methods

3.2.1 Animals

All animal procedures were performed with prior approval from the Indiana Uni-

versity School of Science Institutional Animal Care and Use Committee (IACUC).

As before, female C57Bl6 mice (Harlan Laboratories; n = 45) were obtained at 3

weeks of age and allowed to acclimate for one week prior to the start of the study.

At four weeks of age, five weight-matched mice were euthanized and their tibiae

harvested as a pre-injection baseline. The remaining 40 mice were divided into two

weight matched groups: β-aminoproprionitile (BAPN; n = 20) and control (CON;

n = 20). The BAPN group was subcutaneously injected each day with 350 mg/kg

of BAPN (640 mg/kg of BAPN fumarate) dissolved in 200 µL sterile phosphate
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buffered saline (PBS) solution, while the CON group was injected with same volume

of sterile PBS. Throughout the study, mice were weighed every other day to assess

health and maintain constant drug dosage.

3.2.2 Strain Calibration

After four weeks of injections, four weight-matched mice from each group were

used for a strain gage calibration, as described above. After the calibration, mice were

immediately euthanized and their tibiae were harvested as a pre-loading baseline. An

additional 6 mice per group were also euthanized at 8 weeks of age and their tibiae

harvested. Due to complications with the placing of the strain gage, one mouse from

the CON group was removed from analysis.

3.2.3 In vivo Loading

Based on the results of the strain calibration, the right tibiae of the remaining

mice (n = 10 BAPN and n = 10 CON) were loaded as described in the Chapter 2.

However, due to the limping that was observed in the mice during that study, the

rest period was held at the high load level, as was done previously in the lab [1].

Throughout the loading, the CON and BAPN mice were loaded to 9.6 and 9.2 N,

respectively (engendering 2100 µε dynamic load). During the three weeks of loading,

mice were injected daily with either PBS or BAPN.

At 11 weeks of age, the mice were euthanized by CO2 asphyxiation. The tibiae

were harvested, wrapped in saline-soaked gauze, and stored at -20 °C for analysis.

3.2.4 Micro Computed Tomography (µCT)

All tibiae were scanned and analyzed by µCT, as described in Chapter 2. After

scanning, the tibiae were stored at -20 °C until mechanical testing. Both cortical and

cancellous analyses were performed, as was the case for the previous study.
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3.2.5 Mechanical Testing

Following µCT, the tibiae were tested to failure in four-point bending. As before,

the tibiae were oriented in the medial-lateral direction with the medial side in tension.

After failure, the distance from the proximal end to the site of fracture was recorded.

Seven slices at the site of fracture were pulled from the µCT data and used to

normalize load and displacement into stress and strain, respectively. Structural-level

and tissue-level mechanical properties were then obtained from the load-displacement

and stress-strain curves.

3.2.6 Statistics

Data was checked for assumptions of normality and homogeneity of variance,

and violations were corrected using transformations. A repeated-measures ANOVA

was performed to assess the main effects of disease (between-subject effect), load-

ing (within-subject effect) and their interaction (significance at p < 0.05). If the

interaction term was significant, main effects were determined using a t-test (effect

of disease) or a paired t-test (effect of loading), and a Bonferroni correction was

applied (p < 0.0125). In the case that normality could not be corrected, a pairwise

Mann-Whitney U Test was performed and p-value corrected for multiple comparisons

(p < 0.0125).

3.3 Results

3.3.1 Animal Weight

Animal weights from the BAPN and CON mice were monitored every other day

as a means of checking animal health and ensuring proper dosage of the BAPN drug.

Results indicated no difference between the BAPN and CON groups throughout

the study. At harvest, mice weights were 19.54 ± 1.17 g for the CON mice and

19.40 ± 1.21 g for the BAPN mice.
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3.3.2 Strain Calibration

The strain calibration was performed on n = 4 BAPN and n = 3 CON mice at 8

weeks of age. The results suggested that the CON mice had similar bone stiffness,

shown if Figure 3.1.

Fig. 3.1. Strain calibration of BAPN and CON mice at 8 weeks of
age indicate similar stiffness in CON and BAPN mice. Loading the
CON and BAPN mice to 9.6 N and 9.2 N, respectively, engendered
2100 µε in both groups.

Based on the results of the strain calibration, CON and BAPN mice were loaded

with a dynamic compressive load of 9.6 and 9.2 N, respectively, engendering 2100 µε

in both groups. Despite holding the rest period at the high load level, limping was

still observed, though not as severely as was seen in the previous study. For that

reason, Chapter 4 explores how to reduce pain during tibial loading.
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3.3.3 Tibial Morphology

Morphology of the tibia was assessed by micro-computed tomography using n = 10

BAPN and CON mice. Both cortical and cancellous analyses were performed.

