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Fracture healing is the complex biological process that restores broken bones to 

their original shape and function.  While the fracture repair process follows a 

definitive sequence of events, not all the molecular or chemical pathways are 

completely understood.  The development of animals with targeted mutations has 

allowed for the examination of specific fracture healing pathways, making the use 

of the mouse model an increasingly valuable tool in the field of orthopaedics.  

Additionally, evaluating the healing tissues using a torsional mechanical testing 

protocol is more reproducible and provides a better estimate of the 

biomechanical properties.  Therefore, the first section of this dissertation is 

focused on the development and characterization of a murine femoral fracture 

model suitable for torsional mechanical testing.  The model developed was 

tested using radiography, histology and mechanical testing and was shown to be 

 ii



comparable to other published femoral fracture models.  After validation of this 

model, the next experiment focused on exploring how a complex phenotype, 

such as bone mineral density, may affect bone healing.  Using inbred strains of 

mice with established bone mineral density values, the radiographic, histologic 

and biomechanical analyses of the healing femurs were evaluated.  This data 

showed that having a high bone mineral density actually results in lower 

mechanical properties and therefore may be deleterious to fracture repair.  

Finally, this mouse fracture model was used to see how altering the arachidonic 

acid pathway affects fracture healing.  Using genetically modified mice and the 

fracture and mechanical testing protocols as described, the role of the 

arachidonic acid pathway in fracture repair was examined.  This data showed 

that either inhibition or acceleration of fracture repair is achieved by manipulating 

this pathway. 
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1.0.0    Introduction 

1.1.0 Biology of Fracture Repair  

Fracture healing is a complex biological process that restores broken 

bones to their original shape and function.  Though the molecular and cellular 

pathways that govern fracture healing are not completely understood, the 

fracture repair process follows a definitive, multistage, chronological, and spatial 

sequence of events involving the recruitment of cells to the fracture site and the 

expression of particular genes during these stages (1-4).  Clinically, fracture 

healing has been broadly divided into two different processes:  direct or primary 

fracture healing and indirect or secondary fracture healing.   

 

1.1.1 Indirect Fracture Healing 

Indirect fracture healing is the natural biological process to restore broken 

bones to their original shape and function. This repair process is characterized by 

responses from the periosteum and surrounding external soft tissues with the 

subsequent formation of a fracture callus (2,5,6). Formation of the callus is 

generally enhanced by limited motion of the broken bone ends at the fracture site 

and is inhibited by rigid fixation of the broken bone (7).  Secondary fracture 

healing forms new bone through intramembranous ossification and endochondral 

ossification.  Intramembranous ossification is the direct formation of bone, 

without first forming cartilage, from committed osteoprogenitor and 

undifferentiated mesenchymal cells residing in the periosteum (2).  This results in 

the formation of what is histologically referred to as the “hard callus”.    
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Endochondral ossification involves the recruitment, proliferation, and 

differentiation of undifferentiated mesenchymal cells into cartilage.  This newly 

formed cartilage eventually becomes calcified and is replaced by bone during the 

process of endochondral ossification (2). 

In 1975, Cruess and Dumont proposed a sequence of three overlapping 

stages to characterize the fracture healing cascade (8).  The first stage was 

defined as the inflammatory reaction stage, followed by the reparative stage and 

finally bone remodeling stage.  This scheme was based largely on descriptive 

histology.  Other groups have divided fracture healing into as many as five 

phases or stages (2,7,9).  For simplicity, the three stages as proposed by Cruess 

and Dumont will be discussed.  It should be noted that none of these events are 

independent.  In fact, the stages overlap with the results of the earlier stages 

affecting the progress of the later stages. 

 

1.1.1.1     The Inflammatory Reaction Stage 

The inflammatory reaction stage is the period immediately following bone 

fracture and is the initiating event of the fracture repair process.  Due to the 

disruption of skeletal integrity, normal vascular structures, and nutrient flow at the 

fracture site, there is a reduction in oxygen tension and a disruption of the bone 

marrow architecture.  This causes the infiltration of inflammatory cells, 

macrophages, and degranulation of platelets and results in the formation of a 

blood clot, or hematoma (2,10).  This clot serves as a reservoir for cytokines and 

growth factors that begin the healing cascade (11).  Inflammatory cells and 
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platelets within this clot release important factors needed for chemotaxis, 

proliferation, angiogenesis and differentiation of mesenchymal cells into 

osteoblasts or chondrocytes (11,12).  The hematoma also establishes a fibrin 

network that provides a pathway for further cell migration (8).  While not all 

pathways are known, it is presumed that various growth factors responsible for 

regulating cell migration and differentiation, which are normally trapped in the 

bone matrix, get released into the local environment during this time (13,14).   

 

1.1.1.2 The Reparative Stage  

Within a few days after fracture, intramembranous bone formation begins.  

