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Chapter 1. 

Introduction 

1.1 Background 

The 213 bones in the adult body together form a protective network 

that serves a myriad of functions including calcium homeostasis, blood 

production through our marrow in the medullary cavity, as well as important 

protective and structural responsibilities.  Bone is similar to any other 

engineering material in that it is susceptible to damage accumulation through 

fatigue loading.  However, as bone itself is a “living material,” it can adapt, 

sense and repair itself based on cellular signals.  Under normal 

circumstances in a healthy patient, damage is repaired through a process 

where osteoclasts, specialized cells that destroy bone, target areas of damage 

for removal, and are followed spatially and temporally by osteoblasts, the 
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bone forming cells which can refill excavated sites with new, healthy bone. 

In a condition where repair of this damage is inhibited, patients may 

accumulate large amounts of damage in their bones, which if allowed to 

proceed unchecked, can progress to catastrophic failure.  Recent clinical 

reports have suggested that bisphosphonates, one of the most common drugs 

used to treat low bone mass diseases like osteoporosis have also been 

associated with a small but significant number of low trauma, atypical 

femoral fractures with features that suggest damage accumulation in bone 

[1-6].   

Bisphosphonates are a class of anti-resorptive drugs which are used to 

target osteoclast destruction of bone in diseases where too much osteoclast 

activity leads to a reduced bone mass and increased risk of fragility fracture.  

Over the past 10 years, millions of osteoporotic women have taken these 

drugs for their condition [7].  Despite widespread clinical success, the 

impact of bisphosphonate use on repair vs. accumulation of damage in bone 
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tissue has not fully been determined [8].  Our ongoing research efforts seek 

to define the role of bisphosphonates on microdamage accumulation in the 

skeleton, and determine how bisphosphonate use may interfere with the 

natural tissue repair required to maintain a healthy skeleton capable of 

withstanding loads associated with activities of daily living.    

While rooted in fundamental principles of fracture mechanics and 

materials testing, the results of our studies will have broad clinical impact 

for diseases like osteoporosis, where bone structure deteriorates with patient 

age, as well as genetic diseases like osteogenesis imperfecta (OI), where 

mutations in proteins associated with bone adversely impact bone mass and 

fragility. Osteoporosis results in a decrease in bone mass, which in turn leads 

to an increase in fracture risk.  This disease affects over 10 million 

Americans, with an additional 34 million more estimated to have osteopenia 

or low bone mass on the verge of osteoporosis [9, 10] .  Bone mineral 

density (BMD) naturally decreases with age, with the onset of osteoporosis 
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impacting those over 50 years of age. With the baby boomer generation 

continuing to have a strong impact on many of today’s policy decisions, the 

attention paid to osteoporosis will continue to increase.  In women over 45, 

osteoporosis is responsible for more hospital stays than diabetes, cancer, or 

heart attack, with an estimated $20 billion spent on direct health care 

services related to osteoporotic fractures [10].  As one can imagine, this will 

only continue to grow as people are living longer and remaining more active 

in their later lives.   

While osteoporosis is widespread throughout our aging population, OI 

typically affects approximately 1 in 20,000 young children [11], and the 

severity ranges from lethality in the perinatal stage to a barely detectable 

form of connective tissue disorder [12].  In both diseases, a disproportionate 

increase in osteoclast and osteoblast activity results in an overall imbalance 

favoring osteoclast destruction of bone [13, 14].  Thus, patients with 

osteoporosis or osteogenesis imperfecta are often treated with 
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bisphosphonate drugs to prevent the high bone destruction responsible for 

increased skeletal fragility and high fracture rates.  Using animal models 

representative of osteoporosis and osteogenesis imperfecta, our ongoing 

research seeks to determine 1) the impact of disease on the fracture 

toughness of bone material,  2) the effect of bisphosphonate therapy on the 

generation of bone microdamage and potential increase in bone brittleness 

following therapy and, 3) investigate the spatial distribution of 

bisphosphonates in proximity to microdamage as well as investigate the 

osteocytic response to extended bisphosphonate treatment.  Findings from 

these studies will impact the potential management of diseases of low bone 

mass, and may lead to alternative prevention strategies to reduce fracture 

susceptibility without potential long term side effects of accumulated 

microdamage.  
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1.2 Thesis Overview 

To accomplish these research goals, we have utilized a specific mouse 

model to replicate the material properties associated with low bone mass and 

collagen characteristics consistent with osteogenesis imperfecta.  The Brittle 

IV (Brtl/+) mouse model for OI contains an identical mutation present in a 

type IV OI patient, and replicates the disease in the form of bone fragility, 

moderately deformed skeleton, and high tissue brittleness [15].  

Furthermore, Brtl/+ replicates many of the cellular features characteristic of 

OI [16].  Wild-type animals are used as controls, to replicate bone with 

normal material properties unaffected by the collagen mutations present in 

OI, but likely susceptible to the effects of aging over time.   

As summarized below, the thesis was broken down into three parts.  

In our first study (Chapter 2), using linear elastic fracture mechanics 

principles, we established that Brtl/+ has a moderately reduced fracture 

toughness compared to WT animals, consistent with findings of bone 
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brittleness using traditional four-point bending techniques.  Then, using an 

in vivo model of forearm limb loading, we were able to determine that Brtl/+ 

was highly susceptible to the generation and accumulation of skeletal 

microcracks under normal ambulation and during high applied load.  Our 

findings were featured on the cover of Bone [17] and were recognized by a 

Young Investigator award at the 2011 International Society of Biomechanics 

meeting.   

Given these findings of increased microdamage in models of OI, 

along with associations between microdamage accumulation and 

bisphosphonate usage, our second study (Chapter 3) aimed to assess the 

impact on bone mechanical integrity and the resulting fracture toughness 

following extended bisphosphonate treatment during the growing phase of 

the mouse. The use of bisphosphonates could ultimately lead to the 

prevention of damage repair, thus leading to decreased mechanical integrity 

in bone, and may further implicate bisphosphonates in observances of 
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increased fractures in certain sub-populations of treated patients.  We noted 

that bisphosphonates appear to impact the bone’s durability as indicated by 

matching microdamage and stiffness loss levels despite loading to a lower 

surface strain. This adverse result at high strains was countered with the 

positive result of no additional damage in unloaded treated limbs. 

Additionally, we noted a moderate decrease in fracture toughness following 

treatment. These findings suggest that bisphosphonates may have adverse 

effects at higher strains and may not be as detrimental at lower strains.  

Having established the impact of bisphosphonate therapy on the Brtl/+ 

mouse, we wanted to determine how bisphosphonates are spatially 

distributed within the bone tissue. This would help us to determine the 

cellular and local bisphosphonate delivery to microcracks and their 

surrounding cellular components following long term bisphosphonate 

treatment during the growing phase of the mouse.  Chapter 4 has focused on 

using a fluorescence molecular imaging strategy to identify the precise 
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localization of bisphosphonate delivery in bone.  Using fluorescent analogs 

to bisphosphonates given to mice immediately following a bout of fatigue 

loading, we were able to demonstrate that these anti-resorptive drugs 

localize directly to bone microcracks themselves, as well as some of the 

surrounding cellular structures.  Additionally using a fluorescent apoptosis 

marker we monitored the local cellular response to microdamage to 

determine whether the cells responsible for signaling local bone repair are 

affected by local bisphosphonate delivery.  Interference with this signaling 

could potentially inhibit the needed repair of microdamage at the cellular 

level, as well as interfering with repair at the site of microdamage itself. We 

observed a decrease in osteocyte apoptotic signals in regions around 

microdamage in extended bisphosphonate treated bones. These findings may 

suggest multiple levels of regulation of microdamage repair, and the portion 

of the findings relating to fluorescent bisphosphonate binding to microcracks 
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and osteocyte lacunae was recently presented at the 2013 Orthopaedic 

Research Society meeting.   

1.3 Societal Impact 

The efficacy of bisphosphonates in treating bone fragility [18-23] 

cannot be ignored. However, there is a prudent concern about the long-term 

effects of bisphosphonates on the inhibition of targeted repair of skeletal 

microdamage.  Extended bisphosphonate treatment has been correlated with 

observations of increased skeletal microdamage in animal models [24-27], 

which may in turn have detrimental effects on the bone’s mechanical 

integrity [24-26, 28].  To date, there has been no direct relationship to link 

extended bisphosphonate therapy with atypical, low-energy subtrochanteric 

femoral fractures observed in osteoporotic patients undergoing treatment 

[29, 30].  The results of this thesis suggest that the binding of 

bisphosphonates to microdamage and the surrounding osteocyte lacunae 
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may lead to arrested microdamage repair and could represent a contributing 

factor toward these femoral fractures.  

 Furthermore, these observations could also have strong implications 

for bisphosphonate treatment of fracture-prone osteogenesis imperfecta (OI) 

patients, since animal models suggest they have increased susceptibility to 

microdamage accumulation [17, 31].  With both OI and osteoporosis 

patients being increasingly susceptible to critical bone failure, treatment 

modalities need to be carefully assessed for their potential to affect damage 

repair.   

This thesis demonstrates that bisphosphonates may interfere with 

targeted microdamage repair directly by binding to microcrack surfaces and 

interfering with osteoclast repair at the site that needs it most.  Our results 

also suggest that bisphosphonates could interfere with targeted repair 

indirectly, because binding to surrounding osteocyte lacunae might interfere 

with the apoptotic signal required to induce targeted remodeling. Since 
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decreased fracture incidence is the critical rationale for treatment of patients 

with bisphosphonates, the implications of arrested microdamage repair for 

their quality of life are significant. 

Additionally, the potential of adverse mechanical effects of 

bisphosphonates are important to consider, since they are still the most 

common treatment modality prescribed to low bone mass patients. The 

moderately reduced fracture toughness properties measured in this work 

suggests that dosage as well as treatment duration still remains an important 

consideration when administering treatment to these patients. While 

bisphosphonates may improve bone mass, any adverse impact to bone on a 

microscopic level may inadvertently lead to increased fractures. Further 

studies are needed to determine ideal bisphosphonate treatment protocols 

that can be safely administered throughout growth and development, yet still 

maintain the positive benefits that bisphosphonates bring to the table. 
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Chapter 2. 

Increased Susceptibility to Microdamage in Brtl/+ Mouse 

Model for Osteogenesis Imperfecta 

2.1 Introduction 

Osteogenesis Imperfecta (OI) is a genetic disease that adversely 

impacts bone mass and fragility, and produces other connective tissue 

manifestations in bone. It typically affects young children [11], and the 

severity ranges from lethality in the perinatal stage to a barely detectable 

form of connective tissue disorder [12]. OI is identified in approximately 1 

in 20,000 births and affects between 20,000 to 50,000 individuals in the 

United States [32]. Patients who suffer from OI typically have a mutation in 

either COL1A1 or  COL1A2, which encode the α chains of type I collagen  
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[33]. Although most forms of OI are autosomal dominant, about 10% of 

cases have autosomal recessive inheritance of mutations in proteins 

responsible for post-translational modification of collagen, resulting in 

similar changes in the skeletal composition, structure and morphology to 

classical OI [34-36]. 

Studies have demonstrated a disproportionate up-regulation of 

osteoclast and osteoblast activity in OI patients, with an overall imbalance 

favoring osteoclast resorption [13, 14]. The mechanical and physiologic 

mechanisms responsible for this phenomenon are not fully understood.  

Increased bone turnover and fragility inherent to OI may be related to 

targeted repair of elevated levels of bone microdamage resulting from the 

brittle properties of OI.  However, there has been limited investigation on the 

presence and impact of microdamage in OI patients.  Animal models 

representing OI suggest that OI bone may be more susceptible to 

microdamage accumulation during cyclic loading [31, 37]. This study uses 



 
 

 

 

 
 

 

 

15

the Brittle IV (Brtl/+) mouse model for OI to determine the impact of an OI-

causing collagen mutation on the generation and accumulation of bone 

microdamage.  Brtl/+ has a Gly349→Cys (G349C) substitution in one 

col1a1 allele,  reproducing the genetic mutation found in a Type IV OI 

patient [38]. Brtl/+ demonstrates bone fragility, a moderately deformed 

skeleton, and a low ductility phenotype, accurately representing the 

biomechanical phenotype of the disease [15].  Furthermore, Brtl/+ features 

an up-regulation of osteoclast and osteoblast activity consistent with 

observations found in OI patients [16]. The direct cause of this upregulation 

has yet to be described. 

The primary goal of this study is to determine whether the Brtl/+ 

mouse is more susceptible to microdamage accumulation compared to wild 

type (WT) controls and to determine the correlation between fracture 

toughness and propensity to accumulate microdamage. We propose that a 

propensity to accumulate damage is directly correlated with reductions in 
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fracture toughness found in Brtl/+.  Understanding the role of this inherent 

bone matrix property will help elucidate the role of collagen mutations in 

governing susceptibility of OI bone to microdamage. 

2.2 Materials and Methods 

2.2.1 Murine Models 

A total of 18 male Brtl/+ and wild type WT (n=9 each) mice were 

bred from our colony and used in this study.  Brtl/+ mice have a mixed 

background of Sv129/CD-1/C57BL/6S and are bred by crossing 

heterozygous Brtl/+ with WT [38].  Mice were euthanized at 8 weeks of age 

in preparation for all loading experiments. All procedures used in this study 

were  approved by the University Committee on Use and Care of Animals 

(UCUCA) at the University of Michigan. 
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2.2.2 In-Situ Strain Measurements 

The ulnar loading model [39] was used throughout this study to 

produce compressive loads and induce microdamage. This loading model 

has been shown to produce loads primarily within the ulna and not the 

radius, and has been shown to induce  microcrack formation within the ulna 

of rats [40]. The right forearms of mice were exposed to cyclic uniaxial 

compression loading across the olecranon and carpus process as described 

by others [40, 41]. Loading was done using a custom built servo-motor 

loader. Force-controlled, haversine, cyclic loading was performed at 1 Hz 

frequency while force and strain voltages were recorded using Labview 7.1 

software (National Instruments, U.S.A.). 

Six cadaver mice (n=3 Brtl/+ and n=3 WT) were used to record ulnar 

strains during loading in order to assess the level of force required to induce 

strains that would produce linear microdamage in compression (estimated at 

4000 micro strain) [40, 42].  A 5 mm incision was made at the mid-diaphysis 
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of the left forearm and the bones were further prepared using prescribed 

techniques [43] and commercial reagents (Vishay Micro-Measurements, 

U.S.A.) for the placement of strain gauges. Briefly, 100% ethanol followed 

by acetone was applied to the exposed ulna surface using a cotton tip 

applicator.  A catalyst (Catalyst-C) was then applied followed by a drop of 

adhesive (M-Bond 200). Single element strain gauges (EA-06-015DJ-120, 

Vishay Micro-Measurements, U.S.A.) were placed longitudinally as close to 

the lateral surface as possible of the ulna of both Brtl/+ and WT mice, near 

the mid-diaphysis. It has been confirmed experimentally [41], as well as 

through finite element modeling [44], that due to the geometry of the ulna, 

this area is the region of highest compressive strain and deformation during 

axial ulnar loading.  

Cyclic loading was performed continuously, and several rounds of 

data were collected for each mouse and analyzed using linear regression in 

order to determine the load-strain relationship for both Brtl/+ and WT 
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genotypes (Figure 2-1). From these regressions it was noted that the loads 

that induced approximately 4000 micro strain were 2.71 ± 0.35 N for the 

Brtl/+ and 4.92 ± 0.04 N for the WT mice.     

2.2.3 Cyclic Loading 

A total of 12 cadaver mice (n=6 Brtl/+ and n=6 WT) were used for 

cyclic loading. To induce microdamage, a similar loading construct and data 

recording protocol was used as described for in-situ strain gauging, with the 

exception that force and actuator displacement were recorded using Labview 

7.1 software. Cyclic loading was performed in situ in order to accurately 

simulate future in-vivo experiments involving sedated animals. The 

contralateral forelimbs were not loaded and were used as controls to assess 

baseline levels of microdamage in the bone matrix. Each specimen was 

allowed a 5 minute (300 cycles) period of dynamic pre-conditioning in order 

to mitigate the effects of soft tissue compliance and thus isolate and account 

for the effects of the actuator displacement to that of solely bone matrix 
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degradation [44]. This time also afforded the opportunity to gradually ramp 

up the force amplitudes for each forearm to produce the required range of 

strains, as necessitated by the intrinsic differences in bone size between 

animals.  Bones were then cyclically loaded for 30 minutes (1800 cycles) at 

force-controlled loads that produced approximately 4000 microstrain (µε) 

based on data collected in the in situ strain gauge experiments (Figure 2-2). 

Minimal compressive loads on the reversal phase of loading of 

approximately 2.45 N and 1.34 N for WT and Brtl/+ mice, respectively, 

were used to ensure that platens remained in contact with the bone during 

the unloading segment. Post hoc calculations showed that WT mice 

displayed compressive strains ranging between a minimum of approximately 

418.4 µε during the unloading segment and  approximately 4010.8 µε 

(approximately 5N) at maximum loading, whereas Brtl/+ exhibited strains of 

541.7 and 4039.1 µε (approximately 3N) during unloading and loading 

segments, respectively. The displacement of the ulna during cyclic loading 
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was recorded for each bone using a linear variable differential transformer 

(LVDT). Loss of stiffness for each bone was determined using Eq. (1), 

which was previously used by Bentolila et al. [40] as a surrogate for 

effective stiffness loss.  

 

Equation 2-1 

      Stiffness Loss =  
o

o

L

LL −
                                                                           

 

where Lo is the initial length of bone and L is the final length of the bone. 

The initial length was always measured at the end of the dynamic pre-

conditioning period (300 cycles) while L was measured when loading was 

complete. Both Lo and L were measured using the calibrated external LVDT 

during loading, while the forearm was still within the platens.  
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2.2.4 Microdamage Quantification 

After loading, the loaded (right) and unloaded (left) forelimbs were 

excised and stained with 1% basic fuchsin using an established protocol [45] 

and rinsed in 100% ethanol. Samples were subsequently embedded 

undecalcified in poly methyl methacrylate (PMMA) for histology. Using a 

Buehler Isomet diamond-blade saw, 400 µm sections were then cut 

transverse to the longitudinal axis of the ulna. These sections were mounted 

on a plastic microscope slide and polished to a final thickness of 100 µm.  