For the cortical section, analysis was performed on the 4 week pre-injection base-

line (n = 5), 8 week baseline (n = 10 BAPN and CON), and 11 week loaded and

unloaded (n = 10 BAPN and CON) mice. Slices were taken from the midshaft (50%

of the bone length). As was seen in the previous study, a clear effect of growth was

observed in both groups over the course of the 7 week treatment, especially within

the first 4 weeks (Figure 3.2).

(a) Effect of growth in CON mice. (b) Effect of growth in BAPN mice.

Fig. 3.2. During the 7-week study, significant growth occurred in
(a) CON and (b) BAPN mice, especially in the first 4 weeks.

Although there was a large amount of growth over the 7 week study, there were

still only mild effects of BAPN on morphology. Figure 3.3 shows a comparison of

BAPN and CON at 8 weeks and 11 weeks of age.
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(a) Effect of treatment at 8 weeks. (b) Effect of treatment at 11 weeks.

Fig. 3.3. Cortical cross-section of the BAPN mice at (a) 8 weeks and
(b) 11 weeks of age indicate slight, but consistent differences in the
morphology of BAPN mice at 8 and 11 weeks of age.

As shown if Figure 3.3, there were slight, but consistent, differences between

BAPN and CON at 8 and 11 weeks. However, the differences were modest and few

properties reached significance (Table 3.1).

Although the effect of BAPN was minimal, the response to load was again robust,

shown in Figure 3.4.

Similar to before, loading resulted in periosteal expansion and endocortical con-

traction in both the CON and BAPN mice. However, unlike before, there were many

significant interactions between disease and load. For example, there were effects of

load in total cross-sectional area, periosteal bone surface, anterior-posterior width,

and moment of inertia about the medial-lateral axis, but these effects were only ob-

served in the CON mice. In contrast, load significantly decreased medullary area in

the BAPN mice, but not the CON mice. In addition, in the non-loaded limbs, there

was an effect of BAPN on the anterior-posterior width and the moment of inertia
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Fig. 3.4. Cortical cross-sections in non-loaded and loaded limbs show
a robust response of bone to load. Effects involve both periosteal
expansion and cortical contraction.

about the medial-lateral axis, whereas in the loaded limbs, there was a significant

effect of BAPN on cortical thickness. These interactions suggest that, although there

were only mild effects of BAPN, BAPN altered the tibia’s ability to respond to load.

These results are summarized in Table 3.1.

In terms of cancellous architecture (Table 3.2), loading resulted in increased thick-

ness but decreased number of trabeculae. Interestingly, the bone volume fraction

was decreased with loading in both CON and BAPN; however, the decrease in the

BAPN was much larger than in CON (29.0% decrease in BAPN versus 2.5% de-

crease in CON). In addition, bone mineral density was increased in the CON mice

with loading, but was decreased in the BAPN mice with loading. As for the cortical
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properties, the results of cancellous analysis suggest that the treatment with BAPN

altered the body’s ability to respond to mechanical stimulation.

While bone mineral density was indistinguishable between CON and BAPN in

the non-loaded limbs (the only effect was in the loaded limbs), tissue mineral density

(the density of the bone tissue itself) was significantly decreased with disease and

significantly improved with loading. Properties of the cancellous bone are displayed

in Table 3.2.

3.3.4 Tibial Mechanics

The tibiae used for CT analysis were then tested to failure in four-point bending

to assess mechanical integrity. Representative graphs of the force-displacement and

stress-strain curves for each group are shown in Figure 3.5. Statistics were not

performed on the representative graphs, but instead serve to illustrate differences.

(a) Structural-level mechanics. (b) Tissue-level mechanics.

Fig. 3.5. Representative Force-Displacement and Stress-Strain curves
show a robust response of load in terms of structure-level properties.
When normalized by cross-sectional area, the effect of load is less
pronounced. Treatment with BAPN had no effect on the mechanics.
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From the load-displacement graph and table, it is clear that the loaded limbs

were stiffer and able to maintain higher forces before breaking. However, once the

data were normalized to the cross-sectional area, there was little effect of loading.

Interestingly, the non-loaded BAPN mice had the greatest strength when normalized

to cross-sectional area (although not significantly different than the other groups). In

addition, although there were some effects of disease in the morphology of the tibiae,

there were no effects of BAPN in terms of mechanics. These results are summarized

in Tables 3.3 and 3.4.

3.4 Discussion

The results of this study showed some small effects of BAPN on tibial morphology

that did not extend to mechanics. Tibial load offered some improvement in CON

and BAPN mice. However, the improvements seemed to be driven primarily by an

increase in mass and not due to improvements in bone quality.

3.4.1 Little Effect of BAPN Treatment

As seen in the previous study, the effects of BAPN were mild. There were some

alterations in morphology, but none in mechanics, suggesting that a functional dis-

ease state was again not induced. However, while the effects of BAPN were mild

in terms of morphology, BAPN altered the ability of the bone to respond to load.