Cells in high cellular density regions become differentiated and take on an 

osteoblastic phenotype (10).  Additionally, osteoblasts lining the cortical bone 

surface become activated and periosteal pre-osteoblasts divide and begin to 

differentiate (2).  This results in the formation of woven bone, or hard callus, near 

the peripheral edges of the fracture site.   

At the same time, granulation tissue is formed between the bone 

fragments as the hematoma is removed by macrophages and giant cells.  This 

granulation tissue will begin to be replaced by cartilage that spans the fracture 

gap and is referred to as soft callus.  It is the soft callus that provides the initial 

stabilization of the fracture site.  This newly formed cartilage callus is initially 

characterized by high levels of type II collagen expression.  As the chondrocytes 

of the soft callus located near the woven bone of the hard callus start to become 

elongated, they form elaborate vesicular structures. As the chondrocytes mature, 
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they become hypertrophic and express type X collagen similar to the 

hypertrophic chondrocytes of the growth plate (15-18).  Matrix vesicles bud from 

these chondrocytes and begin to detach from the cytoplasmic processes as they 

migrate to the extracellular matrix.  It is here that they appear to deposit 

proteolytic enzymes responsible for breaking down the cartilage as it is prepared 

for calcification (19).  Phosphatases, also contained in matrix vesicles, are also 

released to help degrade phosphodiesters.  The phosphodiesters release 

phosphate ions needed for calcium precipitation used in ossification (15).  The 

mineralization of the soft callus proceeds in an organized manner with 

hypertrophy of chondrocytes and calcification beginning at the interface between 

the maturing cartilage and newly formed woven bone.  After the cartilage 

calcifies, angiogenesis begins.  Angiogenesis introduces a blood supply to the 

fracture site and is crucial for the progression of fracture healing.  Growth factors 

that stimulate angiogenesis, such as fibroblast growth factor (FGF) and vascular 

endothelial growth factor (VEGF) are present in the fracture site and potentially 

enhance the healing process by affecting chondrocytes and osteoblasts (20-22).  

As osteoblastic progenitors are brought into the area with the new blood vessels, 

osteoclasts begin to resorb the calcified tissue.  Chondrocytes in the area are 

removed by a combination of apoptotic cell death and some cell necrosis.  

However, there is no transdifferentiation of chondrocytes to osteoblasts (23).  

Vascularization is necessary during this stage and is thought to be necessary for 

recruitment of osteoblastic progenitors necessary for bone deposition (24).  The 



 

    

5

osteoblastic progenitors differentiate into osteoblasts that produce the woven 

bone to unite the fracture ends.   

 

1.1.1.3 The Bone Remodeling Stage 

The final stage of the fracture healing is characterized by the remodeling 

of the woven bone to reform the intramedullary canal and restore the mechanical 

strength of the healing bone to that of intact bone.  During remodeling, the 

fracture callus diminishes until the bone regains its normal dimensions (25).  

Also, the bones overall mechanical properties are enhanced by replacing the 

mechanically poor woven bone with the mechanically stronger and more mature 

lamellar bone.  Osteoclasts resorb the woven bone which osteoblasts then 

replace with lamellar bone.  This process is responsive to the local mechanical 

environment and allows the collagen fibers in the lamellar bone to be oriented in 

alignment with the mechanical stresses of the bone (9). 

 

1.1.2 Direct Fracture Healing  

Primary fracture healing is an artificial process that arises by surgical 

manipulation of the bone fragments.  Primary fracture healing is sometimes 

referred to as direct fracture healing.  For primary fracture healing to occur, bone 

on both sides of the fracture site must be juxtaposed to reestablish mechanical 

continuity.  This process only occurs when there is an anatomic restoration of the 

fracture fragments using rigid internal fixation.  This rigid fixation results in a 

substantial decrease in the interfragmentary strain (7).  This decrease in strain 
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allows bone resorbing cells to directly reestablish new haversian systems.  The 

haversian systems generated provide pathways for new blood vessels, along 

with endothelial and perivascular mesenchymal cells, to infiltrate the damaged 

area.     It is these endothelial and perivascular mesenchymal cells that become 

the osteoprogenitor cells for osteoblasts.  This results in the formation of discrete 

remodeling units that aid in restoring bone tissue continuity across the fracture 

(7).  Additionally, the removal of the periosteum during surgery results in little to 

no periosteal response.  Subsequently, there is very little fracture callus 

formation observed (2,5-7) and healing proceeds by normal osteonal remodeling.  

As an increasing number of osteons span the fracture site, the two sides become 

united.   