Sections were cover slipped and examined with a confocal microscope 

(Zeiss LSM 510-META Laser Scanning Confocal Microscope, Carl Zeiss 

MicroImaging, Inc., Thornwood, NY, U.S.A.) at 63x magnification using a 

Helium Neon 1 (HeNe1) laser (543 nm) with a Texas red/rhodamine filter. 

Slides from the mid-diaphyses of each ulna were analyzed to quantify 

microdamage. Images were taken for the entire 100 µm thick cortical region 

and subsequently analyzed using the Zeiss LSM Image Browser (Version 
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4.2.0.121, Carl Zeiss Micro Imaging, Inc.) to quantify linear microdamage 

within the cortical region. Cracks that were positively labeled with basic 

fuchsin dye were deemed as damage-induced during loading. Diffuse 

damage was not assessed in this study. The following parameters were 

measured throughout the entire cortical bone region of each section: number 

of microcracks (#), bone cortical volume (B.Vol., mm3), microcrack 

numerical density (Cr.Dn., #/mm3) and microcrack surface density 

(Cr.S.Dn., mm/mm3).  

2.2.5 Fracture Toughness 

To correlate microdamage with fracture toughness, femurs from each 

mouse were prepared and tested according to techniques established by 

Ritchie [46]. This technique utilizes linear elastic fracture mechanics 

(LEFM) principles and a self-induced starter notch to measure the bone’s 

resistance to fracture (fracture toughness). For regular mechanical testing of 

engineering materials, ASTM standards require that a sharp starter notch be 
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the initiation point of fracture [47]. This starter notch is typically induced by 

a fatigue loading technique; however, due to the small geometry of mouse 

bones, this procedure is not optimum. Studies have shown that accurate 

fracture toughness data can be attained from razor sharpened micronotches 

[48] and this technique has been deployed for small animal studies [46] 

(Figure 2-3). Using this technique will provide us with a true mechanical 

measure of the bone’s inherent fracture toughness, without the viscoelastic 

influence of soft tissue.  

The left femora of Brtl/+ (n=6) and WT (n=6) were harvested, cleaned 

of soft tissue, and stored frozen at -20°C in gauze soaked in Lactated 

Ringer’s Solution (LRS) until testing. Bones were machine-notched through 

the posterior cortex at the mid-shaft using a micro milling device with a 

cutting radius of 0.01 inches. Notches were then sharpened using a custom 

rigged mounted razor blade, pasted with 1 µm diamond polish (Struers). 

Bone diameters were measured with electronic calipers and notch depths 
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were made using a micro mill to approximately 1/3 of the bone diameter.  

This notching procedure typically produces a reproducible sharpened notch 

root radius of approximately 10 µm [46, 48] .  

In preparation for three-point mechanical bend testing, the femoral 

heads were removed, while the condyles were left intact. This was done to 

maintain stability within the three-point bending apparatus. Femurs were 

thawed in LRS soaked gauze at room temperature to preserve moisture 

content until they were ready for testing. Specimens were loaded to failure in 

three-point bending at 0.001 mm/s using a servohydraulic testing machine 

equipped with a 220N load cell (858 MiniBionixII Material Test System; 

MTS Systems Corporation, Eden Prairie, MN, USA) in accordance to 

ASTM standards [47, 49] and other established protocol [46]. During three-

point bending, the specimens were placed such that the posterior surface was 

in tension and the anterior surface was in compression with the top loading 

point oriented directly above the notch on the anterior surface.  A span 
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length of 4.5 mm was used in testing. Load and displacement values were 

recorded throughout the experiment using integrated Material Test System 

data acquisition software (858 MiniBionixII Material Test System; MTS 

Systems Corporation, Eden Prairie, MN, USA).   

After mechanical testing, fractured bone specimens were fixed in 70% 

ethanol, defatted in toluene under vacuum for 24 hours, and cleared of soft 

tissue with 2% potassium hydroxide for 12 hours. The specimens were 

dehydrated by immersion in a graded series of alcohols (50%, 70%, 95% 

and 100%) and coated with carbon [37].  Specimens were imaged by SEM 

to determine the transition from stable to unstable crack growth (Figure 2-

4).  Fracture toughness, Kc, was measured using solutions for 

circumferential through-wall cracks established for cylindrical pipes [46, 50, 

51]. Both the maximum load and the crack instability techniques were used 

to determine fracture toughness values [46]. All measurements used in the 

LEFM calculations, such as specimen width and thickness, were taken from 
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SEM images of fracture sites using the public domain software ImageJ 

(National Institutes of Health).  

All measurements of thickness and radii were measured on the 

fracture surface of each specimen i.e. the non-notched surface as previously 

instructed by Ritchie [46]. Cortical thickness was taken as an average 

measurement of 6 different thicknesses measured at different points along 

the fracture surface. The centroid for each specimen was determined by 

drawing a line parallel to the notch that was half the bone’s diameter. This 

line represented the major axis. Another axis that was rotated 90 degrees to 

the first was also placed at half the bone diameter. This line represented the 

minor axis. The intersection of these perpendicular lines represented the 

centroid of the bone (Figure 2-6).  In determining the stable to unstable 

transition region, the SEM was used in backscatter mode. The difference in 

morphology was used to determine the transition. The stable region is 

typically described as having a darker appearance with linear groves, 
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whereas the unstable region has a more spongy appearance. Half-crack 

angles (2θ) were determined by measuring the included angle (maximum 

load technique) which is formed from the centroid to the notched surface, 

and with the excluded angle (instability technique) which is formed from the 

centroid to the stable to unstable transition region (Figure 2-6). 

2.2.6 Statistics 

Effect of genotype on percent stiffness loss, crack numerical density, 

crack surface density, and fracture toughness values calculated using either 

the maximum load or instability technique were compared using a non-

parametric Mann-Whitney test (GraphPad Prism 4.0) to account for small 

samples sizes.  Linear regression between microdamage data and fracture 

toughness data was performed across genotypes and loading conditions.  In 

all tests, significance was attributed to p<0.05.  All data is presented as mean 

± SD.   
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2.3 Results 

2.3.1 Brtl/+ ulnae demonstrate lower stiffness loss during loading 

Whole bone loss of stiffness for each forearm was measured via 

LVDT during cyclic loading according to Equation (1).  While Brtl/+ and 

WT ulnae were loaded with matching surface strains, Brtl/+ demonstrated a 

lower percentage stiffness loss (1.77 ± 0.84%) compared to WT (3.56 ± 

1.29%) over the 35 minute load period (Figure 2-7).  

2.3.2 Brtl/+ ulnae have more microdamage than WT 

Non-loaded control limbs from Brtl/+ demonstrate significantly 

increased linear microcrack numerical density (217%) and microcrack 

surface density (354%) compared to their WT counterparts (Figure 2-8A,B).  

In loaded limbs, Brtl/+ demonstrates a 220% increase in crack numerical 

density and 331% increases in crack surface density over WT (Figure 2-
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8A,B).  Linear microdamage was observed on the tensile and compressive 

(medial and lateral) sides of the ulnar cortices.  While some cracks were 

oriented circumferentially, others ran through the cortex and spanned 

multiple lacuno-canalicular structures (Figure 2-9). 

2.3.3 Brtl/+ femora  display a moderate trend toward reduced fracture 

toughness compared to WT 

Femora paired with loaded ulnae from within the same animal were 

tested for fracture toughness.  During sample preparation and testing, 2 

Brtl/+ and 2 WT specimens were lost due to errors in the notching process or 

due to premature fracture during three-point bending.  Using the maximum 

load technique, which assesses fracture toughness based on the initial notch 

geometry and the maximum load encountered during three-point bending, 

WT femora displayed average Kc values of 3.36 Mpa√m whereas Brtl/+ 

specimens had Kc values of 2.73 Mpa√m (p=0.486) (Figure 2-10A). The 

instability technique relies on identification of the transition between 
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unstable and stable crack growth, and showed a more sensitive 35.4% 

difference in Kc values between genotypes (WT 3.79 Mpa√m; Brtl/+ 2.44 

Mpa√m) (p=0.057) (Figure 2-10B).  During crack instability calculations, 

four cases (3 WT and 1 Brtl/+) demonstrated half-crack angles that exceeded 

the range of values deemed valid (Θ/π = 0.611) for thick wall cylindrical 

pipe circumferential analysis (Θ/π = 0.663, 0.645, 0.707, 0.756) [46].  These 

represent specimens that are more ductile than the equation allows for 

accurate calculation.  In those cases, by setting Θ/π to 0.611 for these 

specimens, an additional lower bound estimation of instability fracture 

toughness was estimated, resulting in a 31.4% difference in fracture 

toughness between Brtl/+ (2.44 Mpa√m) and WT (3.56 MPa√m) (Table 2-

1). 
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2.3.4 Microdamage is differentially regulated by fracture toughness in 

loaded vs. unloaded ulnae 

The inability of maximum load fracture toughness values to be 

predictive of genotype precluded it from regression analysis.  Fracture 

toughness measured by the instability technique was only predictive of crack 

numerical density and crack surface density when genotypes were pooled 

into separate regression models for loaded and unloaded ulnae (Figure 2-

11).  Brtl/+ and WT ulnae showed a negative correlation between instability 

fracture toughness and crack surface density (R=-0.85, p=0.01) and 

instability fracture toughness and crack numerical density (R=-0.72, 

p=0.04).  Brtl/+ and WT unloaded ulnar instability fracture toughness also 

showed a strong negative correlation with crack surface density (R=-0.72, 

p=0.04) and with crack numerical density (R=-0.87, p=0.01).  While there 

was no significant difference between the regression slopes of unloaded and 

loaded crack numerical density (p=0.4, Figure 2-11A), the relationship 
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between instability fracture toughness and crack surface density varied 

depending on whether ulnae were loaded or unloaded (p=0.02, Figure 2-

11B). 

2.4 Discussion 

Currently, little is known about OI regarding the susceptibility of 

bones to produce and accumulate microdamage compared to bone with 

normal collagen. High propensity to form and accumulate microdamage may 

play a role in the inherent fragility and remodeling behavior seen in OI 

patients. This study utilized the Brtl/+ mouse to investigate the correlation 

between propensity to form microdamage and the inherent fracture 

toughness of bone formed with an OI-causing mutation.  

Brtl/+ ulnae subject to normal cage activity demonstrated a larger 

amount of cortical microdamage than WT controls.  Furthermore, following 

35 minutes of axial compressive loading matched for bone surface strains 

between genotypes, Brtl/+ ulnae were more prone to damage than WT 
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despite a greater resistance to whole-bone deformation. Femoral fracture 

toughness tests show a trend toward differences in Kc values between Brtl/+ 

and WT, although these differences were not statistically significant. These 

fracture toughness values correlate well with levels of microdamage 

quantified in intact and mechanically-loaded limbs.  

The moderate reductions in fracture toughness found in Brtl/+ are 

consistent with reductions found in other mouse models of matrix 

insufficiency.  Osteopontin deficient mice have reduced work to fracture 

(59%) and post-yield deformation (39.6%) compared to WT controls [52], 

and 8 week OPN -/- mice show a corresponding 30% decrease in instability 

fracture toughness compared to WT [53].  Brtl/+ has shown similar 

reductions in work to failure (59%) and post-yield displacement (42%) [15] 

and a 35% decrease in fracture toughness in the present study.   

The amount of energy that a material can withstand before the onset 

of a critical microcrack is an important parameter to consider in fracture 
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mechanics [54] [55].  In the present study, instability fracture toughness 

from Brtl/+ showed a strong trend, but not statistically significant reduction 

compared to WT.  This suggests that the lower work to failure and post-yield 

energy associated with Brtl/+ may represent both an inability to prevent 

onset of critical microcracking, as well as a reduced resistance to crack 

growth toughness which was not directly measured in this study.  Crack 

growth appeared to be differentially regulated by instability fracture 

toughness between loaded and unloaded limbs in this study, whereas crack 

number had a similar relationship to instability fracture toughness whether 

limbs were loaded or not.  Other OI models have implicated collagen 

integrity as a potential cause for OI bone’s inability to withstand damage 

accumulation. Oim mice have demonstrated low work to failure and require 

fewer cycles to generate equivalent amounts of microdamage compared to 

WT counterparts [31].  The Mov 13 mouse displays a purely quantitative 

COL1A1 mutation with a 50% decrease in type 1 collagen content [56], and 
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demonstrates a 61% decrease in post-yield displacement [37].  Furthermore, 

the cortical tissue components integral in the prevention of damage 

accumulation are severely compromised in Mov 13, leading to increased rate 

of damage accumulation and a decrease in the number of cycles to failure 

when compared to WT [57]. It is evident that mutations involving type 1 

collagen production have significant impact on the microdamage 

accumulation, fatigue strength and overall mechanical properties of bone. 

Our in-situ strain gauge data shows that the Brtl/+ ulnae required 45% 

less load to induce the prescribed 4000 µε. This is likely due to the 

geometric differences in bone sizes reported in other load bearing bones 

such as the femur [13]. X-ray images of ulnae demonstrated a small decrease 

in Brtl/+ lengths compared to WT (1.8%) but a 25% decrease in diameter 

(data not shown). However, during loading, Brtl/+ ulna showed a greater 

resistance to whole-bone deformation, likely due to previously observed 

increases in tissue mineral density associated with the collagen mutation, 
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[58] thus leading to a less compliant bone compared to its wildtype 

counterpart. This increase in tissue mineral density is in line with the more 

brittle phenotype, that has been previously displayed in Brtl/+ [15] and in 

humans [11, 59, 60]. Our observance of higher linear microcracks in Brtl/+ 

is supported by numerical probabilistic models, that show that higher 

mineralization in bone will facilitate the formation of linear microcracks 

[61].  This is further supported by experimental studies on dogs treated with 

bisphosphonates, which demonstrate bones had increased tissue 

mineralization with treatment but became more prone to a concomitant 

increase in microcracks and reduced energy absorption [62]. Despite Brtl/+ 

specimens displaying a lower loss of stiffness, we still observe higher levels 

of microdamage. Previous studies have shown that there appears to be a 

difference in the surrounding bone matrix mineral composition between 

microdamaged areas and undamaged areas [63, 64]. These studies provide 

evidence that there may be differences in the way energy from a microcrack 
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is released to the surrounding bone matrix of Brtl/+ and WT specimens, thus 

potentially explaining our high microdamage but low stiffness loss 

observations in Brtl/+ specimens. 

A significant amount of linear damage was observed at the tensile and 

compressive (medial and lateral) sides of the samples cortices and were 

oriented circumferentially.  Previous studies of rat bone cyclically induced 

crack numerical densities ranging from 0.2 to 4.0 /mm2 and crack surface 

densities of approximately 0.2 mm/mm2 [40, 65].  In the present study, crack 

numerical densities ranged from 20 to 300/mm3, while surface densities 

were between 1 and 34 mm/mm3.  The volumetric approach used in the 

present study accounts for these differences, as crack size and length were 

quantified through a 100 µm volume thickness, rather than a single section 

from the mid-span of the specimen.  This volumetric approach minimizes 

the influence of surface polishing artifacts on the overall results, and 

quantifies damage through a larger segment of the tissue.  As a means of 
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verifying this approach, crack surface densities of several samples were 

analyzed on single optical slices. Results demonstrate that values from a 

single slice approach are within range of those observed by previous studies 

(data not shown).  

Differences in fracture toughness were observed in our study, and 

were more noticeable using the instability technique.  These differences 

reflect changes in half-crack angles between Brtl/+ and WT, where, on 

average, Brtl/+ specimens had smaller half-crack angles closer to the 

original starter notch, while WT specimens, with a more ductile fracture, had 

stable crack propagation further away from the starter notch.  During these 

calculations, there were 4 cases (3 WT and 1 Brtl/+) where the half crack 

angles exceeded the range of angles deemed valid for accurate assessment of 

fracture toughness [46], indicating specimens that were more ductile than the 

equations can accurately calculate.  To assess any potential error associated 

with these specimens, calculations were repeated using the maximum 
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permissible half crack angle of 1.9195 radians as an upper limit estimate. As 

such, the determined value of Kc for these re-calculated toughness values 

effectively represents a lower bound estimation of instability fracture 

toughness for ductile specimens.  In this case, a 31.4% difference between 

Brtl/+ and WT Kc values remained (Brtl/+ 2.44 Mpa√m and WT 3.56 

Mpa√m) despite these estimated parameters. Furthermore, similar 

correlations between microdamage and instability fracture toughness were 

observed regardless of whether the original or re-calculated data was used, 

suggesting a minimal effect of these outliers on our conclusions. The lack of 

significance in our fracture toughness data may also suggest that a lower 

resistance to crack growth toughness, and not crack initiation as measured,  

may be the more prevalent underlying difference between Brtl/+ and WT 

fracture toughness.   

This study aimed to investigate the susceptibility of OI bone to 

microdamage accumulation and to explicate any role that microdamage may 
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play in the inherent fragility and remodeling behavior seen in these patients. 

Although both osteoblast and osteoclast activity is increased in these 

patients, there is an imbalance in bone remodeling in favor of osteoclast 

activity [11], which ultimately leads to a compromised bone structure. It is 

unknown however as to what is the cause for this up-regulation in 

remodeling behavior seen in OI patients.  

As microdamage levels increase in a healthy individual, the inherent 

remodeling processes of bone are activated for microdamage repair [66].   

The increased remodeling activity seen in OI patients may be related to the 

extent of microdamage present in their bones, resulting from the 

compromised collagen inherent to the disease.  Brtl/+ mice demonstrate an 

increase in osteoclast number and function compared to WT [16], and the 

current findings demonstrate a correlative increase in propensity to generate 

and accumulate microdamage in the bone.  While the cellular asynchrony 

favoring osteoclast formation and activity in Brtl/+ is a result of an increase 
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in osteoclast precursors in Brtl/+ marrow [16], the RANKL/OPG ratio is 

unchanged and the factors regulating increased osteoclasts have yet to be 

described.  Further in vivo loading experiments will determine whether 

generation and accumulation of skeletal microdamage in Brtl/+ is 

responsible for these increased remodeling rates.  