In CON mice, loading resulted in increased total cross-sectional area and periosteal

bone surface, suggesting that load increased mass by periosteal expansion. In con-

trast, loading in the BAPN mice did not have increased total cross-sectional area or

periosteal bone surface, but instead had decreased medullary area, suggesting that

loading increased mass by endocortical contraction in the BAPN mice. In addition,

loading caused a significant decrease in bone volume fraction in the BAPN mice, but

not the CON mice. Taken together, these results suggest that, rather than having

mechanical stimulation improve the BAPN-induced disease, BAPN altered some of
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the effects of loading. Despite these observations, an overt disease phenotype was

not produced, making it difficult to fully assess the effect of disease.

The dosage for these two studies was selected based on previous work showing a

disease state with similar dosages [2,3]. The first study by McNerny et al. [2] showed

decreased collagen cross-linking, altered bone morphology, and decreased fracture

resistance in mice injected daily with 150 mg/kg and 350 mg/kg of BAPN. The

second study, also by McNerny et al. [3], showed decreased mechanical properties,

such as stiffness, yield force, and ultimate force, in BAPN mice. For that reason,

it was thought that similar effects would be observed in mice in the current study.

As noted, that was not the case. One cause of this disparity may be sex-based. In

both studies by McNerny et al., male mice were used whereas in the current studies,

female mice were employed. Another study, exploring the impact of lathyrism on

aortas indicated that male mice were more often affected by the disease (i.e. more

aortic aneurisms were observed) [4]. Despite this, we had chosen to use female mice

due to the cage fighting that is often observed in male mice of this breed. In fact,

Meakin et al. [5] showed that the amount of cage fighting in group housed males was

sufficient to obscure the effect of tibial loading. Since a major goal of this study was

to observe the effect of load, female mice were used. However, doing so may have

inadvertently prevented the observation of a BAPN disease state.

Another potential limitation could be in the frequency of dosage. In the current

studies, mice were injected with a bolus once a day. Thus, in order to impact the

bone tissue, the BAPN would need to reach the bone tissue prior to clearance from

the body. Depending on the rate of clearance, it is possible that a bolus injection was

cleared from the body too quickly to have its full effect. To circumvent this problem,

future studies could be conducted in which mice are injected multiple times per

day. Alternatively, another mode of disease induction is drug dosing through the

diet [6–8] which may have the added benefit of providing a more constant supply of

the drug. Future studies will be directed toward inducing a disease state through

this alternative method.
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3.4.2 Robust Bone Formation Response Due to Loading

While there was little effect of disease, the response to load was robust in terms of

bone mass and structural-level mechanical properties, but not in terms of tissue-level

mechanical properties. In addition, even though the rest period during loading was

kept at the high load, as done previously [1], the mice still showed signs of limping,

though not nearly to the degree that was seen in the previous BAPN study (Chapter

2). For this reason, Chapter 4 explores the effect of various loading regimens on the

pain of the mice during loading (as assessed by the degree of limping, stiff knees, and

swollen ankles) with respect to the morphological and mechanical impacts of that

loading. The goal is to prevent pain while inducing a bone formation response that

results in improved morphology and mechanics.

3.5 Conclusion

Treatment of mice with a long-term high dose of BAPN was unable to induce

mechanical alterations, and only mildly impacted the morphology. While the lack

of effects could be sex-dependent, it could also be dependent on the fact the drug

was provided as a bolus injection and may have been quickly cleared from the body,

preventing induction of a disease. Future studies will be aimed at inducing a disease

by alternate modes, such as through diet.
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4. MODIFYING PARAMETERS AND SCHEDULE

DURING AXIAL COMPRESSION OF THE MURINE

TIBIA INCREASES BONE TISSUE QUALITY AND

QUANTITY AND DECREASES ANIMAL DISCOMFORT

4.1 Introduction

Axial compression of the tibia is a commonly used technique to assess the response

of bone to mechanical loading in a controlled environment [1]. Although mice tolerate

the loading well, they frequently show signs of discomfort (i.e. limping) immediately

following a loading bout. Although the mice are typically recovered within an hour,

the primary goal of this study was to assess alternate loading profiles that reduce

pain while still maintaining a robust bone formation response to loading.

The resistance of a bone to fracture is dependent on a number of factors that can

be broadly divided into three main contributors: bone mass, bone structure, and bone

quality. Although all three are necessary for proper bone mechanical integrity, the

typical metric used clinically to assess fracture risk is bone mineral density measured

using dual-energy X-ray absorptiometry (DXA) [2, 3], which only accounts for bone

mass and structure. Moreover, the efficacy of clinical treatments for bone diseases

is often dependent on the ability of the treatment to increase bone mineral density,

and not in its ability to reduce fracture risk (often difficult to assess). Even in

pre-clinical models, outcomes of a specific treatment regime are often restricted to

measures of structure, mass, or both. While increasing mass and improving structure

are good outcomes, and many valuable studies have been conducted investigating

such endpoints, it is important that quality of the tissue also be explored. These

quality based functional bone outcomes often cannot be tested in clinical studies. In

contrast, pre-clinical models provide a prime opportunity to assess the impact of a
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treatment on bone quality, enabling greater understanding of how a treatment might

contribute to bone mechanical integrity. A secondary goal of this study was to assess

how the different loading regimens affect bone quality.