 

1.2.0    Gene Expression During Fracture Healing 

While the fracture repair process is relatively well described, little is 

understood about the coordinated regulation of events leading to successful 

fracture repair.  It is clear that fracture repair involves the regulation of cellular 

chemotaxis, proliferation, and differentiation and that these events are regulated 

by growth factor signaling.  Many signaling molecules are involved in secondary 

fracture healing that help contribute to the success in the initiation and control of 

these biological processes.  These include the transforming growth factor- beta 

superfamily, pro-inflammatory cytokines and multiple angiogenic factors (12,26-

28).     
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1.2.1    Transforming Growth Factor Beta (TGF-β) Superfamily  

The TGF-β superfamily is a large group of growth and differentiation 

factors that includes transforming growth factor-beta (TGF-β), bone 

morphogenetic proteins (BMP’s) as well as growth differentiation factors (GDFs), 

activins and inhibins.  These factors are made as high molecular weight 

precursors that are activated by proteolytic enzymes and act on serine/threonine 

kinase membrane receptors located on target cells (28,29).  Specific members of 

this superfamily help promote various stages of intramembranous and 

endochondral bone ossification during fracture healing (1).   

 

1.2.1.1    Transforming Growth Factor Beta (TGF-β) 

During the initial inflammatory phase, platelets release TGF-β (11,30).  

Due to the time of expression, it is thought to play a role in callus formation 

(11,30).  TGF-β is also produced by osteoblasts and chondrocytes and is stored 

in the bone matrix (31).  Its effect is mediated through Type-1 and Type-2 

serine/threonine kinase receptors and is responsible for activating the Smad-2 

and Smad-3 pathways (32).  TGF-β enhances proliferation of mesenchymal stem 

cells, pre-osteoblasts, osteoblasts and chondrocytes (31).  TGF-β induces the 

production of collagen, proteoglycans, osteopontin, osteonectin, alkaline 

phostphatase as well as other extracellular proteins (4).  While the main role of 

TGF-β is thought to be during chondrogenesis (20), it may also initiate signaling 

for BMP synthesis by osteoprogenitor cells and may inhibit osteoclastic activation 

and promote osteoclast apoptosis (30,33).   
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1.2.1.2 Bone Morphogenetic Proteins (BMPs) 

Bone morphogenetic proteins (BMPs) are pleiotropic morphogens that 

play a critical role in differentiation, growth and apoptosis of multiple cell types, 

including osteoblasts, chondrocytes and epithelial cells. BMPs bind to type II 

serine/threonine kinase receptors which transphosphorylate type-I receptors 

initiating the Smad intracellular signaling cascade that regulates the transcription 

of target genes (34-37).   

Cheng et al. proposed an osteogenic hierarchical model of BMPs.  In 

summary, this model suggested BMP-2, -6 and -9 may be the most potent to 

induce osteoblast differentiaton from cells of mesenchymal origin while most 

other BMPs (excluding BMP-3 and -13) can promote the end differentiation of 

committed osteoblastic precursor cells and osteoblasts (38).  BMPs are also 

involved in the sequential cascade of events, including chemotaxis, cell 

proliferation and differentiation, angiogenesis and extracellular matrix production, 

necessary for chondrogenesis (3,34).   

Another important function of BMPs is to stimulate the synthesis and 

secretion of other necessary bone and angiogenic growth factors, specifically 

insulin-like growth factor (IGF) and vascular- endothelial growth factor (VEGF) 

(39).  BMPs may also stimulate bone formation by activating endothelial cells to 

promote angiogenesis (40,41).   
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1.2.2 Fibroblast Growth Factors (FGFs) 

The fibroblast growth factors (FGFs) are a family of structurally related 

polypeptides that are known to have a crucial role in angiogenesis and 

mesenchymal cell mitogenesis (42-44).   The most abundant FGFs in normal 

adult tissue are acidic fibroblast growth factor (FGF-1 or α-FGF) and basic 

fibroblast growth factor (FGF-2 or β-FGF).  Both α-FGF and β-FGF promote 

growth and differentiation in many cells such as fibroblasts, myocytes, 

osteoblasts, and chondrocytes.    The mitogenic effects of α-FGF  have been 

associated with chondrocyte proliferation (45,46), while β-FGF is expressed by 

osteoblasts and is typically more potent (43,47,48).   

The FGF family transduces signals by a group of four receptors that 

contain distinct membrane-spanning tyrosine-kinase domains (47,49).  Mutations 

in the FGF receptors have been associated with abnormalities in 

intramembranous and endochondral ossification resulting in several skeletal 

dysplasias, including achrondroplasia, thanatophoric displasia, and 

hypochondroplasia (50,51).    

 

1.2.3   Platelet-Derived Growth Factors (PDGFs) 

Platelet-derived growth factor (PDGF) is a homo or heterodimeric 

polypeptide that has A and B poly-peptide chains (PDGF AA, PDGF BB and 

PFGD AB) (52-54). The effects of PDGF are exerted through receptors that have 

tyrosine kinase activity and is synthesized by platelets, macrophages, endothelial 
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cells, monocytes and osteoblasts and is a strong mitogen for mesenchymal cells 

(55).   