A widespread treatment for the high turnover and low bone mass 

condition of OI is bisphosphonate therapy. Bisphosphonates function by 

reducing bone turnover and increasing skeletal mass, but do not target the 

underlying genetic abnormalities associated with the disease [58]. While the 

intention for OI treatment with bisphosphonates is to increase skeletal mass,  

they may concomitantly prevent targeted repair from occurring. It has been 

shown that downregulation of bone remodeling with bisphosphonate therapy 

results in an increased accumulation of skeletal microdamage in other 

models [24-27], subsequently resulting in a reduction of skeletal mechanical 

integrity [24-26, 28].  The long-term implications for bisphosphonate 
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therapy in a low-fracture toughness skeleton prone to the generation of 

microdamage have not yet been described.     

In conclusion, our studies have shown that the Brtl/+ mouse model for 

OI is more susceptible to microdamage accumulation than age-matched WT.  

These data suggest the possibility that OI patients may engender larger 

degrees of damage due to the inherent collagen mutation. With the increase 

in damage comes an additional risk of lowered resistance to bone fracture. 

Increased microdamage and reduced fracture toughness observed in the 

Brtl/+ model for osteogenesis imperfecta suggests that microdamage may 

play a significant role in contributing to bone fragility and increased 

remodeling associated with OI. These findings have strong clinical 

implications for explaining increased fragility and remodeling activity in OI 

patients. 
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Figure 2-1: Typical linear regression force-strain curve 

Graph showing the loading portion of the force-surface strain relationship for a WT 
specimen being monotonically tested in compression. 

 

 

y = -0.0011x + 0.1745

R
2
 = 1

-5

-4

-3

-2

-1

0

1

0 1000 2000 3000 4000 5000

Strain(µε) 

F
o

rc
e
 (

N
)



 
 

 

 

 
 

 

 

45

 

Figure 2-2: Sinusoidal loading pattern 

Figure representing the sinusoidal cyclic loading pattern that bones were exhibited 
to. Strains oscillated between minimum compressive strains of approximately 450 
microstrain and 4000 microstrain for 35 minutes of loading, including a 5 minute 

preconditioning period. 
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Figure 2-3: MicroCT image of starter notch 

MicroCT image showing the starter notch at mid-diaphysis necessary for fracture 
toughness calculations. 
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Figure 2-4: SEM image of notched surface 

SEM image showing the notch, stable crack growth and unstable crack growth region 
used to determine the half-crack angles for assessing the instability fracture toughness. 
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Figure 2-5: Half-Crack angle determination 

SEM image showing the method used to determine the centre of images. The first line 
was drawn parallel to the notch at about half the thickness of the bone. The second line 

was drawn 90 degrees at about half the thickness in the other direction. 
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Figure 2-6: Schematic of fracture surface 

The top schematic displays the setup of the femur for 3-point bend testing where 
S represents the span of the bottom anchors (4.5 mm) and P represents the applied load. 
Notice that the femoral head has been cut off and the sharpened notch is placed at the 
mid-diaphysis. The bottom schematic represents a cross-section of the femoral cortex, 
which displays the measurement of the half-crack angle for determining the fracture 
toughness Kc using the maximum and instability methods. The displayed included and 
excluded angles represent 2x the half crack angle.  Figure adapted from Ritchie et al [46] 
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Figure 2-7: Average stiffness loss for each phenotype  

Average stiffness loss for each phenotype after 5 minutes of 1Hz cyclic pre-conditioning 
loading and 30 minutes of 1Hz cyclic loading. Brtl/+ specimens display lower loss of 

stiffness (1.77%) when compared to their WT counterparts (3.56%) under cyclic loading. 
* p < 0.05 
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Figure 2-8: Microdamage levels in Brtl/+ and WT specimens 

Summary data quantifying the amount of microdamage seen in both loaded and unloaded 
Brtl/+ and WT specimens. The crack numerical density (Cr.Dn), which measures the 

number of individual linear microcracks along the specimen surface area for both loaded 
and unloaded Brtl/+ and WT specimens, can be seen in (A). The crack surface density 
(Cr.S.Dn) which measures the amount of damaged tissue across the specimen surface 

area, can be seen in (B). * p < 0.05 vs. WT within loading condition. 
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Figure 2-9: Confocal images of microdamage 

Confocal photomicrographs of basic fuchsin stained cross sections obtained from the ulna 
mid-diaphysis of an unloaded Brtl/+ specimen (A) and a loaded Brtl/+ specimen (B). 

Linear microcracks in the cortex are stained with basic fuchsin. Scale bar 20 µm with a 
photomicrograph field width of 128 µm. 
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Figure 2-10: Fracture toughness values for WT and Brtl/+ specimens 

Graph showing the average fracture toughness values for WT and BRTL/+ specimens 
tested using the maximum load(A) and instability techniques(B) described by Ritchie 

[46]). There was an 18.6% difference noted with the maximum load technique (p=0.486) 
whereas as 35.4% difference was noted with the instability technique (p=0.057). 
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Figure 2-11: Pooled fracture toughness correlations 

Correlations between instability fracture toughness values and crack numerical density 
(A) and crack surface density (B). Instability fracture toughness was negatively correlated 

with loaded and unloaded ulnar CND and CSD. Whereas the slopes governing this 
relation between Kc and CND were the same between loaded and unloaded limbs 

(p=0.4), the slopes were significantly different in the relationship governing Kc and CSD 
between loaded and unloaded ulnae (p=0.02) 
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Table 2-1: Comparison of fracture toughness data 
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Chapter 3. 

The Effect of Bisphosphonate Therapy on 

Microdamage Accumulation in the Brtl/+ Mouse Model  

3.1 Introduction 

Bisphosphonates are a potent anti-resorptive drug commonly used to 

treat diseases of low bone mass or high bone turnover such as osteoporosis 

[67], Paget’s disease [68], and most recently osteogenesis imperfecta 

(OI)[69]. Since its introduction as a treatment option for pediatric OI 

patients, there has been an increased interest in our understanding of their 

effects in the growing skeleton. OI, which is commonly known as “brittle 

bone disease”, is a heritable connective tissue disorder that is attributed to 

mutations in type I collagen or collagen-associated proteins [70] which in 
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turn impacts the skeleton structurally and morphologically. Common traits 

of the disease include decreased bone fragility, increased brittleness and 

fracture incidence, and an up-regulation in bone remodeling [11, 14, 71].  

Bisphosphonates aim to improve bone mass, and strength, but do not 

affect the defective type I collagen. Instead, bisphosphonates increase bone 

mass by inhibiting osteoclast-mediated bone resorption through decreased 

osteoclast recruitment, promotion of apoptosis of mature osteoclasts [72, 

73], and possible inhibition of apoptosis of osteocytes and osteoblasts [74]. 

Treatment of OI patients with bisphosphonates has shown to be especially 

promising in reducing vertebral fracture rates [75, 76] but has not 

demonstrated a notable functional improvement in long bones [75, 77, 78]. 

Animal studies have played a key role in determining the effects of 

bisphosphonates on skeletal integrity.  While bisphosphonates are used to 

increase bone mass, there have been reports in several animal models that 

indicate an increase in skeletal microdamage after extended treatment [79-
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81], which subsequently leads to a decrease in mechanical integrity of the 

bone [80-82]. Although there have been studies that have investigated the 

effects of long term bisphosphonate treatment in OI mouse models [58, 83, 

84], none have presently looked at microdamage levels following treatment.  

For the purposes of this study, we used the Brtl/+ mouse to investigate 

the effects of bisphosphonates in a model of OI.  Brtl/+ is heterozygous for a 

Gly349�Cys substitution in col1a1, reproducing the genetic mutation found 

in a type IV OI child [85].  Brtl/+ mice have a moderately affected skeletal 

phenotype, with long bone deformities and fragility. In addition, Brtl/+ 

demonstrates post-pubertal adaptations to improve mechanical integrity with 

age, which is similar to the clinical observations of decreased fractures in 

human OI patients after skeletal maturity [15]. Moreover, we have shown in 

our earlier studies that the Brtl/+ mouse is more susceptible to microdamage 

accumulation during normal ambulation, and externally applied loading 

when compared to their WT counterparts. [86]. This study aims to identify 



 
 

 

 

 
 

 

 

59

the effect of a 5 week bisphosphonate treatment protocol during the growing 

phase of the Brtl/+ mouse. We hypothesize that treatment with 

bisphosphonates will have an adverse effect on the mechanical integrity of 

bone which will be manifested through an increase in microdamage and a 

reduction in fracture toughness properties.  

 

3.2 Materials and Methods 

3.2.1 Murine Model 

A total of 38 male Brtl/+ and wild type WT (n= 19 each) mice were 

bred from our colony and used in this study. 8 week old male mice were 

assigned to 4 groups, which included bisphosphonate treated WT and Brtl/+ 

groups, as well as WT and Brtl/+ untreated groups with n=8/group. Brtl/+ 

mice have a mixed background of Sv129/CD-1/C57BL/6S and are bred by 

crossing heterozygous Brtl/+ with WT [38].  Animals were genotyped at 

between 14 and 21 days of age using polymerase chain reaction (PCR) and 
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DNA from mouse tails. Mice were allowed a regular diet of rodent chow and 

water ad libitum. All procedures used in this study were approved by the 

University Committee on Use and Care of Animals (UCUCA) at the 

University of Michigan. 

3.2.2 Bisphosphonate Treatment 

For this study, the effects of bisphosphonate treatment were compared 

between treated and untreated groups in Brtl/+ and WT mice. For the WT 

and Brtl/+ treated groups, the bisphosphonate Alendronate (Aln) (Sigma-

Aldrich) was injected subcutaneously at 0.219 mg/kg in PBS, once per week 

from 3 to 8 weeks of age. We chose this dosage to match earlier Alendronate 

treatment studies in the Brtl/+ mouse, to compare and contrast observations 

[58]. Earlier studies in the oim mouse demonstrated that this dosage was the 

lowest concentration required to increase mineralization and prevent 

resorption [87]. Untreated mice received no injections at any time point.    
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3.2.3 In-Situ Strain Measurements 

The ulnar loading model [39] was used throughout this study to 

produce compressive loads and induce microdamage. This loading model 

has been shown to produce loads primarily within the ulna and not the 

radius, and has been shown to induce  microcrack formation within the ulna 

of rats [40]. The right forearms of mice were exposed to cyclic uniaxial 

compression loading across the olecranon and carpus process as described 

by others [40, 41]. Loading was done using a custom built servo-motor 

loader. Force-controlled, haversine, cyclic loading was performed at 1 Hz 

frequency while force and strain voltages were recorded using Labview 7.1 

software (National Instruments, U.S.A.). 

To measure strains in treated mice, 6 cadaver mice (n=3 Brtl/+ and 

n=3 WT) which were treated with Alendronate using the above mentioned 

treatment protocol, were used to record ulnar strains during cylic loading to 

assess the level of force required to induce strains that would produce linear 
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microdamage in compression (estimated at 4000 micro strain) [40, 42].  

Earlier studies in the Brtl/+ mouse demonstrated that 4000 micro strain was 

sufficient to generate damage in both Brtl/+ and WT untreated bone [86]. 

The strain gauge technique was described in earlier studies [86]. Briefly, a 5 

mm incision was made at the mid-diaphysis of the right forearm and the 

bones were further prepared using prescribed techniques [43] and 

commercial reagents (Vishay Micro-Measurements, U.S.A.) for the 

placement of strain gauges. 100% ethanol followed by acetone was applied 

to the exposed ulna surface using a cotton tip applicator.  A catalyst 

(Catalyst-C) was then applied followed by a drop of adhesive (M-Bond 

200). Single element strain gauges (EA-06-015DJ-120, Vishay Micro-

Measurements, U.S.A.) were placed longitudinally as close to the lateral 

surface as possible of the ulna of both Brtl/+ and WT mice, near the mid-

diaphysis. It has been confirmed experimentally [41], as well as through 

finite element modeling [44], that due to the geometry of the ulna, this area 
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is the region of highest compressive strain and deformation during axial 

ulnar loading.  

Cyclic loading was performed continuously, and several rounds of 

data were collected for each mouse and analyzed using linear regression in 

order to determine the load-strain relationship for both Brtl/+ and WT 

genotypes. From these regressions it was noted that the loads that induced 

approximately 4000 micro strain were 7.16 ± 0.71 N for the WT and 6.75 ± 

1.24 N for the Brtl/+ treated mice. Strain gauge data from our earlier studies 

showed that 4000 microstrain would be attained at 2.71 ± 0.35 N for Brtl/+ 

and 4.92 ± 0.04 N for the WT untreated mice [86]. 

Table 3-1 represents data collected from a small sample of untreated 

and treated animals using micro computed tomography (MicroCT). Using 

Euler’s Column Formula Eqn. (3-1), the theoretical critical buckling load 

was calculated assuming an effective length factor (K) of 1, to roughly 

determine how geometric differences and material differences impact the 
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load required to initiate critical buckling. The Imin value used was the lowest 

bending moment of inertia for each specimen, as it was assumed that failure 

would occur in the plane with the lowest bending moment of inertia. Using 

Young’s Modulus values from Kozloff et al. [15] and Uveges et al.[88] as 

references, (Brtl/+ untreated at 8 weeks old =862.44 MPa, WT untreated at 8 

weeks old=645.24 Mpa, Brtl/+ treatment for 6 weeks with Alendronate at 8 

weeks old =4319.4 Mpa and WT treatment for 6 weeks with Alendronate at 

8 weeks old=3306.8 MPa) the theoretical critical buckling loads were 

calculated. Despite the small number of animals analyzed, it does appear that 

the critical loads do in fact increase with treatment, which corresponds with 

the increased loads to engender 4000 microstrain in our treated specimens.  
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Equation 3-1: 

�� =
�����	


����
 

 
Pc = Critical buckling load 
E = Young’s Modulus (MPa) 
Imin = Minimum bending moment of inertia (mm4) 
K = column effective length factor 
L = length of bone (mm) 
 

3.2.4 Cyclic Loading in Untreated Animals 

A total of 32 mice (n=16 Brtl/+ and n=16 WT) were used for cyclic 

loading. To induce microdamage, a similar loading protocol (1 Hz sinusoidal 

wave pattern) and data recording protocol was used as described for in-situ 

strain gauging, with the exception that force and actuator displacement were 

recorded using Labview 7.1 software. The contralateral forelimbs were not 

loaded and were used as controls to assess baseline levels of microdamage in 

the bone matrix. Each specimen was allowed a 5 minute (300 cycles) period 

of dynamic pre-conditioning in order to mitigate the effects of soft tissue 
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compliance and thus isolate and account for the effects of the actuator 

displacement to that of solely bone matrix degradation [44]. This time also 

afforded the opportunity to gradually ramp up the force amplitudes for each 

forearm to produce the required range of strains, as necessitated by the 

intrinsic differences in bone size between animals.  Bones were then 

cyclically loaded for 30 minutes (1800 cycles) at force-controlled loads that 

produced approximately 4000 microstrain (µε) based on data collected in the 

in situ strain gauge experiments. Minimal compressive loads on the reversal 

phase of loading of approximately 2.45 N and 1.34 N for WT and Brtl/+ 

mice, respectively, were used to ensure that platens remained in contact with 

the bone during the unloading segment. Post hoc calculations showed that 

WT mice displayed compressive strains ranging between a minimum of 

approximately 100.5 µε during the unloading segment and  approximately 

3870 µε (approximately 5N) at maximum loading, whereas Brtl/+ exhibited 

strains of 70.3 and 3905.3 µε (approximately 3N) during unloading and 



 
 

 

 

 
 

 

 

67

loading segments, respectively. The displacement of the ulna during cyclic 

loading was recorded for each bone using a linear variable differential 

transformer (LVDT). Loss of stiffness for each bone was determined using 

Eqn. (3-2), which was previously used by Bentolila et al. [40] as a surrogate 

for effective stiffness loss.  

 

Equation 3-2: 

      Stiffness Loss =  
o

o

L

LL −
                                                                           

 

where Lo is the initial length of bone and L is the final length of the bone. 

The initial length was always measured at the end of the dynamic pre-

conditioning period (300 cycles) while L was measured when loading was 

complete. Both Lo and L were measured using the calibrated external LVDT 

during loading, while the forearm was still within the platens.  
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3.2.5 Cyclic Loading in Treated Animals 

Treated animals were loaded using the same protocol as untreated 

specimens and their stiffness loss was calculated similarly. However, during 

the initial stages of testing these animals, some WT (n=2) and Brtl/+ (n=2) 

animals underwent premature fracture of the ulnas during testing. A 

representative image displaying where most fractures occurred in treated 

specimens is shown in Figure 3-1. These animals were dropped from the 

study and as a result of this observation, subsequent treated animals were 

loaded to a reduced load that induced approximately 3000 µε in order to 

ensure successful completion of the 35 minute loading protocol. Minimal 

compressive loads on the reversal phase of loading of approximately 2.43 N 

and 2.24 N for WT and Brtl/+ mice, respectively, were used to ensure that 

platens remained in contact with the bone during the unloading segment. 

Post hoc calculations showed that WT treated mice displayed compressive 

strains ranging between a minimum of approximately 46.9 µε during the 
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unloading segment and approximately 2800.6 µε (approximately 5N) at 

maximum loading, whereas treated Brtl/+ specimens exhibited strains 

ranging from 63.6 and 2743.4 µε (approximately 4.5N) during unloading 

and loading segments, respectively. Under these revised testing protocols, 

treated specimens were able to complete the full 35 minute loading protocol 

as their untreated counterparts. 

3.2.6 Confocal Microscopy Parameters 

After euthanasia both loaded and unloaded forelimbs were excised 

and fixed in 10% neutral buffered formaldehyde. Bones were then stained 

with 1% basic fuchsin using an established protocol [45] and rinsed in 100% 

ethanol. Samples were subsequently embedded undecalcified in poly methyl 

methacrylate (PMMA) for histology. Using a Buehler Isomet diamond-blade 

saw, 400 µm sections were then cut transverse to the longitudinal axis of the 

ulna. These sections were mounted on a plastic microscope slide and 

polished to a final thickness of 100 µm.  Sections were cover slipped and 
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viewed using a 2-Photon Leica confocal inverted microscope system (SP5X 

Zeiss Confocal Microscope, Carl Zeiss MicroImaging, Inc., Thornwood, 

NY, U.S.A.), to identify bone areas stained with basic fuchsin. A 40X oil 

immersion objective was used to capture images. In order to image the basic 

fuchsin, an excitation of 543nm was used, with an emission range of 553-

613nm.  