One potential treatment for bone defects and disease that is heavily studied is

bone adaption through mechanical stimulation. Both clinical and pre-clinical studies

have shown beneficial effects of exercise on bone mass [4–7]. To explore a more

controlled response to load, targeted loading models have also been employed such

as tibial four-point bending [8], ulnar loading [9, 10], and tibial axial compression

[1]. Like the exercise models, these targeted loading models have been shown to

beneficially affect bone mass in pre-clinical models [11,12]. However, the role of these

treatments on bone quality is less clearly defined. Some studies have shown exercise

and targeted loading-based improvements in post-yield mechanical properties [13,14]

and in fatigue properties [15,16]. In contrast, a different study showed a lack of effect

on bone quality as assessed by ultimate strength [17]. This dichotomy of results

indicates that further research is needed to understand what types of mechanical

stimulation cause quality-based improvements to bone.

A previous study in our lab indicated that although the tibia shows robust im-

provements in bone mass to targeted axial compression, those results may be de-

coupled from quality-based improvements as assessed by fracture toughness testing

(data unpublished). One hypothesis was that limping observed immediately follow-

ing loading was a sign of injury and that the injury caused the body to rapidly lay

down more bone, to the negligence of the tissue quality. The goal of this study was

therefore two-fold: 1) To reduce pain in the animals as assessed by limping, joint

stiffness, and ankle swelling and 2) To understand the role of mechanical stimula-

tion on bone quantity and quality as assessed by computed tomography and fracture

toughness, respectively.
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4.2 Methods

4.2.1 Animals

Twenty-three female C57Bl6 mice (Envigo) were obtained at 7 weeks of age and

allowed to acclimate for one week prior to the start of the study. At eight weeks

of age, mice were separated into 4 weight matched groups: MoTuWe High (n = 5;

18.1 ± 0.5 g), MoTuWe Low (n = 6; 17.8 ± 0.7 g), MoWeFr Low (n = 6; 17.8 ± 0.7 g),

and TuFr Low (n = 6; 17.7 ± 1.2 g). Mice were then weighed on every day of loading

to assess animal health. All animal procedures were performed with prior approval

from the Indiana University School of Science Institutional Animal Care and Use

Committee (IACUC).

4.2.2 In vivo Loading

For all groups, the right tibiae of the mice were loaded over a three week period.

An example of a mouse limb within the tibial loading fixture is shown in Figure 4.1.

The specific days of loading are indicated in the groups name (MoTuWe was

loaded on Monday, Tuesday and Wednesday of each week, etc.). For all mice, the

contralateral limb acted as an internal, non-loaded control. Each loading bout con-

sisted of 4 loading cycles at 2 Hz followed by 3 seconds of rest, repeated 55 times

for a total of 220 loading cycles. All mice were loaded to a peak compressive load

of 10.6 N (engendering 2050 µε [18]). The Low groups were held at 2 N for the 3

second rest period, while the High group was held at 10.6 N for the rest period. A

summary of the groups is found in Table 4.1.

Following each loading bout, mice were assessed for limping on a scale of 0 (no

limping) to 5+ (limping that does not recover). Table 4.2 explains the various levels.

Throughout the study, at a minimum, all mice were able to recover and walk using

both limbs by the following day. However, by week 3, mice in the MoTuWe High

group had swollen ankles that did not subside by the next day. That, in conjunction
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Fig. 4.1. Representative ex vivo µCT scan of a mouse limb in the
tibial loading fixture shows the orientation of the limb during loading.

Table 4.1.
Summary of Groups

Number of Number of days Maximum Load Load during
mice loaded each week rest

MoTuWe High 5 3 10.6 N 10.6 N
MoTuWe Low 6 3 10.6 N 2 N
MoWeFr 6 3 10.6 N 2 N
TuFr 6 2 10.6 N 2 N

with the continuous severity of limping following loading led to the decision not to

load the mice on the final 2 days. In addition, there were two mice in the MoTuWe

Low group which also had swollen ankles that did not subside by the next day and

therefore, were not loaded (one mouse for the final day and the second mouse for the

final two days). Despite swollen ankles, the mice used both limbs while walking and

the mice continued to gain weight over the duration of the study.
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Table 4.2.
Limping Assessment Scale

0 No Limp
1 Mild Limp; Will use both feet, but slight preference for the non-loaded

contralateral limb
2 Mild to Moderate; Will use both feet, but noticeable preference for the

non-loaded contralateral limb
3 Moderate; Will use both feet, but hobbles on the loaded limb
4 Moderate to Severe; May or may not touch with loaded limb, but not use;

Uses both limbs within 1 hr of loading
5 Severe; May or may not touch with loaded limb, but not use; Limp remains

after 1 hr, but mouse is recovered by next day.
5+ Limping that does not recover by the next day

At 11 weeks of age, all mice were euthanized by CO2 asphyxiation. Immediately

after euthanasia, all mice were checked for swollen ankles and stiff knees, and were

ranked for each on a scale of 0–2, with a “0” implying no observable signs and a

“2” implying severe. After assessment, the right and left limbs (femur/tibia/foot

complex) were removed and stored a 4 °C until scanning by micro computed tomog-

raphy (µCT), which occurred within 24 hr. After scanning, the tibiae were harvested,

wrapped in saline-soaked gauze, and stored at -20 °C until fracture toughness testing.

4.2.3 Micro Computed Tomography (µCT)

The right and left limbs were scanned while hydrated at 8.4 µm resolution using

a µCT system (Bruker Skyscan 1176). Calibration was performed using two hydrox-

yapatite phantoms at 0.25 and 0.75 g/cm3 in order to convert the grayscale images

into mineral density. Images were then reconstructed for cortical analyses.

For cortical analysis, a region of interest (ROI) was selected as seven transverse

slices centered at 50% of the bone length. Tissue mineral density (TMD) was calcu-

lated and then a binary threshold was applied and geometric properties were calcu-

lated using a custom MATLAB code.
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4.2.4 Fracture Toughness Testing

Following µCT, the tibiae were tested to assess fracture toughness [19,20]. Prior

to mechanical testing, tibiae were hand-notched with a scalpel blade in the medial

region of the mid-diaphysis, proximal to the tibia-fibula junction. During notching,

the scalpel blade was lubricated with a 1 µm diamond suspension. The notch entered

the medullary cavity but did not proceed more than halfway through the bone. After

notching, bones were tested to failure in three-point bending at 0.001 mm/sec with

the notched side in tension and the notch located directly under the applied load.

After the test, µCT images were pulled from an ROI located 1 mm above the tibula-

fibula junction (notch location) and used to determine geometric properties at the

location of fracture. Bones were then dehydrated with graded ethanol (70–100%),

and the fracture surface was imaged using scanning electron microscopy (SEM).

Images obtained were used to determine the angles of stable and unstable crack

growth. Force and displacement data, geometric properties, and the crack growth

angles were used in a custom MATLAB script to determine fracture stress intensity

(K) values at yield force (crack initiation), at maximum force, and at failure force

(crack instability).

4.2.5 Statistics

For body weight, one-way ANOVA was used. For all other analyses, paired t-

tests were performed to assess the difference between the loaded and non-loaded

limbs within each group. The data were checked for assumptions of normality and

homogeneity of variance. In the case of assumption violations, a Mann Whitney U

test was performed instead of the paired t-test.
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4.3 Results

4.3.1 In vivo Assessment

Throughout the study, mice continued to gain weight and groom themselves nor-

mally. At the start of the study, mouse weights were 18.1 ± 0.5 g for MoTuWe High;

17.8 ± 0.7 g for MoTuWe Low; 17.8 ± 0.7 g for MoWeFr; and 17.7 ± 1.2 g for TuFr

groups. At the end of study, mouse weights were 19.3 ± 0.4 g for MoTuWe High;

18.6 ± 0.6 g MoTuWe Low; 18.3 ± 0.9 g for MoWeFr; and 19.1 ± 1.3 g for TuFr

groups. There were no significant differences between groups.

However, the number of days loaded and load applied during the rest period both

severely impacted each mouses pain response, as assessed by observing the degree of

limping after each loading bout, as well as by noting the degree of knee stiffening

and ankle swelling at the end of the study.

Throughout the study, the mice in the MoTuWe High group had a greater degree

of limping than the other groups. This was followed by the MoTuWe Low group,

and then by the MoWeFr group, with the TuFr group showing none to mild signs of

limping throughout the study (Tables 4.3, 4.4, and 4.5).

Table 4.3.
Limping Assessment Week 1

Week 1

Day 1 Day 2 Day 3 Day 4 Day 5

MoTuWe High 1.0 (0, 2) 3.0 (2, 3) 4.0 (4, 5)
MoTuWe Low 0.0 (0, 0) 0.5 (0, 3) 2.0 (1, 5)
MoWeFr 0.0 (0, 1) 1.5 (0, 2) 2.0 (1, 2)
TuFr 0.0 (0, 0) 1.0 (0, 1)

Data are median and range (in parentheses) of limping observed in the mice
after each day of loading. On the scale, a “1” suggests mild limping described
as a slight preference of the non-loaded limb, a “3” is moderate limping, and
a “5+” is severe limping that does not recover by the following day.
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Table 4.4.
Limping Assessment Week 2

Day 1 Day 2 Day 3 Day 4 Day 5

MoTuWe High 3.0 (3, 4) 4.0 (4, 4) 4.0 (4, 4)
MoTuWe Low 0.0 (0, 2) 1.0 (1, 4) 1.0 (1, 4)
MoWeFr 1.0 (0, 1) 1.0 (0, 2) 1.0 (1, 2)
TuFr 0.0 (0, 0) 0.0 (0, 1)

Data are median and range (in parentheses) of limping observed in the mice
after each day of loading. On the scale, a “1” suggests mild limping described
as a slight preference of the non-loaded limb, a “3” is moderate limping, and
a “5+” is severe limping that does not recover by the following day.