3.2.7 Microdamage Quantification 

Images were taken for the entire 100 µm thick cortical region and 

subsequently analyzed using the Leica LAS AF Image Browser (Version 

2.6.0 Build 7266, Leica Microsystems CMS, Inc.) to quantify linear 

microdamage within the cortical region. Cracks that were positively labeled 

with basic fuchsin dye were deemed as damage-induced during loading. 

Diffuse damage was not assessed in this study. The following parameters 

were measured throughout the entire cortical bone region of each section: 

number of microcracks (#), bone cortical volume (B.Vol., mm3), microcrack 



 
 

 

 

 
 

 

 

71

numerical density (Cr.Dn., #/mm3) and microcrack surface density 

(Cr.S.Dn., mm/mm3). 

3.2.8 Fracture Toughness 

To correlate microdamage with fracture toughness, right femurs from 

each mouse were prepared and tested according to techniques established by 

Ritchie [46]. This technique utilizes linear elastic fracture mechanics 

(LEFM) principles and a self-induced starter notch to measure the bone’s 

resistance to fracture (fracture toughness). For regular mechanical testing of 

engineering materials, ASTM standards require that a sharp starter notch be 

the initiation point of fracture [47]. This starter notch is typically induced by 

a fatigue loading technique; however, due to the small geometry of mouse 

bones, this procedure is not optimum. Studies have shown that accurate 

fracture toughness data can be attained from razor sharpened micronotches 

[48] and this technique has been deployed for small animal studies [46] 

(Figure 2-3). Using this technique will provide us with a true mechanical 
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measure of the bone’s inherent fracture toughness, without the viscoelastic 

influence of soft tissue.  

The right femora from each group were harvested, cleaned of soft 

tissue, and stored frozen at -20°C in gauze soaked in Lactated Ringer’s 

Solution (LRS) until testing. Bones were machine-notched through the 

posterior cortex at the mid-shaft using a micro milling device with a cutting 

radius of 0.01 inches. Notches were then sharpened using a custom rigged 

mounted razor blade, pasted with 1 µm diamond polish (Struers). Bone 

diameters were measured with electronic calipers and notch depths were 

made using a micro mill to approximately 1/3 of the bone diameter[86].  

This notching procedure typically produces a reproducible sharpened notch 

root radius of approximately 10 µm [46, 48] .  

In preparation for three-point mechanical bend testing, the femoral 

heads were removed, while the condyles were left intact. This was done to 

maintain stability within the three-point bending apparatus[86]. Femurs were 
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thawed in LRS soaked gauze at room temperature to preserve moisture 

content until they were ready for testing. Specimens were loaded to failure in 

three-point bending at 0.001 mm/s using a servohydraulic testing machine 

equipped with a 220N load cell (858 MiniBionixII Material Test System; 

MTS Systems Corporation, Eden Prairie, MN, USA) in accordance to 

ASTM standards [47, 49] and other established protocol [46]. During three-

point bending, the specimens were placed such that the posterior surface was 

in tension and the anterior surface was in compression with the top loading 

point oriented directly above the notch on the anterior surface.  A span 

length of 4.5 mm was used in testing. Load and displacement values were 

recorded throughout the experiment using integrated Material Test System 

data acquisition software (858 MiniBionixII Material Test System; MTS 

Systems Corporation, Eden Prairie, MN, USA).   

After mechanical testing, fractured bone specimens were fixed in 70% 

ethanol, defatted in toluene under vacuum for 24 hours, and cleared of soft 
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tissue with 2% potassium hydroxide for 12 hours. The specimens were 

dehydrated by immersion in a graded series of alcohols (50%, 70%, 95% 

and 100%) and coated with carbon [37].  Specimens were imaged by SEM 

to determine the transition from stable to unstable crack growth (Figure 2-

4).  Fracture toughness, Kc, was measured using solutions for 

circumferential through-wall cracks established for cylindrical pipes [46, 50, 

51]. Both the maximum load and the crack instability techniques were used 

to determine fracture toughness values [46]. All measurements used in the 

LEFM calculations, such as specimen width and thickness, were taken from 

SEM images of fracture sites using the public domain software ImageJ 

(National Institutes of Health).  

All measurements of thickness and radii were measured on the 

fracture surface of each specimen i.e. the non-notched surface as previously 

instructed by Ritchie [46]. Cortical thickness was taken as an average 

measurement of 6 different thicknesses measured at different points along 
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the fracture surface. The centroid for each specimen was determined by 

drawing a line parallel to the notch that was half the bone’s diameter. This 

line represented the major axis. Another axis that was rotated 90 degrees to 

the first was also placed at half the bone diameter. This line represented the 

minor axis. The intersection of these perpendicular lines represented the 

centroid of the bone (Figure 2-5).  In determining the stable to unstable 

transition region, the SEM was used in backscatter mode. The difference in 

morphology was used to determine the transition. The stable region is 

typically described as having a darker appearance with linear groves, 

whereas the unstable region has a more spongy appearance. Half-crack 

angles (2θ) were determined by measuring the included angle (maximum 

load technique) which is formed from the centroid to the notched surface, 

and with the excluded angle (instability technique) which is formed from the 

centroid to the stable to unstable transition region. 
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3.2.9 Statistics 

Effect between loaded and unloaded limbs within each group (WT 

treated, WT untreated, Brtl/+ untreated and Brtl/+ treated) on percent 

stiffness loss, crack numerical density, and crack surface density, were 

compared using a paired Student’s t-test (Microsoft Excel 2010). Effects 

between treatment groups on the same limbs (loaded or unloaded) within the 

same genotype were performed using unpaired t-test (Microsoft Excel 

2010). Effects of treatment within the same genotype on fracture toughness 

values calculated using either the maximum load or instability technique  

were compared using unpaired t-tests. The overall effect of genotype, 

loading or treatment was compared using linear mixed models with repeated 

measures within the subject (IBM SPSS Statistics v. 20) In all tests, 

significance was attributed to p<0.05.  All data is presented as mean ± SD.   
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3.3 Results 

3.3.1 WT and Brtl/+ treated specimens underwent premature fracture 

During the early stages of loading treated specimens at loads required 

to induce 4000 µɛ, 4 animals (2 WT and 2 Brtl/+) suffered premature 

fracture during loading at the metaphyseal regions in both ulna and radius 

(Figure 3-1). Figure 3-5 shows the bone architecture at the typical regions 

of fracture. The radius fracture occurred in predominantly cortical bone 

while the ulnar fracture occurred in the trabecular region at the proximal 

metaphyseal region. This observation could possibly indicate weaker 

trabeculae in treated specimens as opposed to untreated specimens. As a 

consequence of this observation, loads were adjusted to produce 

approximately 3000 µɛ in order for treated specimens to complete the 35 

minute loading protocol as their untreated counterparts. Upon this 

adjustment, no further issues of premature critical fractures occurred.  
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3.3.2 Brtl/+ ulnae demonstrate lower stiffness loss during loading 

Whole bone loss of stiffness for each forearm was measured via 

LVDT during cyclic loading according to Equation (2-1).  While Brtl/+ and 

WT untreated ulnae were loaded with matching surface strains (~4000 µɛ), 

Brtl/+ demonstrated a significantly lower percentage stiffness loss compared 

to WT (5.65 ± 1.15% and 9.41 ± 1.41% respectively; p<0.05) over the 35 

minute load period. Interestingly, despite both Brtl/+ and WT treated 

specimens being loaded to similar (~3000 µɛ), yet lower surface strains than 

their untreated counterparts they both attained similar stiffness losses as their 

untreated counterparts at the end of the loading protocol (Brtl/+ treated = 

6.02 ± 2.78% vs. WT treated = 9.19 ± 2.68%; p<0.05) (Figure 3-2). When 

treated limbs were pooled together and compared to untreated groups, no 

significant differences were seen. 
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3.3.3 Unloaded and loaded Brtl/+ ulnae have more microdamage than WT 

counterparts 

Both unloaded treated and untreated control limbs from Brtl/+ 

demonstrate significantly increased linear microcrack numerical density 

(85.0% (p=0.040) and 124.9% (p=0.044) respectively) and microcrack 

surface density (72.5% (p=0.032) and 81.8% (p=0.053)) compared to their 

WT counterparts (Figure 3-3 A,B).  Similarly, both loaded treated and 

untreated limbs from Brtl/+ demonstrate significantly increased linear 

microcrack numerical density (75.2% (p=0.011) and 103.9% (p=0.015) 

respectively) and microcrack surface density (75.1% (p=0.052) and 136.9% 

(p=0.003)) compared to their WT counterparts (Figure 3-3 A,B).   

3.3.4 Cyclic loading resulted in increased levels of damage 

In general, loaded limbs for both WT and Brtl/+ had significantly 

more microdamage than their unloaded contralateral limbs in both treated 

and untreated groups. This trend achieved significance in all groups with the 
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exception of the WT treated group, which saw a trend towards an increase in 

both crack numerical density and crack surface density following cyclic 

loading, but did not achieve significance (p=0.076 and 0.105 respectively). 

Despite this, cyclic loading globally resulted in an increase in microdamage 

when compared to unloaded limbs in both crack surface density and crack 

numerical density (p<0.05 for both measures) 

3.3.5 5 weeks of Alendronate treatment did not impact microdamage 

content in unloaded limbs 

There were no significant differences observed in damage content in 

unloaded limbs for either genotype when comparing treated to untreated 

groups. Similar observations were seen in both crack numerical and crack 

surface density calculations (Figure 3-3 A,B). 
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3.3.6 Despite loading to a lower surface strain, treated limbs attained 

similar levels of microdamage 

There were no significant differences observed between treated loaded 

limbs and untreated loaded limbs. This occurred despite the fact that treated 

limbs were loaded approximately 1000 µɛ less than their untreated 

counterparts. Similar trends were seen in both crack numerical and surface 

density calculations (Figure 3-3 A,B). This observation suggests that 

loading at 3000 µɛ in treated specimens produces as much damage content 

as loading at 4000 µɛ  in untreated specimens. When pooling all treated 

limbs and comparing them to untreated limbs, 5 weeks of Alendronate 

treatment did not result in an increase in microdamage content (p=0.134 for 

crack numerical density and p=0.680 for crack surface density). 

3.3.7 Brtl/+ femora display a reduced fracture toughness compared to WT 

Using the maximum load technique, which assesses fracture 

toughness based on the initial notch geometry and the maximum load 
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encountered during three-point bending, WT untreated femora displayed 

average Kc values of 3.94 Mpa√m whereas Brtl/+ untreated specimens had 

Kc values of 3.17 Mpa√m (p=0.062) (Figure 3-4). The instability technique 

relies on identification of the transition between unstable and stable crack 

growth, and showed a more sensitive difference in Kc values between 

genotypes (WT 3.96 Mpa√m; Brtl/+ 2.79Mpa√m) (p=0.014) (Figure 3-4).  

 Similar trends were seen when comparing treated to untreated 

specimens in WT and Brtl/+ specimens. Brtl/+ treated demonstrated a 

significant decrease in maximum load fracture toughness when compared to 

their WT treated counterparts (WT = 3.43 Mpa√m; Brtl/+ = 2.66Mpa√m)  

(p=0.025) whereas instability fracture toughness values showed a trend 

towards a decrease in Brtl/+ treated femora when compared to WT treated 

femora (p= 0.113). 
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3.3.8 Bisphosphonate treatment results in a trend towards reduced fracture 

toughness in both Brtl/+ and WT 

When comparing treated to untreated groups in both Brtl/+ and WT, 

we observe a general trend of reduced fracture toughness. WT treated was 

12.9% lower (p=0.168) than WT untreated maximum load fracture 

toughness, while Brtl/+ treated was 16.0% (p=0.155) lower than Brtl/+ 

untreated.  

Similar trends were seen when analyzing the instability fracture 

toughness values. WT treated was 21% (p=0.03) lower than WT untreated 

fracture toughness, while Brtl/+ treated was 11.8% lower than Brtl/+ 

untreated, however this difference was not statistically significant (p=0.469) 

(Figure 3-4).  

After combining all treated limbs and comparing them to untreated 

limbs, bisphosphonates had a trending but not quite significant decrease in 
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fracture toughness (p=0.061 for maximum load fracture toughness and 

p=0.063 for instability fracture toughness) 

3.3.9 Fracture toughness correlations with microdamage 

In order to determine if there were any correlations between crack 

numerical density and crack surface density and fracture toughness, loaded 

and unloaded specimens were pooled together into separate linear regression 

models (Figures 3-6 and 3-7).  In loaded treated limbs, Brtl/+ and WT 

showed negative correlations in crack numerical density (CND) versus 

instability fracture toughness (R=-0.66 and p=0.005), crack surface density 

(CSD) versus maximum load fracture toughness (R=-0.472 and p=0.065), 

CSD versus instability fracture toughness (R=-0.409 and p=0.116), as well 

as CND versus maximum load fracture toughness (R=-0.610 and p=0.012) 

(Figures 3-6 and 3-7) 

It appears that unloaded limbs are weakly correlated with fracture 

toughness, as neither the instability fracture toughness nor the maximum 
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load fracture toughness showed any strong correlations with either CND or 

CSD (Figures 3-6 and 3-7)  

 

3.4 Discussion 

Bisphosphonates have been a popular treatment option for patients 

suffering from low bone mass diseases. They have been used in the 

osteoporosis community for over 40 years and more recently in the treatment 

of osteogenesis imperfecta patients. While there has been marked 

improvement in vertebral strength and structure, a growing concern with 

bisphosphonates are reports in animal models that they may adversely 

impact mechanical integrity of bone by reducing toughness and by 

preventing the repair of microdamage. This study utilized the Brtl/+ mouse 

as a model to investigate the impact of a 5 week (3-8 weeks of age) 

bisphosphonate (Alendronate) treatment protocol on microdamage content 
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and the resulting fracture toughness properties of bone formed with an OI-

causing mutation.  

Both treated and untreated Brtl/+ ulnae subject to normal cage activity 

demonstrated significantly higher levels of microdamage than their WT 

counterparts. Extended bisphosphonate treatment did not seem to impact the 

levels of microdamage in unloaded limbs in either Brtl/+ or WT specimens.  

However, loading produced equivalent levels of microdamage and stiffness 

loss in treated animals compared to untreated animals despite loading to 

25% reduced surface strain. This decrease in durability is supported by a 

trending decrease in femoral fracture toughness properties of both WT and 

Brtl/+ treated animals compared to untreated mice.    

In mechanics, fracture toughness serves as an inherent material 

property that measures a material’s ability to resist damage. In this study, 

there were moderate reductions in fracture toughness observed following 

treatment with bisphosphonate in both WT and Brtl/+ groups, and instability 
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fracture toughness showed a significant decrease in WT treated femurs when 

compared to WT untreated femurs. This decrease in fracture toughness is 

supported by other studies which demonstrate a decrease in whole bone 

toughness with extended bisphosphonate treatment [80, 82, 89, 90]. 

Toughness or work to failure, is a common mechanical parameter measured 

in the mechanical testing of bone that can somewhat serve as a surrogate 

indicator of a material’s ability to resist fracture. The decreased toughness or 

work to failure associated with bisphosphonate treatment suggests that 

bisphosphonate treatment may compromise the bone’s ability to prevent the 

onset of critical failure microcracking. 

Our moderate differences in fracture toughness could have been 

caused by a structural change in the material that could lead to a reduction in 

the material’s ability to resist crack initiation or could result from some other 

morphological change such as altered collagen crosslinking, increased 

mineralization, or altered bone architecture. Our results suggest that 
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treatment does not appear to affect Brtl/+ or WT’s ability to resist crack 

initiation as crack numerical density (the number of cracks) is similar in both 

unloaded limbs of treated and untreated Brtl/+ and WT specimens. However 

this does not dismiss the possibility of macroscopic morphological changes.  

Bisphosphonates have been shown to increase the levels of non-enzymatic 

cross-linking (pentosidine), as well as altering the ratio of enzymatic cross-

links (pyridinoline/deoxypridinoline), and increasing collagen isomerization 

(tissue age) which could explain our observed trends in reduced fracture 

toughness [91, 92]. 

When looking at fracture toughness correlations, we generally saw 

negative correlations in loaded limbs regardless of whether they were treated 

or not when comparing damage metrics (CND and CSD) to fracture 

toughness values. These correlations were weaker in unloaded limbs. It 

appears that loaded limbs have the more profound correlations, quite 

possibly because of the greater amount and variation in damage produced in 
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loaded limbs as opposed to unloaded limbs. Despite the general observation 

that microdamage increases as fracture toughness decreases in both loaded 

and unloaded limbs, it appears that fracture toughness variations have more 

profound effects when limbs are loaded at high strains as opposed to 

undergoing ambulatory loading.  

In our previous study involving the Brtl/+ mouse and microdamage, 

we demonstrated similar results in untreated mice as the current study, 

including decreased loss of stiffness in Brtl/+ as well as increased levels of 

microdamage in loaded limbs [86].  In the current study, we noted an 

increase in load required to induce 4000 µɛ in both Brtl/+ and WT treated 

specimens when compared to their untreated counterparts. However, the 

technicalities involved when collecting strain gauge data must be noted. 

Several rounds of cylic loading strain-load data were collected and curves of 

best fit for each were calculated. It was from these curves that strains were 

calculated to determine the loads that would induce 4000 µɛ. Even though 
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experimentally we were able to attain loads of 4000 µɛ in both treated Brtl/+ 

and WT ulnas, these loads were not maintainable for the course of 2100 

cycles. This issue was not observed in untreated specimens.  