Table 4.5.
Limping Assessment Week 3

Day 1 Day 2 Day 3 Day 4 Day 5

MoTuWe High 4.0 (3, 5)
MoTuWe Low 1.5 (0, 2) 2.0 (0, 3) 1.5 (1, 3)
MoWeFr 1.5 (1, 2) 1.0 (1, 2) 2.0 (1, 2)
TuFr 0.0 (0, 1) 0.0 (0, 1)

Data are median and range (in parentheses) of limping observed in the mice
after each day of loading. On the scale, a “1” suggests mild limping described
as a slight preference of the non-loaded limb, a “3” is moderate limping, and
a “5+” is severe limping that does not recover by the following day.

To better assess the information, the data from each mouse’s last day of loading

was used to create Table 4.6 and Figure 4.2. It is clear from both the figure and

the table that the limping was greatest in the MoTuWe High group, followed by the

MoTuWe Low group, the MoWeFr group, and finally, the TuFr group.

The assessment of knee stiffening and ankle swelling corroborated with the as-

sessment of limping, as shown in Tables 4.7 and 4.8.
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Fig. 4.2. The range of limping observed in the mice after the final
day of loading clearly demonstrate that the MoTuWe High group had
increased limping as compared to the other groups.

Table 4.6.
Count of mice at each limping level after the final day of loading.

0 1 2 3 4 5 5+

MoTuWe High 1 3 1
MoTuWe Low 2 2 2
MoWeFr 2 4
TuFr 5 1

Table 4.7.
Joint stiffness at the end of the study.

0 1 2

MoTuWe High 2 3
MoTuWe Low 1 3 2
MoWeFr 3 2 1
TuFr 6
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Table 4.8.
Swollen ankle assessment at the end of the study.

0 1 2

MoTuWe High 2 3
MoTuWe Low 4 1 1
MoWeFr 2 4
TuFr 6

Altogether, the three assessments of pain all suggest that holding at the high

load level is detrimental to the mice. In addition, holding at the low load level, but

loading multiple days in a row also seems to negatively impact the mice. The least

detriment was caused by loading only twice a week and holding at the low load level.

4.3.2 CT Whole Limb Assessment

After euthanasia, the limbs from each mouse were removed and scanned to assess

the whole femur/tibia/foot complex. While the assessment of limping in vivo sug-

gested that the mice were uncomfortable with loading, all recovered by the following

day and were able to use both limbs while walking. Thus, while it was expected that

the MoTuWe High group would have some degree of altered bone morphology, the

degree of damage observed in MoTuWe High and MoTuWe Low group was unex-

pected. Figures 4.3, 4.4, 4.5, and 4.6 show the CT shadow scans of the loaded limbs

for each group, with the pain assessment scores on the final day of loading noted for

each animal.

Clear damage is observed in the MoTuWe High and MoTuWe Low groups. In the

MoTuWe High group, two mice had broken fibulas and crushed proximal metaphy-

ses. Moreover, there were two additional mice which had damaged epiphyses. The

MoTuWe Low group also showed signs of damage, though not as severe. The fibula

was broken in one mouse and the proximal metaphysis deformed in two of the mice.
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Fig. 4.3. Scout scans of the MoTuWe High group show clear damage.
The fibula is broken and the proximal metaphysis deformed in two
of the mice. In addition, the epiphysis appears deformed in an ad-
ditional two mice. Due to swollen ankles and limping after loading,
the MoTuWe High group was not loaded on the last two days.

In addition, the epiphysis appears deformed in an additional mouse. In contrast, the

MoWeFr and TuFr groups did not show overt signs of damage in the uCT shadow

scans. These results agree with the assessment of pain, discussed previously.

4.3.3 Cortical Analysis

The graded response in terms of limping, swelling, and knee stiffening was also

seen in the cortical analysis, shown in Figure 4.7.

Figure 4.7 demonstrates a robust, but graded, response in the four loading groups.

All four groups showed significant periosteal expansion resulting in increased cortical

area and thickness. However, the MoTuWe High group demonstrated the greatest

bone formation effect, while the TuFr group showed the least. Although this graded

response was true for most parameters, it is interesting to note that the MoWeFr
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Fig. 4.4. Scout scans of the MoTuWe Low group also show dam-
age. The fibula is broken in one mouse and the proximal metaphysis
deformed in two of the mice. In addition, the epiphysis appears de-
formed in an additional mouse. Two mice (indicated by the “∗”) did
not complete the loading regimen due to the assessment of pain.

Fig. 4.5. Scout scans of the MoWeFr group lack the damage observed
in the MoTuWe High and MoTuWe Low groups. All mice were able
to be loaded the length of the study.
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Fig. 4.6. Scout scans of the TuFr group lack the damage observed in
the MoTuWe High and MoTuWe Low groups. All mice were able to
be loaded the length of the study.

and TuFr groups had increased tissue mineral density, whereas the MoTuWe High

and MoTuWe Low groups did not (Tables 4.9 and 4.10).

Interestingly, although the MoTuWe High group had greater mass than the other

three groups, the increased amount of injury (as determined by increased assessment

of pain) seemed to result in greater variability among the mice, leading to much larger

standard deviations for the cortical geometric parameters. A clear depiction of the

graded response and the high variability can be observed in the graph of cortical

thickness (Figure 4.8).

4.3.4 Fracture Toughness Testing

Fracture toughness, an assessment of bone quality, was also performed on the

tibiae (Figure 4.9).

Although few properties showed significant differences with loading, Figure 4.9

shows clear trends toward increased fracture resistance in the MoTuWe Low and

MoWeFr groups across all three stress intensity measures. In contrast, the MoTuWe
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Fig. 4.7. Cortical cross-sectional areas in each of the groups shows
an increase in bone mass in response to load.

High group only shows an upward trend in fracture toughness at crack instability,

and the TuFr group show no upward trend across any of the stress intensity measures.

4.4 Discussion

The primary aim of this study was to be able to reduce pain during loading while

still maintaining a robust bone formation effect. The pain observed in the MoTuWe

High group, and the slightly lesser pain observed in the MoTuWe Low group, clearly

demonstrate that holding the load at the high load level during rest and decreasing

the number of rest days between loading bouts will cause increased pain in the mice.
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Fig. 4.8. Coritcal thickness demonstrates the graded response due to
loading in the four groups. MoTuWe High group had the greatest
effect, followed by MoTuWe Low, MoWeFr, and lastly, TuFr. In-
terestingly, the MoTuWe High group also had increased variability.
Significant differences (p < 0.05) are indicated by an “∗”.

The MoTuWe group held at the high load level experienced greater limping, more

swollen ankles, and stiffer joints than any of the other groups. In addition, the µCT

shadow scans clearly showed damage in the tibia and fibula in that group. This

resulted in a large, but variable, bone formation response. Although increased bone

mass likely contributed to increased mechanical integrity of the bones, there was

little effect on fracture toughness and no effect of mineral density as assessments of

bone quality/material properties. Therefore, despite the beneficial effect of loading

on bone formation, this loading profile did not improve bone quality and caused

greater pain in the animals.

These results in terms of limping are in contrast to previously published work

which only noted limping at a higher force/strain level and not at the force/strain
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(a) Fracture toughness at crack initiation.

(b) Fracture toughness at maximum load.

(c) Fracture toughness at crack instability

Fig. 4.9. Graphs of fracture toughness parameters showing increasing
crack stress intensity in the MoTuWe Low and MoWeFr groups at (a)
yield force (crack initiation), (b) maximum force and (c) failure force
(crack instability). Significant differences (p < 0.05) are indicated by
an “∗”.
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level used in this study [18]. The mice in that study were purchased from the same

vendor and were of the same breed, sex, and age. However, those mice weighed

significantly more than the mice in this study (17.8 ± 0.8 g in the current study as

compared to 18.8 ± 0.9 g in the previous study). The larger mice in the previous

cohort may have been better able to handle the load without limping, suggesting that

the amount of loading that a mouse can receive may be dependent on its size/mass,

independent of its age.

In contrast to the MoTuWe High group, the TuFr group showed little to no

pain throughout the study. Assessment of morphology still demonstrated increased

cortical bone, though not to the degree observed in the other groups. Interestingly,

loading in the TuFr group also had no effect on fracture toughness. These results

suggest that while the loading stimulus in this group was enough to increase bone

mass, it was insufficient to alter bone tissue quality.

Given the response in cortical structure in the TuFr group, it is possible that a

longer-term study would improve fracture toughness. Unlike the other three groups,

the TuFr group only received 6 total loading bouts over the 3 week period instead of

the typical 9 bouts received by the other groups. It is possible that although the mice

were loaded over the same total period of time (3 weeks), the decreased number of

loading bouts was insufficient for a quality-based improvement. A longer study may

be able to cause quality-based changes to bone without inducing the pain observed

in the other groups. In other instances when quality outcomes are not of interest,

use of a 2 day/week loading schedule is desirable due to the lack of limping observed.