Both crack numerical density (CND) and crack surface density (CSD) 

showed significant increases in loaded limbs when compared to their 

unloaded limbs in both treated and untreated groups. The only exception to 

this trend was the WT treated group, which showed a trend towards an 

increase in CND (p=0.076) and CSD (p=0.105). Additionally, we observed 

both WT and Brtl/+ specimens suffering whole bone failure when loaded at 

4000 µɛ (Figure 3-1). This observation promoted the reduction to 3000 µɛ 

in surface strain used for the treated specimens which enabled the treated 

specimens to complete the same number of cycles as their untreated 

counterparts. A similar observation was seen in oim mice that demonstrated 

low work to failure and required fewer cycles to generate equivalent 

amounts of microdamage compared to WT counterparts [31], albeit without 
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any pharmacological treatment. Both of these observations combined with 

the above mentioned matching stiffness loss, suggest that the treated bone 

has a decreased ability to resist the onset of critical microcracking and 

perhaps decreased whole bone durability in repetitive high strain loading 

conditions. Again, we suspect that altered collagen cross-linking may play a 

role in these observations. Increased cross-linking (measured through 

pentosidine concentrations) has been shown to reduce ultimate strain [93] 

and the amount of post-yield deformation [94-96], which are both 

characteristics of a brittle material. It has been proposed that the increased 

cross-linking through non-enzymatic processes that result from 

bisphosphonate treatment results in a more brittle tissue through either the 

prevention of stress relaxation that normally occurs with crack initiation or 

by allowing generated cracks to propagate more easily [97, 98].  Thus, we 

suspect the high strains exerted during loading in concert with the 

moderately reduced fracture toughness properties of treated specimens, may 
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have contributed to both the observed premature fractures at 4000 µɛ as well 

as the increased levels of microdamage despite loading at a decreased 

surface strain. 

Another potential area in which bisphosphonates could adversely the 

whole bone fatigue durability is through the retention of calcified cartilage. 

This phenomenon is seen clinically as sclerotic bands, which are typically 

located in the metaphyseal regions of bones in bisphosphonate treated 

patients [69, 99-101]. These sclerotic bands tend to occur during the fast 

paced growth phase of patients, and the distance between the bands are 

considered times during which normal osteoclastic activity has resumed[99]. 

Sclerotic bands have been associated with timing of bisphosphonate 

treatment, and correspond with times of decreased osteoclastic activity [102, 

103]. Sclerotic bands have been speculated to result in decreased mechanical 

integrity [104]. Clinical observations suggest that areas in the metaphysis 

that do not undergo normal ossification, are at an increased likelihood to 
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undergo fractures [105].  The occurrence of retained mineralized cartilage is 

not unique to humans, but has also been observed in murine models treated 

with bisphosphonates [84, 87, 106, 107]. Work done by Uveges et al. 

showed the retention of calcified cartilage in the femora of Alendronate 

treated mice [58]. Incidentally, this metaphyseal area where sclerotic bands 

are prominent corresponds with the region of premature forearm fractures 

observed in this study. It is possible that the reason for our observations of 

fractures at this site could be due to the presence of mineralized cartilage 

that could serve as a weak spot for the global structural integrity of the bone. 

In unloaded limbs, there was no difference in microdamage content in 

either treated or untreated limbs. We suspect that the low strains exerted 

during regular ambulation (~1000 µɛ) [41, 108, 109] are not large enough to 

generate significant increases in microdamage content between treated and 

untreated limbs. If increased damage content is to be taken as an indicator of 

the increased chances of undergoing a fracture then our current data showing 
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no significant changes in damage content in treated versus untreated loaded 

limbs would support the clinical observations of no significant improvement 

in long bone fracture rates observed in bisphosphonate treated patients  [69, 

75, 77, 78, 110]. The observations of this study can be further extended to 

the clinical postulations that extended bisphosphonate therapy is associated 

with atypical, low-energy subtrochanteric femoral fractures observed in 

osteoporotic patients undergoing treatment [29, 30]. The results of the 

present study support the notion that either slightly reduced fracture 

toughness, or the high strains seen at the hip [111], could be a contributing 

factor toward these subtrochanteric femoral fractures. Furthermore, these 

observations could also have strong implications for fracture prone 

osteogenesis imperfecta (OI) patients on bisphosphonates who may be more 

susceptible to microdamage accumulation as suggested by animal models 

[17, 31]. With both OI and osteoporosis patients being increasingly 
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susceptible to critical bone failure, any treatment modalities that potentially 

affect damage repair needs to be carefully assessed.    

Bisphosphonates are used clinically to improve bone integrity by 

increasing bone mass, and their efficacy in improving vertebral bone mineral 

density and geometry as well as decreasing vertebral fracture rates have been 

well documented in the osteoporosis community [112-114] . However, there 

have been reports in several animal models that indicate an increase in 

skeletal microdamage after extended treatment [79-81], which subsequently 

leads to a decrease in mechanical integrity of the bone [80-82]. It is 

proposed that the inhibition of bone remodeling by bisphosphonates could 

be a key factor that results in the accumulation of microdamage over time 

[115, 116]. The relatively short term treatment utilized in this study may 

further explain the lack of differences observed in microdamage in unloaded 

limbs. It is possible that if extended further, more significant fracture 

toughness and microdamage differences may be observed in both WT and 
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Brtl/+ specimens. Indeed, Uveges et al. saw more significant mechanical 

differences at 12 weeks of Alendronate treatment than at 6 weeks of 

treatment, including decreased predicted strength and modulus [58]. While 

we are not directly implicating Alendronate with our observations, it must be 

noted that Alendronate is a highly potent bisphosphonate that has been 

implicated in reduced material properties [117, 118],  increased levels of 

microdamage [119], as well as increased non-enzymatic glycations[120]. 

Further studies investigating the role of other bisphosphonates on fracture 

toughness and microdamage in the Brtl/+ mouse would prove useful.  

In conclusion, this study shows that 5 weeks of bisphosphonate 

treatment in the Brtl/+ mouse model for osteogenesis imperfecta results in a 

moderate trend towards a decrease in fracture toughness and no significant 

differences in microdamage levels in unloaded limbs. Additionally, less 

force is required to induce similar levels of stiffness loss as well as similar 

levels of microdamage in treated specimens. The results of this study 
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suggest that bisphosphonates may not be detrimental at lower strains such as 

those exhibited in normal ambulation, but may result in compromised 

mechanical integrity at higher strains. Longer treatment with bisphosphonate 

is needed to determine if these differences are more pronounced. The 

findings of this study suggest that the efficacy of bisphosphonates is still 

open for debate, in particular the duration of treatment.    
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Figure 3-1: Typical fracture position seen in treated forearm failure 

A Nano-CT image demonstrating the typical regions of observed failure during cyclic 
fatigue loading. Fractures occurred at the proximal forearm of the mouse. 
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Figure 3-2: % stiffness loss in treated and untreated loaded specimens 

Percent stiffness loss between WT and Brtl/+ in treated and untreated specimens. Despite 
loading to different surface strains based on treatment, similar stiffness losses were 

reached in both WT and Brtl/+ specimens. 
* p<0.05 between treated WT and treated Brtl/+; # p<0.05 between untreated WT and 

untreated Brtl/+ 
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Figure 3-3: Crack surface and numerical density comparisons 

Chart representing the degree of microdamage in treated and untreated limbs as measured 
by crack surface density (A) and crack numerical density (B). * p<0.05 between treated 
WT and treated Brtl/+; # p<0.05 between untreated WT and untreated Brtl/+. β: p<0.05 
between loaded and unloaded limbs in that treatment group. $: p=0.0515 between Brtl 

treated loaded limbs and WT treated loaded limbs. 
ⱡ: p=0.052 between Brtl untreated unloaded limbs and WT untreated unloaded limbs. 
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Figure 3-4: Fracture toughness comparisons 

Figure representing the fracture toughness as represented by instability fracture 
toughness and maximum load fracture toughness. *: p<0.05 WT treated vs. Brt/+ 
Treated. β: p<0.05 WT Treated vs. WT untreated. #: p<0.05 WT untreated vs. Brtl/+ 
untreated. 
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Figure 3-5: Morphological images of fracture sites 

Figure shows the bone structure in the regions where fracture typically occurred. 
The radial fracture occurred in the cortical region of the proximal metaphyseal area. The 
ulna fracture occurred in trabecular bone at the proximal metaphyseal region.   
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Figure 3-6: Crack numerical density vs. fracture toughness correlations  

Correlations between instability fracture toughness values and crack numerical 
density in pooled untreated (A) and pooled treated (C) animals as well as maximum load 
fracture toughness and crack numerical density in pooled untreated (B) and pooled 
treated (D) animals. Fracture toughness was generally negatively correlated with loaded 
and unloaded CND. There were no significant differences in the slopes in figures B-D, 
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however, the slopes were significantly different in the relationship governing instability 
Kc and CND (p=0.009) in treated animals (figure C). 
 

 

Figure 3-7: Crack surface density vs. fracture toughness correlations 

Correlations between instability fracture toughness values and crack surface 
density in pooled untreated (A) and pooled treated (C) animals as well as maximum load 
fracture toughness and crack numerical density in pooled untreated (B) and pooled 
treated (D) animals. Fracture toughness was generally negatively correlated with loaded 
and unloaded CND. There were no significant differences in the loaded or unloaded 
slopes in figures B or D, however, the slopes were approaching a significance in different 
in the relationships governing instability Kc and CSD in untreated animals (p=0.080) 
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(figure A) as well as that governing instability Kc and CSD (p=0.103) in treated animals 
(figure C).  

 

Table 3-1: Theoretical critical buckling loads  
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Chapter 4. 

Visualization of Bisphosphonate Binding to Bone Microcracks, 

Surrounding Osteocyte Lacunae, and Osteocyte Apoptosis 

Spatial Distribution Using Near-Infrared Optical Imaging  

4.1 Introduction 

Bisphosphonates are a potent anti-resorptive drug commonly used to treat 

diseases of low bone mass or high bone turnover such as osteoporosis [67], 

Paget’s disease [68], and osteogenesis imperfecta [121].  These drugs reduce 

bone turnover through the inhibition of osteoclast activity, thereby 

increasing bone mass and reducing bone fragility.  Despite strong clinical 

findings supporting the use of bisphosphonates in treating bone fragility, 

[18-23] concern has been raised about the long-term effects of 
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bisphosphonates on the inhibition of targeted repair of skeletal 

microdamage.  Extended bisphosphonate use has been correlated with 

observations of increased microdamage accumulation in animal models [24-

27], and this may have detrimental effects on bone toughness and increased 

fragility with long-term use [24-26, 28].  Furthermore, while a causative 

relationship has not been proven, the association between bisphosphonate 

therapy and atypical, low-energy subtrochanteric femoral fractures has led to 

suggestions that long-term bisphosphonate use may indeed have a negative 

clinical indication in a sub-population of patients undergoing therapy [29, 

30].   

Several mechanisms governing the accumulation of bone microdamage 

under extended bisphosphonate therapy have been proposed.  Reduced bone 

remodeling and the associated effects of increased bone age may lead to 

alterations in both collagen and mineral which could predispose the bone to 

greater formation of microdamage.  Reduced turnover has been associated 



 
 

 

 

 
 

 

 

108 

with accumulation of altered collagen cross-linking [122-124], increased 

tissue mineralization [125, 126], and reduced microstructural interfaces 

[127, 128], all of which may make the skeleton more prone to the generation 

or propagation of tissue damage.  Alternatively, direct interference with 

osteocyte apoptosis induction [129-132], apoptotic activation of osteoclast-

stimulating pathways [133, 134], or the targeting and repair of damage by 

osteoclasts themselves [40] will likely lead to the accumulation of damage in 

the skeleton.  Bisphosphonates not only inhibit osteoclast activity directly, 

but also inhibit osteocyte apoptosis in the presence [27, 135] and absence 

[132, 136, 137]  of microdamage, thus potentially modulating microdamage 

repair at multiple levels.  

A direct localization of bisphosphonates at the site of microdamage 

has not yet been visualized.  Vascular perfusion studies have shown that 

fluorescent contrast agents can pool at microcracks and nearby surrounding 

osteocytes [138, 139].  However, it has not been shown whether these sites 
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are permissible for local bisphosphonate binding.  If this were the case, this 

would suggest a potential for both direct and indirect effects of 

bisphosphonates on modulating targeted microdamage repair.  Recently, we 

have demonstrated the use of bisphosphonates labeled with near-infrared 

fluorophores for the local detection and quantification of bisphosphonates in 

vivo, ex vivo, and in histologic sections [140, 141].  The purpose of this 

study is to visualize local bisphosphonate binding to bone microdamage and 

surrounding osteocyte lacunae as well as to investigate the impact of 

extended bisphosphonate treatment on osteocyte apoptosis in a model of 

bone microdamage.  In particular, we have chosen to apply this in normal 

bone as well as bone that is susceptible to the generation and accumulation 

of bone microdamage via a collagen mutation resulting in a brittle, 

osteogenesis imperfecta-like phenotype [15, 86].  We hypothesize that 

microcracks and their surrounding osteocyte lacunae are particularly prone 

to direct bisphosphonate binding. Additionally we will test whether or not 



 
 

 

 

 
 

 

 

110 

extended treatment with bisphosphonates will lead to a suppression of 

osteocyte apoptosis around areas of microdamage.  We further seek to 

determine whether the alterations in collagen composition characteristic of 

osteogenesis imperfecta can alter the distribution of drug to microcracks and 

their surrounding osteocytes.  If successful, these findings may have 

implications for understanding the association of bisphosphonates and 

microdamage with the emerging findings of atypical fractures in 

osteoporotic patients treated with bisphosphonates, as well as have potential 

implications for OI patients who may be particularly susceptible to the 

generation of microdamage due to matrix alterations in collagen and 

mineral. 
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4.2 Materials and Methods 

4.2.1 Murine Models 

A total of 17 Brtl/+ and 20 WT mice were used for this study. Brtl/+ 

mice have a mixed background of Sv129/CD-1/C57BL/6S and are bred by 

crossing heterozygous Brtl/+ with WT [38]. All procedures used in this 

study were approved by the University Committee on Use and Care of 

Animals (UCUCA) at the University of Michigan. Three additional Brtl/+ 

mice were used as staining controls to determine threshold levels for 

imaging. 

4.2.2 Bisphosphonate Treatment 

For the WT and Brtl/+ treated groups investigating the effects of 

bisphosphonate treatment on osteocyte apoptosis, the bisphosphonate 

Alendronate (Aln) was injected subcutaneously at 0.219 mg/kg in PBS, once 

per week from 3 to 8 weeks of age. We chose this dosage to match earlier 
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Alendronate treatment studies in the Brtl/+ mouse [58]. Earlier studies in the 

oim mouse demonstrated that this dosage was the lowest concentration 

required to increase mineralization and prevent resorption [87].  Untreated 

mice received no injections at any time point.    

4.2.3 Cyclic Loading 

Mouse ulnae were loaded according to a previously established 

protocol  [86] with the aim of generating microdamage. Earlier 

measurements were taken to attain the strains of treated and untreated 

specimens. Treated specimens were loaded to approximately 3000 

microstrain on the mid-diaphyseal ulna, while untreated specimens were 

loaded to approximately 4000 microstrain. At 8 weeks of age, animals were 

anesthetized with 2% isoflurane and prepared for loading. The right 

forearms of Brtl/+ and WT mice were cyclically loaded across the olecranon 

and carpus [40, 41] at 1 Hz for 1800 cycles (30 minutes) following a 300 

cycle (5 minute) preconditioning phase. During the unloading segment, a 
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minimum compressive load of approximately 400-500 micro strain was 

maintained to preserve limb orientation within the loading device.  

4.2.4 Fluorescent Bisphosphonate (FRFP) Administration 

Upon the conclusion of loading, a cohort of mice untreated with 

bisphosphonate (n=6 WT and n=6 Brtl/+) were administered a single dose of 

the far-red fluorescent pamidronate (FRFP) Osteosense 680 (Perkin Elmer, 

U.S.A.) while still under general anesthesia. The administered dosage was 

4nmols of FRFP per 20 grams body mass buffered in PBS in a total injection 

volume of 150 µL via tail vein injection. Mice were then allowed to recover 

and resume normal ambulation. Food and water was administered ad 

libitum. Mice were then subsequently euthanized 24 hours after loading.  

4.2.5 In-Vivo Apoptosis Marker (AV750) Administration 

In order to measure apoptosis levels in bones, the in-vivo apoptosis 

marker Annexin-Vivo 750 (AV750) (PerkinElmer) was tail-vein injected in 
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a cohort of treated (n=6 WT and n=4 Brtl/+) and untreated (n=8 WT and n= 

7 Brtl/+) mice immediately after loading was completed while under 

anesthesia. These mice were a separate cohort than the mice injected with 

FRFP in the previous section. AV750 solution was pre-mixed by 

PerkinElmer, and was administered unadulterated using the recommended 

dosage of 100 µL per mouse. AV750 is supplied in 1000 µL of 25 mM 

Hepes/NaOH, 140 mM NaCl at a molecular weight of 35kg/mol-1. Mice 

were then allowed to recover and ambulate but were euthanized 2 hours later 

using CO2 based on manufacturer suggested protocols. 

4.2.6 Verification of In-Vivo Apoptosis Marker 

In order to ensure that the in-vivo apoptosis marker AV750 is in fact 

staining apoptotic regions, an adult mouse was injected with AV750 and 

then euthanized 2 hours later. Briefly, tibias were excised, fixed in 10% 

NBF, dehydrated in a graded series of alcohol and subsequently embedded 

undecalcified in poly methyl methacrylate (PMMA) for histology. Using a 
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Buehler Isomet diamond-blade saw, 400 µm sections were then cut parallel 

to the longitudinal axis of the tibia. These sections were mounted on a 

plastic microscope slide and polished to a final thickness of 100 µm.  

Sections were cover slipped and viewed using a 2-Photon Leica confocal 

inverted microscope system (SP5X Zeiss Confocal Microscope, Carl Zeiss 

MicroImaging, Inc., Thornwood, NY, U.S.A.), at 40X objective to identify 

hypertrophic chondrocytes at the proximal tibial growth plate. The AV750 

was imaged using an excitation laser of 670nm with an emission range of 

700-790 nm.  (Figure 4-1 G-I). Control images were also taken to ensure 

limited auto fluorescence and signal bleed through (Figure 4-1 J-L). 

Annexin-Vivo 750 signals at the tibial growth plate region were 

compared against tibial growth plate sections stained with a terminal 

deoxynucleotidyl transferase-dUTP nick end labeling (TUNEL) assay, 

which is the gold-standard for in situ apoptosis signaling and imaging 

(Figure 4-1 A-C). Briefly, the tibias of an adult mouse were excised, fixed 
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in 10% NBF, decalcified and embedded in paraffin. Longitudinal 7 µm 

sections of the tibia were subsequently taken using a Reichert-Jung 

microtome. Sections were then de-parrafinized and stained with 

TUNEL/Hoechst using the Click-iT TUNEL Alexa Fluor Imaging Assay 

(Molecular Probes, Invitrogen Detection Technologies, Eugene, OR U.S.A). 

Specimens were then imaged using the above mentioned 2-Photon Leica 

confocal using Invitrogen’s recommended excitation of 590nm and emission 

of 670nm. Control images were taken to ensure limited auto fluorescence 

and signal bleed through (Figure 4-1 D-F) 

    

4.2.7 FRFP Imaging Protocol 

Loaded forelimbs were excised and stained with 1% basic fuchsin 

using an established protocol [45] and rinsed in 100% ethanol. Samples were 

subsequently embedded undecalcified in poly methyl methacrylate (PMMA) 

for histology. Using a Buehler Isomet diamond-blade saw, 400 µm sections 
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were then cut transverse to the longitudinal axis of the ulna. These sections 

were mounted on a plastic microscope slide and polished to a final thickness 

of 100 µm.  Sections were cover slipped and viewed using a 2-Photon Leica 

confocal inverted microscope system (SP5X Zeiss Confocal Microscope, 

Carl Zeiss MicroImaging, Inc., Thornwood, NY, U.S.A.), to identify bone 

areas stained with FRFP and basic fuchsin. A 40X oil immersion objective 

was used in this study. To determine an approximation of the excitation and 

emission curves for both dyes, lambda scans were performed on cortical 

control specimens using the white light laser of the 2-Photon microscope. 

The first scan was performed on a specimen stained with basic fuchsin only, 

whilst the second scan was done on a FRFP stained sample. Excitation scans 

were performed in increments of 5nm between 480 nm and 670 nm whilst 

emission scans were performed in increments of 5nm between the range of 

500 nm and 800 nm. In order to image the basic fuchsin, an excitation of 

543nm was used, with an emission range of 553-613nm (Figure 4-3). The 
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FRFP was imaged using an excitation laser of 670nm with an emission 

range of 700-750 nm (Figure 4-3). These parameters were held constant for 

all images and ensured limited signal bleed through to the opposing 

channels.  

4.2.8 FRFP Image Analysis and Staining Thresholds 

All images were scored using the pixel intensity tool provided by the 

public domain software ImageJ (National Institutes of Health). In order to 

validate the detected FRFP signal, a basic fuchsin control specimen was 

imaged under FRFP excitation and emission to determine the degree of 

crosstalk of basic fuchsin dye into the FRFP channel. It was determined 

from this analysis that there was a 2.3:1 false signal to background ratio for 

basic fuchsin bleedthrough.  Therefore, in order to deem a region as 

positively stained for FRFP, a signal to background ratio threshold of 7:1 

was applied. When the FRFP only specimen was viewed under the basic 

fuchsin imaging conditions, it was observed that there was negligible 
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crossover of FRFP into basic fuchsin images. As a result, a 3:1 signal to 

background ratio was used to determine a positive staining for basic fuchsin. 

Any objects of interest that were less than these established signal to 

background ratios were deemed unstained for their respective dyes. 

4.2.9 FRFP Co-Localization Assessment 

To determine the degree of FRFP binding to microdamaged regions, 

the co-localization of FRFP and basic fuchsin to both micro cracks and the 

surrounding osteocytes were assessed using the following equations: 

%	Co − Localized	Crack	Length = 	
Length	of	dual	stained	crack

Length	of	basic	fuchsin	stained	crack
 

		

%	Co − Localized	Osteocytes = 	
Number	of	dual	stained	osteocytes

Number	of	basic	fuchsin	stained	osteocytes
 

 

A 50 micron region of interest was established around each crack to 

assess osteocytes in the vicinity of microdamage.  Regions of interest at least 
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50 µm away from any microdamage sites were chosen and analyzed to 

determine the degree of osteocyte co-localization in non-damaged regions.  

4.2.10 Annexin-Vivo Confocal Microscopy Parameters 

After euthanasia both loaded and unloaded forelimbs were excised 

and fixed in 10% neutral buffered formaldehyde. Bones were then stained 

with 1% basic fuchsin using an established protocol [45] and rinsed in 100% 

ethanol. Samples were subsequently embedded undecalcified in poly methyl 

methacrylate (PMMA) for histology. Using a Buehler Isomet diamond-blade 

saw, 400 µm sections were then cut transverse to the longitudinal axis of the 

ulna. These sections were mounted on a plastic microscope slide and 

polished to a final thickness of 100 µm.  Sections were cover slipped and 

viewed using a 2-Photon Leica confocal inverted microscope system (SP5X 

Zeiss Confocal Microscope, Carl Zeiss MicroImaging, Inc., Thornwood, 

NY, U.S.A.), to identify bone areas stained with AV750 and basic fuchsin. 

A 40X oil immersion objective was used to capture images. To determine an 



 
 

 

 

 
 

 

 

121 

accurate imaging protocol, the excitation and emission curves for both dyes 

were determined. Lambda scans were performed on cortical control 

specimens using the white light laser of the 2-Photon microscope. The first 

scan was performed on a specimen stained with basic fuchsin only, whilst 

the second scan was done on an AV750 stained sample. Excitation scans 

were performed in increments of 5nm between 480 nm and 670 nm whilst 

emission scans were performed in increments of 5nm between the range of 

500 nm and 800 nm. In order to image the basic fuchsin, an excitation of 

543nm was used, with an emission range of 553-613nm. The AV750 was 

imaged using an excitation laser of 670nm with an emission range of 700-

790 nm. These parameters were held constant for all images and ensured 

limited signal bleed through to the opposing channels.  

4.2.11 Apoptosis Image Analysis  

All images were scored using the pixel intensity tool provided by the 

public domain software ImageJ (National Institutes of Health). In order to 
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validate the detected AV750 signal, a basic fuchsin control specimen was 

imaged under AV750 excitation and emission to determine the degree of 

crosstalk of basic fuchsin dye into the AV750 channel. It was determined 

from this analysis that there was a 2.8:1 false signal to background ratio for 

basic fuchsin bleedthrough.  Therefore, in order to deem a region as 

positively stained for AV750, a signal to background ratio threshold of 8:1 

was applied. When the AV750 only specimen was viewed under the basic 

fuchsin imaging conditions, it was observed that there was negligible 

crossover of AV750 signal into basic fuchsin images. As a result, a 3:1 

signal to background ratio was used to determine a positive staining for 

basic fuchsin. Any objects of interest that were less than these established 

signals to background ratios were deemed unstained for their respective 

dyes. 
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4.2.12  Gray Value Threshold Affirmation and Distinguishing of Osteocyte 

Lacunae  

In order to quantify osteocytes in co-localized AV750 and basic 

fuchsin images, images were analyzed using the Leica LAS AF Image 

Browser (Version 2.6.0 Build 7266, Leica Microsystems CMS, Inc.) Using 

only the basic fuchsin channel, this software allows the user to trace out 

numerous regions of interests (ROI) in the image. Each individual osteocyte 

lacunae of interest, as identified by basic fuchsin staining around the lacunar 

wall of small elliptically shaped cells, was traced out in the basic fuchsin 

channel. A report sheet is then generated by the software that allows the user 

to see the maximum gray value within each ROI. This analysis is also 

automatically generated for the AV750 channel. Lacunae that were above 

the 3:1 threshold were counted as positive ROI’s and if the corresponding 

AV750 ROI surpassed the 8:1 threshold, then it was counted as positively 
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stained for AV750. Similar techniques were used when analyzing both 

damage and non-damaged regions.    

4.2.13 Apoptosis Quantification 

To determine the degree of AV750 binding to osteocyte lacunae 

surrounding microdamage, the co-localization of AV750 and basic fuchsin 

to surrounding osteocyte lacunae were assessed using the following 

equation: 

%	Co − Localized	Osteocytes = 	
Number	of	dual	stained	osteocytes

Number	of	basic	fuchsin	stained	osteocytes
 

 

A 50 µm region of interest was established around each crack to 

assess osteocyte lacunae in the vicinity of microdamage. Regions of interest 

at least 50 µm away from any microdamage sites were chosen and analyzed 

to determine the degree of osteocyte lacunae co-localization in non-damaged 

regions. 50 µm was chosen to ensure that both a damaged region, as well as 
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a non-damaged region could be adequately imaged within the same field of 

view of the 40X objective, thus minimizing potential artifact from image 

acquisition parameters between fields. 

 

4.2.14 Statistical Analysis 

Differences between Brtl/+ and WT in the percentage of osteocytes 

co-localized with FRFP and basic fuchsin, and the average percentage of 

crack lengths co-localized with FRFP and basic fuchsin were assessed by t-

test.  Fisher’s exact test was used to compare genotype differences in the 

proportion of cracks positively labeled with FRFP. Differences between 

treated and untreated in average percentages of osteocytes co-localized with 

AV750 and basic fuchsin were also assessed using t-test. Analyses were 

performed using GraphPad Prism 4.0. Differences were considered 

significant at p<0.05, and data are presented as mean + standard deviation. 
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4.3 Results 

4.3.1 Brtl/+ microcracks demonstrate higher affinity for FRFP 

FRFP binds avidly to portions of microcracks and surrounding 

osteocyte lacunae, with overlapping fluorescence with basic fuchsin at 

multiple sites (Figure 4-2).  Brtl/+ specimens demonstrate  a higher 

percentage of crack length co-localized with FRFP and basic fuchsin (66%), 

as compared to WT (24%) (p<0.05) (Figure 4-4, Table 4-1). One particular 

Brtl/+ micro crack had a longer FRFP label than its basic fuchsin labeling, 

leading to a 127% co-localization percentage.  Sixteen out of 18 (89%) 

cracks for Brtl/+ were positively labeled with FRFP (Table 1). In contrast, 

12 out of 23 (52%) WT cracks showed positive labeling with FRFP (Table 

1). There were, however, two cases in WT where cracks were labeled only 

with FRFP and were not stained with basic fuchsin.  Therefore, these two 

cases were excluded from our calculations of average percentage of co-
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localized crack lengths in WT, as their inclusion would obscure the 

numerical analysis.  

4.3.2 WT osteocyte lacunae demonstrate high affinity for FRFP near 

damaged regions 

WT specimens demonstrate a higher percentage of osteocytes co-

localized with basic fuchsin and FRFP (41%) than their Brtl/+ counterparts 

(20%) (p<0.05) (Figure 4-5, Table 4-1). Furthermore, 4 out of 17 cracks 

analyzed for Brtl/+ (23.5%) had none of their surrounding lacunae stained 

with FRFP. In contrast, only 1 out of the 23 cracks (4%) for WT showed no 

binding of FRFP to any of their surrounding osteocytes (Table 4-1). 

4.3.3 WT and Brtl/+ display similar levels of FRFP o-localization in non-

damaged regions 

A region of interest at least at least 50 microns away from any 

damaged regions was used to analyze non-damaged osteocytes. Analysis of 
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these osteocytes showed that both WT (n=17 images) and Brtl/+ (n=12 

images) specimens displayed similar levels of FRFP binding (29.26% and 

29.93% respectively) (Table 4-1).  

4.3.4 WT and Brtl/+ display similar vascular and osteocyte lacunae 

densities  

In order to determine if there were any additional factors that could 

potentially impact drug delivery to microdamage sites, the vascular and 

osteocyte lacunae densities were calculated for each crack. These densities 

were assessed within the field of view that the image of the crack was taken. 

Osteocyte lacunae were defined in basic fuchsin images as small elliptically 

shaped regions which had void spaces in the middle and had basic fuchsin 

staining on the perimeter (lacunae wall). Osteocyte lacunae are typically 

40µm2 in cross sectional area. Vascular spaces possessed a more fully 

rounded structure and had very little if any void spaces. These spaces were 

typically all stained with basic fuchsin and were about 250 µm2 in cross 
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sectional area (Figure 4-6). All osteocyte lacunae and vascular supplies 

were counted and areas were calculated using ImageJ. Results show that 

there were no significant differences in either osteocyte densities in Brtl/+ 

versus WT (998.9 ± 290.3 osteocytes/mm2 and 1119.9 ± 160.2 

osteocytes/mm2 respectively; p = 0.1) or vascular densities in Brtl/+ versus 

WT (28.1 ± 18.5 vessels/mm2 and 21.7 ± 9.7 vessels/mm2 respectively; p = 

0.16).  

4.3.5 Osteocyte apoptosis spatial distribution around peri-damaged 

regions 

AV750 localized to the regions within the osteocyte lacunae, which 

suggests that they localized to osteocytes (Figure 4-7). When pooled 

together, treated specimens demonstrate a lower percentage of osteocyte 

lacunae undergoing apoptosis (22.1%) than their untreated counterparts 

(35.7%) (p<0.05) in regions within 50 µm of a crack (Figure 4-8 and Table 

4-2). There is also a significant increase in the amount of osteocyte apoptosis 
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in Brtl/+ untreated specimens surrounding microdamage (45.3%) when 

compared to WT untreated specimens (25.8%)(p<0.05) (Figure 4-8 and 

Table 4-2). Additionally, there is an increased level of osteocyte apoptosis 

surrounding Brtl/+ untreated specimens (45.3%) when compared to Brtl/+ 

treated specimens (26.9%) (p<0.05).    

4.3.6 Apoptosis spatial distribution around non-damaged regions 

Brtl/+ untreated specimens had higher levels of osteocyte apoptosis 

away from damage (28.17%) than non-damage areas in Brtl/+ treated 

specimens (19.48%) (p<0.05).  However, there was no significant difference 

seen in osteocyte apoptosis levels when comparing WT non-damaged treated 

regions (10.75%) and WT non-damaged untreated specimens (9.13%).  

When comparing across genotypes, there was a significant increase 

seen in the amount of apoptotic osteocytes away from damage in Brtl/+ 

untreated specimens versus WT untreated specimens (p<0.05). A similar 
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increase in apoptotic osteocytes was seen in treated Brtl/+ non-damaged 

regions when compared to treated WT non-damaged regions (P<0.05). 

 When pooled together, there was a significant increase in the amount 

of osteocyte apoptosis seen near damage in untreated specimens (34.5%) 

when compared to treated specimens (22.1%) (p<0.05). However, there was 

only a trend towards a decrease in apoptosis in regions away from damage in 

treated specimens (14.8%) when compared to untreated specimens away 

from damage (19.0%) (p=0.153) (Figure 4-8 and Table 4-2) 

4.4 Discussion 

In this study we demonstrated, using a fluorescent-labeled 

bisphosphonate, that microcrack surfaces and surrounding osteocytes are 

prone to local bisphosphonate binding. Additionally, using the in-vivo 

fluorescent marker Annexin-Vivo 750, we showed that following 5 weeks of 

treatment with the bisphosphonate Alendronate, apoptosis levels 

surrounding microdamage were decreased in treated specimens as compared 
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to untreated specimens. Annexin-Vivo 750 has been used in other 

applications before [142-144], but to our knowledge, this is the first 

application to bone tissue. Bisphosphonates are commonly used for the 

treatment of low bone mass.  However their use has also been suggested to 

affect the amount of skeletal microdamage, both by altering the tissue 

material properties (e.g. through alterations of collagen cross-linking, 

increased tissue mineralization, and reduced microstructural interfaces), 

thereby leading to greater microdamage accumulation, as well as by direct 

interference with osteoclast repair of damaged tissue. This suggests that 

bisphosphonates could potentially regulate microdamage repair at multiple 

levels. The current study demonstrates that bisphosphonate may interfere 

with targeted microdamage repair directly by binding to microcrack surfaces 

and interfering with osteoclast repair at the site that needs it the most.  

Additionally, our results suggest that bisphosphonates may interfere with 

targeted repair indirectly by binding to the surrounding osteocyte lacunae of 
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microdamage, thus suppressing the apoptotic signal required to induce 

targeted remodeling. With decreased fracture incidence being a crucial 

element in the quality of life of bisphosphonate treated patients, the 

implications of arrested microdamage repair are significant. 

In order to prevent detrimental accumulation of microdamage in 

healthy bone, damage can either be remodeled stochastically or through 

targeted repair. The effect of bisphosphonates on damage repair is multi-

faceted as it affects the induction of osteocyte apoptosis [129-131], the 

apoptotic activation of the osteoclast-stimulating pathways [133, 134], and 

the eventual targeting and repair of damage by osteoclasts themselves [40]. 

The efficacy of bisphosphonates in treating bone fragility [18-23] cannot be 

ignored, however, there is a concern regarding the long-term effects of 

bisphosphonates on the inhibition of targeted repair of skeletal 

microdamage.  Extended bisphosphonate treatment has been correlated with 

observations of increased skeletal microdamage in animal models [24-27], 
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which may in turn have detrimental effects on the bone’s mechanical 

integrity [24-26, 28]. To date, there has been no direct relationship to link 

extended bisphosphonate therapy with atypical, low-energy subtrochanteric 

femoral fractures observed in osteoporotic patients undergoing treatment 

[29, 30]. The results of the present study suggest that the binding of 

bisphosphonates to microdamage and the surrounding osteocytes may lead 

to arrested microdamage repair and could represent a contributing factor 

toward these subtrochanteric femoral fractures. Furthermore, these 

observations could also have strong implications for fracture prone 

osteogenesis imperfecta (OI) patients on bisphosphonates who may be more 

susceptible to microdamage accumulation as suggested by animal models 

[17, 31]. With both OI and osteoporosis patients being increasingly 

susceptible to critical bone failure, any treatment modalities that potentially 

affect damage repair needs to be carefully assessed.   
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In this study, we used the Brtl/+ mouse which is a heterozygous 

model for type IV OI [38]. The genotype arises from a Gly349Cys 

substitution in COL1A1, and demonstrates a low ductility phenotype [15]. 