The other two loading groups, MoTuWe Low and MoWeFr, both showed robust

improvements in cortical morphology and upward trends in the three fracture tough-

ness parameters. Of those two groups, the MoTuWe Low group demonstrated a

greater degree of limping and a greater number of stiff knees. In addition, as was the

case for the MoTuWe High group, the uCT shadow scans from the MoTuWe Low

group demonstrated damage (at least one fractured fibula and 2 displaced proximal

metaphyses in the tibia). Although less severe than the MoTuWe High group, these
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types of injuries must be avoided. In contrast, the MoWeFr group showed mild to

mild-moderate pain over the course of the study and no signs of damage in the CT

shadow scans. While limping did occur, the mice still used both limbs for walking

immediately after loading. The mild to mild-moderate assessment of pain indicated

that mice had a slight to noticeable preference for the contralateral limb. Since the

MoWeFr mice used both limbs for walking and only showed mild signs of pain, use of

a MoWeFr loading regimen might be ideal for quantity and quality-based improve-

ments. Future studies will explore the potential of decreasing the number of cycles

during an individual loading bout to further reduce pain. Despite this, the minimal

pain and improved bone structure and fracture toughness parameters observed in

the MoWeFr group suggest that loading MoWeFr is best able to reduce pain while

still maintaining a response in bone quantity and quality.

The primary limitation of this study was the low sample size. Since the primary

goal of this study was to reduce pain during loading, a low sample size was selected for

the current study with the intention of increasing sample size in future studies after

an optimum loading schedule had been determined. However, doing so decreased the

ability to observe differences in the fracture toughness parameters, resulting in clear

trends, but few significant differences. The clear trends would suggest that loading

was able to improve bone quality as assessed by fracture toughness in the MoTuWe

Low and MoWeFr groups.

4.5 Conclusion

The concept of pain and its role in bone formation should not be ignored. The

original hypothesis of this study was that the pain induced by loading would cause

robust responses in cortical bone, but lack the desired effect on bone quality, as

assessed by fracture toughness. This was certainly observed in the MoTuWe High

group. However, the prevention of the bone from responding with quality-based

improvements must require a high degree of injury because the MoTuWe Low group
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also showed significant signs of pain, but were able to improve fracture toughness

parameters. The only group to show no or little pain was the TuFr group, but

loading in these mice had only modest (but significant) effects on cortical structure

and no effects on fracture toughness. Due to the lack of limping in these mice, when

quality-based effects are not assessed, the TuFr schedule would be a beneficial regime.

Altogether, the MoWeFr group was best able to reduce pain while still maintaining

a response in bone quantity and quality.
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5. CONCLUSION AND FUTURE DIRECTIONS

The purpose of the studies in the preceding chapters was to observe the effects of

tibial loading on bone quality. Initially, this was explored through injection with

BAPN as a means of inducing osteolathyrism, a collagen quality-based bone disease

that acts by preventing the formation and maturation of enzymatic cross-linking in

bone. However, a functional disease was not observed at the relatively low dose

chosen despite the long course of treatment. After increasing the dose of BAPN, an

overt disease state was still not observed (only mild effects). However, there were

many significant interaction effects, suggesting that while no overt functional disease

was achieved, the injections with BAPN altered the bone’s response to loading.

Loaded BAPN tibiae increased mass by endocortical contraction, whereas the CON

mice increased bone mass by periosteal expansion.

Although there were some mild effects of BAPN, the lack of a functional disease at

both the low and high dose levels suggests that inducing a BAPN disease state should

be pursued by alternate means. One such method is through the food the animals

eat, which has the added benefit of maintaining a more constant concentration of the

drug in the body as compared to the bolus injection given in these studies. Future

studies will explore inducing a disease state by this alternate method.

While the lack of a functional disease made it difficult to assess the role of load-

ing on bone quality in a disease state, the effects of loading observed in the CON

mice in Chapters 2 and 3 led to the study in Chapter 4. Namely, in the first BAPN

study, loading caused improvements in mass and structural-level mechanical prop-

erties. However, after normalizing to cross-sectional area, the effects of load were

milder. In addition, there was no effect of load on fracture toughness parameters.

Together, these results suggested that the bone increased mechanical strength pri-

marily through increases in mass, and not quality. In addition, the mice in the
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second BAPN study (Chapter 3) also showed signs of limping despite changing the

load level during the rest period. As a result, Chapter 4 assessed different loading

regimes as a means of decreasing pain and improving bone quality in the animals.

In Chapter 4, four different loading regimes were explored. A greater pain re-

sponse (as assessed by limping, swollen ankles, and stiff joints) was observed in the

group that was loaded for three days in a row and held at the high load level during

the rest period. For that group, although there was a robust response in terms of

bone mass, there was a lack of improvement in bone quality, as assessed by fracture

toughness. Overt damage of the proximal tibia was also observed in that group. In

contrast, the group that was only loaded twice per week showed little to no pain

throughout the study. There were some (mild) effects of loading on bone mass, but

none on bone quality. The best loading regime for quantity and quality-based im-

provements was found to be loading every other day (3 times per week). Mice in

this group showed mild signs of limping, robust response of loading on bone mass,

and a trend toward increasing bone quality. Future studies will address if decreasing

the number of cycles in a loading bout can prevent all limping (even mild) while still

maintaining a robust response.