Wild type (WT) specimens were used as a model to determine the effects of 

bisphosphonate binding in bone with unaffected collagen. Brtl/+ ulnae, 

subjected to similar strain matched loads as their WT counterparts, 

demonstrated higher levels of FRFP co-localization to micro cracks. The 

opposite was true for osteocytes in the immediate surrounding regions of 

micro cracks, as Brtl/+ specimens had a lower percent FRFP osteocyte co-

localization than their WT counterparts. This data suggests that there may be 

mechanisms that allow Brtl/+ cracks to serve as depositories for FRFP.  

Damage to bone tissue has been shown to alter interstitial fluid flow in 

the surrounding areas and vascular tracer studies have shown that these 

agents tend to pool in these areas [138, 139]. Tami et al. provided several 

analytical scenarios to describe the nature of cracks and their effect on 
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surrounding lacunae [138]. The first of these mechanisms is a crack acting as 

a reservoir for mass and fluid flow. In this proposed mechanism, a crack 

serves as an additional fluid space in the lacunocanalicular network, leading 

to a much slower increase in concentration up-stream from the crack. The 

second such mechanism is that of a crack serving as a wall. Here, the crack 

essentially occludes fluid flow to osteocytes down-stream of the crack, 

whilst regions up-stream experience an increase in concentration. In the third 

scenario, where a crack can function as a sink, the crack prevents fluid flow 

to the down-stream osteocytes similar to a wall, with the notable exception 

that volume flow and the concentration of molecules are decreased up-

stream from the crack [138].   

In the present study, both WT and Brtl/+ osteocytes exhibit similar 

degrees of FRFP binding in regions away from damage. However, the 

introduction of microdamage has contrasting effects on the surrounding 

osteocytes of both genotypes. When looking at the damaged regions, 24% of 
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Brtl/+ cracks analyzed functioned as walls for their respective osteocytes, as 

there was no binding of FRFP to any of the surrounding osteocytes. 

Conversely, 4% of WT cracks served as walls. Thus the remaining cracks in 

both WT and Brtl/+ could either function as reservoirs or sinks. We can infer 

from our data that the majority of these remaining cracks likely served as 

sinks, as both WT and Brtl/+ showed large percentages of osteocytes  that 

did not express co-localization of FRFP. In these situations, most, but not all 

of the FRFP was prevented from being delivered to the regions surrounding 

damage.  

When comparing the non-damaged regions of WT specimens to the 

damaged regions, it appears that there is a spatial preference towards an 

accumulation of FRFP around regions of cracks. This is seen from the 10% 

increase in osteocyte co-localization in damaged regions compared to non-

damaged regions. The reverse is true for Brtl/+, as there is a 10% decrease in 

osteocyte co-localization at areas surrounding damage.  It is possible that 
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WT cracks are less permeable than their Brtl/+ counterparts, and may be 

acting as a wall, thus leading to an increase in FRFP in the surrounding 

osteocytes. Brtl/+ cracks on the other hand appear to act as depositories and 

seem to be more permeable, thus showing lower co-localization of FRFP 

labeling of osteocytes surrounding Brtl/+ microcracks  than WT. 

These observations pose interesting questions regarding targeted 

microdamage repair and the role that bisphosphonates play in this repair 

process. While the intention for treatment with bisphosphonates is to 

increase skeletal mass, they may concomitantly prevent targeted repair from 

occurring on two separate fronts.  The first of which is the prevention of 

osteocyte apoptosis [40, 129, 145], which has been proposed as one of the 

important first steps in the targeted bone remodeling process. It has been 

shown that a damaged osteocyte-canalicular system (through microcracks 

for instance) will result in osteocyte apoptosis, followed by the recruitment 

or activation of osteoclasts. This process would conclude with the eventual 
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resorption and repair of damaged regions in bone [40]. Prevention of this 

activating first step by inhibiting osteocyte apoptosis could lead to a 

decreased rate of repair. The second front on which bisphosphonates 

potentially affect microdamage repair is through inhibition of osteoclast 

remodeling.  Bisphosphonates bind to bone, and upon uptake by osteoclasts 

during the resorption process, result in cell toxicity, thus reducing bone 

turnover and increasing bone mass. While bisphosphonates globally 

downregulate stochastic bone remodeling across the skeleton, the present 

results support the notion that bisphosphonates bind directly to microcrack 

surfaces and may directly inhibit bone turnover at the site of microdamage 

itself. This could inherently lead to an unrepaired crack that is allowed to 

propagate without repair, resulting in critical crack length growth and 

subsequent failure. 

When data for WT treated and Brtl/+ treated specimens were pooled 

together and compared to pooled data for WT untreated and Brtl/+ untreated 
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specimens, a significant difference was observed in the levels of apoptotic 

osteocytes surrounding microdamage. Treated microcracks possessed lower 

levels of apoptotic osteocytes than their untreated counterparts. This data is 

supported by other studies that have shown Alendronate suppressing 

osteocyte apoptosis following cyclic fatigue loading [129, 146]. 

Furthermore, the observation of increased levels of osteocyte apoptosis 

observed in Brtl/+ untreated specimens both near and away from damage 

when compared to WT untreated specimens raises a few questions. Studies 

have demonstrated a disproportionate up-regulation of osteoclast and 

osteoblast activity in OI patients, with an overall imbalance favoring 

osteoclast resorption [13, 14]. It is not fully understood the physiological 

reasons for this, but our observations of increased osteocyte apoptosis 

surrounding Brtl/+ cracks raises the possibility that osteocyte apoptosis may 

also be up-regulated concomitantly.  
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As microdamage levels increase in a healthy individual, the inherent 

remodeling processes of bone are activated for microdamage repair [66]. 

The increased up-regulation of osteocyte apoptosis surrounding microcracks 

in Brtl/+ could be a function of a genetically caused whole body increase, or 

could be the Brtl/+ mouse’s way of trying to repair microdamage through 

specific targeting of damage. When data for treated specimens was pooled 

together, it was observed that the amount of osteocyte apoptosis away from 

damage was only marginally lower than the amount of osteocyte apoptosis 

in non-damaged regions for untreated specimens (19.0% vs. 14.8%). The 

amount of osteocyte apoptosis seen away from damage is similar to the 

levels seen in work done by Verborgt et al. who showed about 15% of 

osteocytes imaged being TUNEL positive for apoptosis [129].  It is likely, 

that even though bisphosphonates may inhibit osteocyte apoptosis, the lack 

of microdamage in these areas would result in a lack of apoptosis of 

osteocytes. Thus the presence of bisphosphonates under these conditions is 
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likely to only have marginal effects on preventing any normal apoptosis that 

would be occurring in the non-damaged bone tissue.  This data supports the 

notion that microdamage is necessary to induce osteocyte apoptosis. 

Studies have shown that as the Brtl/+ mouse ages, a cellular 

uncoupling leads to a decline in bone formation [16]. During this process 

there is an increase in osteoclast number and function, whilst osteoid 

production by osteoblasts is reduced. While the cellular asynchrony favoring 

osteoclast formation and activity in Brtl/+ is a result of an increase in 

osteoclast precursors in the Brtl/+ marrow [16], the RANKL/OPG ratio is 

unchanged and the factors regulating increased osteoclasts have yet to be 

described. However, there have been studies that have postulated and 

demonstrated that viable osteocytes do in fact play a role in suppressing 

osteoclastic attack [147-152]. It is possible that the decreased levels of 

osteocyte viability demonstrated through increased levels of osteocyte 

apoptosis in the Brtl/+ mouse could result in the increased levels of 
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osteoclast activity and thus subsequent elevated levels of osteoblast activity. 

It is unknown whether the increased levels of microdamage seen in the 

Brtl/+ mouse explains the elevated levels of osteocye apoptosis observed, 

however it still remains unclear the specific physiological reasons for this. 

There is evidence in humans that apoptotic osteocytes are more common in 

young growing bone experiencing a high degree of resorption than in 

relatively quiescent normal adult human bone [153]. The same could be 

applicable to the Brtl/+ mouse at 8 weeks of age, but the question as to why 

apoptosis levels in Brtl/+ is higher than WT remains.  

Our data shows that Brtl/+ cracks have significantly more binding of 

FRFP (66%) than their WT counterparts (24%). It is possible that this may 

result in a protective mechanism for Brtl/+ bones by preventing the delivery 

of bisphosphonate to surrounding osteocytes. This could potentially allow 

osteocyte apoptosis, and thus osteoclast activation, to occur normally, but at 

the expense of greater inhibition of remodeling downstream. This may only 
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suffice for short and low dose bisphosphonate treatments as our apoptosis 

evidence suggests that with extended treatment, bisphosphonates are 

eventually metabolized by Brtl/+ osteocytes resulting in the prevention of 

their apoptosis in areas surrounding microdamage. The presence of bone 

microdamage has been shown to result in a decrease in lacunocanalicular 

interstitial fluid flow, which over time has been implicated in the increase of 

remodeling activity [154]. It is unclear whether the increased remodeling 

activity seen in Brtl/+ [16] is caused by an increase in inherent microdamage 

[17], but the presence of bisphosphonates could potentially obstruct the 

natural processes that Brtl/+ deploys to repair its damage.  

We observed that treated Brtl/+ cracks had lower levels of osteocyte 

apoptosis than their untreated counterparts. We suspect that delivery of 

bisphosphonate to these osteocytes may have increased over time as Brtl/+ 

cracks quickly became saturated with bisphosphonate. This then likely 

resulted in osteocytes being the eventual depositories of the bisphosphonate. 
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Furthermore, we observed an insignificant decrease in osteocyte apoptosis 

levels between WT treated and WT untreated cracks. It is possible that the 

WT cracks may have absorbed bisphosphonates during the treatment 

protocol, thus preventing excessive absorption in the surrounding osteocytes. 

It is unclear however how much bisphosphonate is actually necessary to 

initiate an anti-apoptotic response and at what time point this is actually 

initiated in the treatment protocol. It is apparent however that in the case of 

Brtl/+, bisphosphonates appear to be potentially suppressing apoptosis of the 

osteocytes and could be preventing the first step in potential microdamage 

repair [129]. In fact, in both WT and Brtl/+, treatment with bisphosphonate 

appears to bring apoptosis levels near damage and away from damage to 

similar levels, as no significant differences were observed when comparing 

these two regions in both genotypes. Even though it is unclear whether 

targeted microdamage remodeling is present in mice, the implications in OI 
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patients could be significant, as bisphosphonates could be suppressing the 

body’s attempt of damage repair [129, 147].      

Studies have shown that bisphosphonate binding and depth of penetration 

once leaving the vasculature is strongly impacted by the degree of 

mineralization [155, 156], with lower affinity bisphosphonates penetrating 

deeper into the cortical bone canalicular network, including the 

lacunae[157]. Small differences in Brtl/+ and WT mineralization [88] may 

be responsible for the observed differences in bisphosphonate binding 

between genotypes. Alternatively, differences in microstructural features 

such as lacuno-canalicular connectivity or microdamage complexity may 

alter local availability of surface binding sites. We found no significant 

differences between osteocyte density and vascular channel density between 

Brtl/+ and WT in these studies, suggesting minimal effect of these 

parameters on drug delivery. 
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The observations of this study pose interesting questions regarding 

targeted microdamage repair and the role that bisphosphonates play in this 

process. While the intention of treatment with bisphosphonates is to increase 

skeletal mass, the current findings suggest that bisphosphonates may have 

the potential to prevent targeted repair from occurring on two separate 

fronts. Osteocyte apoptosis, induced following damage to the osteocyte-

canalicular system, has been shown to be required for the activation of 

osteoclasts during targeted microdamage repair [129-131, 158]. However, 

bisphosphonates have been shown to inhibit osteocyte apoptosis in the 

presence [27, 135] and absence [132] of microdamage. Our current findings 

suggest that bisphosphonate delivery to osteocytes near microdamage is 

consistent with the finding of reduced osteocyte apoptosis, and reduced 

microdamage repair as shown by others[135]. Secondly, while 

bisphosphonates globally downregulate stochastic bone remodeling across 

the skeleton, the present results support the notion that bone turnover may be 
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directly inhibited at the site of microdamage itself, leading to persistence, 

and possible propagation of the crack over time.   

There were limitations to this study. When looking at a FRFP only 

specimen, one can discern finer details and more osteocytes than in a dual-

stained specimen. Due to the slight overlap in emission spectra of both basic 

fuchsin and FRFP, a smaller band width had to be used for FRFP to 

delineate both dyes and prevent nonspecific basic fuchsin bleed through.  

This resulted in a higher threshold and thus a lower signal observed for 

FRFP and therefore an underestimation of the fluorescent bisphosphonate 

binding. It is important to note then, that the co-localization results shown in 

this study are a conservative representation of the data. Additionally, the fact 

that analysis of cracks was not confined to any one region of the ulna, but 

was rather analyzed throughout the cortex based on where damage itself was 

located, could lead to a spatial bias in results. 
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In summary, these findings suggest a dual mechanism for 

bisphosphonates to inhibit targeted microdamage repair, by binding to 

surrounding osteocyte lacunae, and potentially inhibiting osteocyte apoptosis 

required for osteoclast signaling, and by binding directly to the microcrack 

itself, potentially inhibiting bone resorption directly at the site that requires it 

the most.  It remains to be seen whether these findings are associated with 

emerging evidence of low-trauma, atypical fractures in osteoporotic patients 

on extended bisphosphonate therapy, or whether the accumulation of 

microdamage in patients with OI may further facilitate bone fragility in the 

long run of that disease.  The ability of bisphosphonates to bind directly to 

bone, and not circulate as other anti-resorptives such as calcitonin or 

denosumab, suggest that they may impart a unique interaction with 

microdamage that could potentially be avoided using non-matrix binding 

alternative therapies. 
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Figure 4-1: Annexin-Vivo 750 apoptosis verification  

The signaling of hypertrophic chondrocytes demonstrates that Annexin-Vivo 750 
(G-I) is in fact detecting an apoptotic signal. Hypertrophic chondrocytes are known to be 
apoptotic. This is verified against TUNEL/Hoechst staining which is the gold standard 

for apoptosis staining (A-C). Corresponding negative controls are attached to 
demonstrate limited bleed through and auto-fluorescence. 
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Figure 4-2: Local co-localization of FRFP and basic fuchsin 

Image (A,D) showing basic fuchsin labeled crack and surrounding 
osteocyte lacunae, (B,E) the corresponding FRFP labeled image, and (C,F) 

a superimposed image of FRFP and basic fuchsin is also illustrated with 
labeled examples of co-localized osteocyte lacunae and co-localized 

microdamage. Note the binding of FRFP to the lacunar wall as opposed to 
the inner space.  
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Figure 4-3: Excitation and emission spectra for basic fuchsin and FRFP 

Excitation and emission spectra used during imaging of specimens stained with both 
basic fuchsin and FRFP ensuring limited signal overlap and bleedthrough. 
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Figure 4-4: % co-localized crack lengths in WT and Brtl/+  

Percentage of co-localized crack lengths in both WT and Brtl/+ specimens. *p<0.05 
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Figure 4-5: % co-localized osteocytes in both WT and Brtl/+ 

Percentage of co-localized osteocytes in both WT and Brtl/+ specimens near 
damaged regions. *p<0.05 
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Figure 4-6: Blood vessel vs. osteocyte lacunae 

Image showing the size and morphological differentiation between a blood vessel 
structure and an osteocyte lacunae. Vessel structures are approximately 250µm2 in area 

whereas osteocyte lacunae are approximately 40 µm2 
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Figure 4-7: Microdamage and osteocyte apoptosis co-localization 

Representative image of microdamage stained with basic fuchsin (A) and its 
corresponding bright field image (B). Panels D-L represent basic fuchsin stained cracks 
and osteocyte lacunae and Annexin-Vivo stained osteocytes which indicate apoptosis. 

Note the cellular nature of Annexin-Vivo, as seen by central localization within osteocyte 
lacunae. Panels J-L shows demonstrates that osteocytes closer to cracks are more stained 

than those further away. 
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Figure 4-8: Spatial distribution of osteocyte apoptosis 

Figure displays the percentage of osteocytes undergoing apoptosis in regions near 
and away from damage in both treated and untreated genotypes. Pooled values are 

represented as the last 2 groups. *: p<0.05 near damage vs. away from damage within 
treatment group. α: p<0.05 Brtl/+ treated away from damage vs. WT treated away from 

damage. # : p<0.05 Brtl/+ untreated near damage vs. WT untreated near damage. ⱡ : 
p<0.05 Brtl/+ untreated away from damage vs. WT untreated away from damage. $: 

p<0.05 Treated combined near damage vs. Untreated combined near damage. 
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Table 4-1: Data showing co-localization of FRFP stained cracks and        

osteocytes as well as combined effects 

 

* 2 cracks were not included for crack length co-localization calculations in WT. 
These cracks had no basic fuchsin binding but did show FRFP labeling. 

# 1 Crack was not included for Brtl/+ osteocyte co-localization calculations. This 
crack had no basic fuchsin or FRFP stained osteocytes in the surrounding vicinity. 

+ p<0.05 vs. WT controls 
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Table 4-2: Osteocyte apoptosis data 

 

*: p<0.05 near damage vs. away from damage within treatment group. α: p<0.05 Brtl/+ 
treated away from damage vs. WT treated away from damage. # : p<0.05 Brtl/+ untreated 

near damage vs. WT untreated near damage. ⱡ : p<0.05 Brtl/+ untreated away from 
damage vs. WT untreated away from damage. $: p<0.05 Treated combined near damage 

vs. Untreated combined near damage. 



 
 

 

 

 
 

 

 

160 

Chapter 5. 

Conclusion 

Low bone mass diseases such as osteoporosis and osteogenesis 

imperfecta (OI) are a significant concern in our society today. Osteoporosis 

affects over 50 million Americans 50 years and older [9] , while OI, despite 

being rarer, affects around 50,000 people in the United States. Together, 

these diseases account for the more than 2 million fragility fractures in the 

United States each year, and account for over $20 billion dollars in health 

care expenses [10]. A disease such as OI, despite being less common in 

society, is still very important to investigate clinically as well as in basic 

science, as the physical and emotional toll of the disease affects not only the 

patient, but their family and loved ones. Often times, these patients are 
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children who are wheelchair bound and merely want to enjoy their childhood 

like anyone would without the worry of suffering the frequent fractures that 

are known to come with the disease. 

Finding an effective solution to alleviate the conditions of OI is a 

multi-pronged system and many scientists have been investigating these 

potential solutions. Some are looking at cellular and gene-therapy [159, 

160], which is focused on actually targeting the root causes of the disease, 

while others are looking at drug therapies such as parathyroid hormone 

(PTH) [161], RANKL inhibitors [162], and sclerostin antibody [163]. 

However, the most common form of treatment that exists are 

bisphosphonates which aim to increase bone mass and strength through 

osteoclast-mediated bone resorption.  Despite the clinical success seen in 

improved vertebral strength, increased BMD, and reduced vertebral fracture 

rates, there is still no clear improvement seen on fracture rates in the long 

bones of OI patients.   
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It is common practice to use animal models as surrogates to 

investigate the mechanical properties of low bone mass diseases as well as 

the effects of their treatment modalities. Animal models that have been used 

to investigate bisphosphonate treatment have shown compromised 

mechanical integrity with long term treatment. In addition, bisphosphonates 

have been implicated in preventing microdamage repair through the 

inhibition of osteoclast targeting mechanisms. In fact, the increased 

occurrence of sub-trochanteric fractures seen in the past decade after long 

term bisphosphonate use has been linked to the inhibition of damage repair 

in this high stress site.  

For the duration of this thesis, we used a mouse model for OI, the 

Brtl/+ mouse which replicates Type IV OI. The use of a mouse model for 

this study comes with its advantages and disadvantages. The primary 

advantage of using any animal model is that they serve as good surrogates 

for assessing issues in humans. For the purposes of our study, the mouse 



 
 

 

 

 
 

 

 

163 

provided a good starting point model for human bone, without the obvious 

complications of dealing with human subjects. The mouse allows us to study 

the developmental changes of bone as it ages much more quickly than other 

larger animals. The average mouse lives approximately 2 years while the 

average human lives about 75 years. This translates to quicker turn around in 

research time. For example, the current study was interested in looking at the 

potential effects in pediatric patients with OI. The mouse enters full puberty 

at 8 weeks of age, which is ideal with regards to treatment with 

bisphosphonate. In 5 weeks of treatment, we are effectively able to treat the 

mouse from a very young age (3 weeks) until puberty (8 weeks), which 

approximates the treatment of most pediatric OI patients. In larger animals 

this would require higher dosages (due to body size) as well as longer 

treatment durations due to longer maturity times. In addition, mice are 

significantly cheaper to house and maintain than larger animals, for 

examples dogs, and produce larger litters through shorter gestation periods 
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thus allowing for larger numbers to be studied. The mouse also allows us the 

ability to more cost effectively perform genetic engineering through knock-

in and knock-out models, thus allowing us to replicate diseases such as Type 

IV osteogenesis imperfecta more effectively than in larger animals. 

Additionally, classical genetics in a mouse has been well established and 

there is large availability of different genetic strains. The small size of the 

mouse generally corresponds with less reagents, smaller processing times 

and is generally better for spatial resolution in fluorescence imaging due to 

the smaller size of the tissue. 

Despite the advantages listed above, there are disadvantages of using 

the mouse including the obvious observation that mice are not humans. The 

physiology of the mouse is different from a human. For example, the aspect 

ratio of vertebrae as well as the functional purpose of the forearm is different 

in mice when compared to humans. On a macroscopic bone tissue level, the 

absence of osteons and interstitial bone tissue in mice could have an impact 
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on the propagation of cracks. It is proposed that in humans, osteons and the 

lamellar structure of bone can arrest crack growth, thus preventing cracks 

approaching critical lengths. Additionally, the apparent absence of 

intracortical remodeling and bone modeling units in the mouse may result in 

the development of more detrimental cracks, which may otherwise be 

repaired in human bone. This may raise the question of whether or not 

microdamage accumulation in the mouse (in the potential absence of repair) 

is an adequate representation of the potential effects that may or may not 

arise in humans. Overall, the Brtl/+ mouse is an effective model for use in 

this study as it demonstrates similar mechanics, post-pubertal adaptations, 

up-regulation in bone remodeling, and has a genetic mutation that replicates 

the disease of a Type IV OI patient. 

The intention of this thesis was to form a clearer picture of the 

interplay between microdamage and bisphosphonate therapy, as well as any 

potential targeting mechanisms that could possibly affect long term repair of 
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microdamage. As mentioned earlier, OI patients suffer from increased bone 

fractures. It is not unreasonable to assume that with an increase in fracture 

propensity, comes an increase in inherent damage in OI bone.  Aim 1 of this 

study looked at whether or not OI bone is more susceptible to microdamage 

accumulation than a healthy bone. We hypothesized that the Brtl/+ mouse is 

more susceptible to microdamage accumulation compared to wild type (WT) 

controls. In this study we found that Brtl/+ is in fact more prone to 

microdamage accumulation, not only following cyclic loading, but during 

normal ambulation as well. In addition, we saw good correlations between 

fracture toughness and propensity to accumulate microdamage in Brtl/+.  

The outcome of this study highlights the potential that OI patients may 

possess increased levels of microdamage in their bones, which likely leads 

to whole bone loss of structural integrity.  

Having determined that Brtl/+ does in fact possess more microdamage 

than a normal healthy bone, we next set out in Aim 2 to investigate the role 
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of bisphosphonate therapy in the Brtl/+ mouse. In particular we were 

interested in assessing whether or not an extended treatment protocol would 

adversely impact the microdamage content as well as fracture toughness 

properties in the growing phase of the Brtl/+ mouse. As bisphosphonates are 

regularly administered to children who are rapidly growing, it was important 

to determine whether treatment could potentially adversely affect the bone 

negatively. We set out to test the hypothesis that bisphosphonate treatment 

would lead to an increase in microdamage content and a concomitant 

decrease in bone material properties in the Brtl/+ mouse.  

Aim 2 provided its fair share of unexpected challenges, but at the 

same time still yielded important results that shed light on some potential 

effects of bisphosphonate treatment. It is apparent that bisphosphonate 

treatment in the Brtl/+ mouse may adversely affect the bone’s cycle fatigue 

durability. Although cycle fatigue was not tested directly, the observation of 

matched stiffness loss and microdamage levels despite loading at lower 
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surface strains than untreated specimens, suggest that bisphosphonates could 

possibly be affecting the collagen structure on the microscopic level. We 

proposed that the increased levels of collagen crosslinking is likely playing a 

key role in this as well as the moderate trends towards a decrease in fracture 

toughness observed in treated specimens. It is also possible that the retention 

of calcified cartilage at the proximal metaphyseal site of the forearm could 

potentially explain the occurrences of premature fracture at the elbow 

region. This area could serve as a structural weak point for the entire 

forearm and may be more prone to fractures. 

For future work, the proposed decrease in fatigue durability with 

bisphosphonate treatment will be investigated, possibly through cyclic 

fatigue of femurs using 3-point bending. We hypothesize that after 5 weeks 

treatment, the fatigue life under high strain cyclic loading(~3500 

microstrain) will be lower than untreated bones in both Brtl/+ and WT 

femurs. Additionally, extending the current bisphosphonate treatment study 
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to 12 weeks would provide some valuable extensive data to the current 

study. Studies done by Uveges et al. demonstrated more pronounced 

differences with bisphosphonate treatment after 12 weeks of treatment as 

opposed to 6 weeks of treatment. We hypothesize that the current trend of 

decreased fracture toughness will become more significant with extended 

treatment into adulthood of the mouse.  Additionally, we suspect that the 

level of baseline microdamage in unloaded limbs after 5 weeks of treatment 

may probably be too short to see any significant differences in microdamage 

levels when compared to untreated limbs. As such, we hypothesize that there 

will be more baseline levels of microdamage in the unloaded treated limbs 

than in the unloaded untreated limbs, following 12 weeks of treatment.  

Our current observations of no differences in microdamage in 

unloaded limbs does suggest that bisphosphonates may work perfectly fine 

in low strain situations, but the implication of structural integrity does 

appear to come into question at higher strain levels. Despite the short term 



 
 

 

 

 
 

 

 

170 

nature of the bisphosphonate treatment study in Aim 2, our data shows that 

bisphosphonates are having an effect on some inherent material properties 

and are the likely culprit in comparable microdamage levels observed in 

Brtl/+ and WT mice despite the application of lower strains in treated 

specimens. Most clinical uses of bisphosphonates are long term, and with 

observations that long term use tends to lead to a decrease in bone’s 

mechanical integrity, there is the potential that the long term remodeling of 

microdamage may also be compromised. This would be somewhat 

counterintuitive to the notion of bisphosphonates improving whole bone 

strength. For Aim 3 we wanted to investigate the targeting and spatial 

distribution of bisphosphonates as well as any potential impacts on osteocyte 

apoptosis, which has been proposed as a key step in the damage repair 

process.   

This particular study took advantage of fluorescent probes and the 

imaging power of the Leica Inverted Confocal microscope. Through the use 
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of an in-vivo fluorescent bisphosphonate and fluorescent apoptosis marker, 

we were able to co-localize damage with its surrounding osteocyte lacunae. 

We firstly observed that following cyclic loading, the bisphosphonate 

fluorophore bound itself not only to osteocyte lacunae, but to the actual 

microcracks. This observation in both Brtl/+ and WT has significant 

consequences for the concept of targeted damage repair as bisphosphonates 

have been implicated as inhibitors of osteocyte apoptosis which is a 

proposed first step in damage repair.  

Our osteocyte apoptosis data provided some interesting possibilities 

that may play some role in the observed increase in up-regulation of bone 

remodeling seen in Brtl/+ (and OI). We noted a stark increase in osteocyte 

apoptosis surrounding microdamage in untreated Brtl/+ specimens when 

compared to WT untreated specimens. This raises the question of the 

possibility that the up-regulation of remodeling may happen concomitantly 

with an increase in osteocyte apoptosis. It is generally understood that viable 



 
 

 

 

 
 

 

 

172 

osteocytes keep osteoclasts away, but could Brtl/+ be compensating for its 

increased levels of microdamage by up-regulating all cellular processes 

including osteocyte apoptosis? 

Some burning questions arise from the observations of this study. 

Firstly, are RANKL expressions decreased in bisphosphonate treated bone in 

the Brtl/+ mouse? The decrease in osteocyte apoptosis levels suggest that it 

would be, as it is understood that RANKL triggers osteoclast recruitment. 

Studies done by Kurata and colleagues indicate that damage to osteocytes 

does result in the production of RANKL and other soluble factors that are 

necessary for the initial phase of osteoclastic cell formation [164]. If this 

observation is indeed somewhat linearly correlated, it would be highly 

interesting to see if bisphosphonates could be used in a regulatory fashion to 

lower osteocyte apoptosis levels to “normal” levels. One could then 

investigate whether other biological markers such as OPG adjusts to reach a 
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steady state level, or if they remain equally up-regulated regardless of 

pharmacological intervention. 

We hypothesize that the observed increases in remodeling activity 

seen in the Brtl/+ mouse is partially due to the increased levels of osteocyte 

apoptosis that we have observed in this thesis. We propose that the increase 

in osteocyte apoptosis in Brtl/+ results in increased levels of RANKL, and 

subsequent osteoclast activity. Additionally, we suspect that bisphosphonate 

treatment will suppress RANKL levels in the Brtl/+ mouse, by suppressing 

osteocyte apoptosis. To test this hypothesis, baseline RANKL levels in 

Brtl/+ would be measured using immunohistochemical staining and light 

microscopy at 8 weeks and 16 weeks of age. These results will be compared 

to Brtl/+ animals that have been treated with bisphosphonate from 3 weeks 

of age until 8 and 16 weeks of age. The aim of this experiment would be to 

determine if bisphosphonates could potentially be used to regulate 

remodeling activity. Further iterations of this study could demonstrate that at 
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the correct dosage, clinicians could potentially use bisphosphonates as a 

regulatory mechanism for patients with high bone turnover diseases.   

Several other interesting questions remain to be tested that could shed 

further light on some of the questions addressed in this thesis. Firstly, 

attaining microscopy capabilities that can delineate both basic fuchsin, and 2 

far-red flourophores such as Annexin-Vivo 750 and FRFP into 3 distinct 

signals would be an advanced capability. This would enable us to co-localize 

microdamage, bisphosphonate delivery, as well as osteocyte apoptosis in one 

scan. This would enable us to determine if bisphosphonate presence strongly 

correlates with osteocyte apoptosis. We hypothesize that cells which 

demonstrate bisphosphonate binding (through FRFP localization) will be 

less likely to undergo apoptosis (indicated by AV750 localization). This 

study would aim to investigate the direct impact of bisphosphonate treatment 

and localization on cellular processes such as apotosis. 
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Additionally, the question of microdamage repair in the mouse still 

remains somewhat of a white whale. Does it or does it not exist? Firstly it 

would be interesting to investigate if microdamage accumulates in the Brtl/+ 

mouse with age. Testing microdamage levels at 3,5,7,9,11 and 13 weeks of 

age would give us a good idea of whether damage levels increase or simply 

remain the same over time. Once this is determined, the next logical step 

would be to determine if remodeling of damage exists. This could be done 

by having a set of Brtl/+ and WT animals (n=15/group) loaded at 8 weeks of 

age and a control group of n=15/group left unloaded. Over the course of the 

next 8 weeks, 3 animals would be sacked every week and the levels of 

microdamage could be assessed to determine if loaded limbs eventually 

converged upon the unloaded animals. We hypothesize that microdamage 

levels will increase linearly over the course of several weeks. This 

experiment is a very “expensive” experiment however as it would likely 

require many mice to attain the power necessary to see differences. 
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Additionally, if remodeling in a mouse does exist, identifying the time point 

it begins will prove challenging.   

Another experiment worth pursuing is investigating whether or not 

similar levels of microdamage exist in other OI mouse models such as the 

Mov 13 mouse. The heterozygous Mov 13 mouse is different from the Brtl/+ 

mouse in that it carries a provirus that prevents the initiation of the 

transcription of the α1(I) collagen gene [165]. This mutation has been 

associated with structurally normal type-1 collagen, but at a 50% decrease in 

quantity [56]. Mechanical tests have verified that Mov 13 in fact replicates 

Type I OI [56]. Assessing the levels of baseline microdamage and 

subsequently determining the impact of bisphosphonate therapy in these 

mice would provide an interesting contrast to the current Brtl/+ mouse 

observations. The current suggestion that RANKL levels may be associated 

with increased microdamage and osteocyte apoptosis in Brtl/+ could be 

tested against the Mov 13 mouse which does not possess the up-regulation in 



 
 

 

 

 
 

 

 

177 

remodeling activity as the Brtl/+ mouse. We hypothesize that Brtl/+ bones 

possess more baseline microdamage and higher levels of osteocyte apoptosis 

than Mov 13. If this observation is correct, it could further support the notion 

that the high levels of microdamage in Brtl/+ could be partially responsible 

for the elevated remodeling activity observed in Brtl/+. Also, mechanical 

effects such as fracture toughness, as well as taking note if similar 

occurrences of premature fractures occur in the Mov 13 mouse following 

treatment will be assessed. The results of this study would provide 

information to aid clinicians in determining whether or not bisphosphonates 

are differentially better to administer to patients with simply low bone mass 

(Type I OI) or patients with increased bone turnover corresponding to 

decreased bone mass (osteoporosis or Type IV OI).   

This thesis showed that microdamage content and susceptibility to 

damage generation may play a role in bone fragility. Additionally, we 

suggest that treatment with bisphosphonates may hinder damage repair 
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through several targeting mechanisms and could potentially promote further 

fractures. Our work specifically focused on Type IV OI and made 

suggestions that the observations could be translated to other low bone mass 

diseases. From a clinical perspective, it is important to determine however if 

this observation of increased microdamage in other low bone mass diseases 

is an underlying trait of the condition. Hence looking at other models for low 

bone mass diseases for example Type I OI (Mov 13), Type III OI (oim 

mouse) and osteoporosis and determining if microdamage is an equal 

concern is an essential question to answer. We proposed that the binding of 

bisphosphonates to damage sites is a key way in which bisphosphonates lead 

to increased fragility. Hence assessing whether the binding characteristics of 

bisphosphonates are any different in these models will determine if the 

potential consequences are similar to our current study. 

 Our current studies serve as a caution to clinicians who use 

bisphosphonates to approach patients who may have high quantities of 
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microdamage carefully. Using a RANKL inhibitor such as Denosumab 

which lowers osteoclast activity but doesn’t bind to bone tissue may be the 

best way to treat these patients. Additionally, patients who have been treated 

with bisphosphonates who are suspected to have higher levels of inherent 

damage may need to be placed on a drug holiday and switched off 

bisphosphonates onto an alternative such as Denosumab. Furthermore, these 

patients could also potentially benefit from using a treatment such as 

sclerostin-antibody which would also increase the level of bone mass 

without bone tissue binding issues. 

The results of this thesis and the additionally proposed studies can be 

used by clinicians in a somewhat precautionary fashion, if the correct 

information is at their disposal. If clinicians could be provided with iliac 

crest biopsies of their patients, they could potentially determine the levels of 

microdamage in their patients before prescribing a treatment option. 

Bisphosphonate treatment to a patient with high levels of damage in their 
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bones may not be a prudent decision. With the evidence of bisphosphonate 

binding to microcracks and surrounding osteocyte lacunae, it is possible that 

bisphosphonates could prevent the repair of these cracks. This would be a 

greater concern if the patient had higher levels of baseline damage as you 

increase the likelihood of the prevention of a critical microcrack being 

repaired. Additionally, our observations of moderately reduced fracture 

toughness in concert with high strain loading demonstrating critical failures 

should prompt clinicians to make their patients aware that despite treatment 

with bisphosphonates and improved bone mass, there are still risks for 

fractures. Tempering and strictly monitoring patient’s physical activity is 

crucial to ensure that fractures in potentially weakened sites such as the 

metaphyseal regions of long bones is avoided.  

The above mentioned experiments are some of the unknown questions 

that would help somewhat close the loop in the OI-microdamage-

bisphosphonate-bisphosphonate targeting-long term repair cycle. This thesis 
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has helped to elucidate a few of these links. Further basic science studies are 

needed to help close the link. It is important to note however that the 

purpose of all of these studies is to help the patients who are afflicted with 

this disease. The findings of this thesis and the others that will subsequently 

follow will not only help the OI community, but will likely transcend to 

other low bone mass diseases such as osteoporosis.   
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