PDGF is released by platelets during the early stages of fracture healing 

(56) and is stimulated by arachidonic acid (the precursor for prostaglandins) (57).  

PDGF has a major proliferative and migratory stimulus for MSCs and osteoblasts 

and a strong chemotactic stimulator for inflammatory cells (31).  Interleukin-1 (IL-

1), tumor necrosis factor-alpha (TNF-α), and TGF-β effect how PDGF binds to 

tyrosine kinase activity receptors  (28,52).  

 

1.2.4   Insulin–Like Growth Factors (IGFs) 

Osteoblasts, endothelial cells and chondrocytes are the source for insulin 

growth factor-I (IGF-I, somatomedin-C) and II (IGF-II, skeletal growth factor) 

(28,31).  IGF-I promotes bone matrix formation by fully differentiated osteoblasts 

(58).  IGF-II acts during the later stages of endochondral bone formation and 

stimulates type 1 collagen production, cellular proliferation and cartilage matrix 

synthesis (59). Although IGF-2 is the most abundant growth factor in bone, IGF-1 

has been found to be more potent (31) and has been localized in the healing 

fractures of rats and humans (60,61).  

 

1.2.5   Pro-Inflammatory Cytokines 

Pro-inflammatory cytokines, including interleukin-1 (IL-1), interleukin-6 (IL-

6), and tumor necrosis factor alpha (TNF-α) have been shown to play a role in 

initiating the repair cascade or are expressed in the early stages of fracture repair 
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(12,62).  While macrophages and inflammatory cells are responsible for secreting 

these cytokines, they are also secreted by cells of mesenchymal origin located in 

the periosteum (63).    These cytokines recruit other inflammatory cells by 

chemotaxis, they enhance extracellular matrix synthesis and stimulate 

angiogenesis while recruiting endogenous fibrogenic cells to the injury site (63).  

Their peak expression is during the first 24 hours post-fracture, then is lowered 

during cartilage formation and finally rise again during remodeling (62,63).  

Cytokines are also responsible for regulating endochondral bone 

formation and remodeling (20).  While TNF-α promotes recruitment of 

mesenchymal stem cells, it also induces apoptosis of hypertrophic chondrocytes 

during endochondral ossification and stimulates osteoclastic functions.  Loss of 

TNF-α results in a delay in the resorption of mineralized cartilage, leading to the 

prohibition of new bone formation, resulting in an inhibition of fracture healing 

(62). 

 

1.2.6   Angiogenic and Metalloproteinase Factors 

Matrix metalloproteinases (MMPs) are an enzyme family of more than 20 

zinc-dependent proteases that are largely responsible for the degradation of 

extra-cellular matrix and are therefore required for extra-cellular matrix 

remodeling (64-66).  During the last stages of endochondral ossification and 

remodeling, matrix metalloproteinases degrade the cartilage and bone and 

allows the infiltration of new blood vessels (27).  During fracture healing, MMPs 
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2, 9, 13, and 14 are quantitatively expressed at the highest levels while lower 

levels of MMP 16, 19, 23,  and 24 expression are observed (67).   

As stated earlier, angiogenesis that results in adequate blood supply to 

the fracture site is essential for bone regeneration.  There are two separate 

pathways that are believed to help regulate angiogenesis.  The first pathway is a 

vascular-endothelial growth factor (VEGF) dependent pathway. The second is 

the angiopoietin-dependent pathway (27).  Both pathways are most likely 

functional during fracture repair, with VEGF being essential in mediating new 

angiogenesis and endothelial-cell mitogens (68) and angiopoietin 1 and 2 being 

responsible for regulating vascular morphogenetic molecules responsible for 

forming larger blood vessels and developing branches off of existing vessels 

(27).   

 

1.3.0     Bone Mineral Density, Bone Quality and Fracture Risk 

Osteoporosis is a debilitating disease characterized by low bone mass 

and structural deterioration of bone.  This leads to bone fragility and an increased 

risk of fracture (69).  Fracture resistance is determined by the strength of the 

bone, which is dependent on the geometric properties, the activities of cells in the 

bone tissue, and the material properties of the bone tissue (70-72).  However, 

unlike fragility, which can only be measured by destructive means, bone mineral 

density is readily accessible by non-invasive measures of bone mineral content.  

Therefore, the most commonly used clinical indication of osteoporosis and 

fracture risk is by measuring bone mineral density (73).  Evidence suggests that 
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over 70% of peak bone mass is determined genetically in humans (74-80) and 

studies have begun to investigate the genes that may be responsible for 

acquiring adult peak bone density.     In one report, it was suggested that  vitamin 

D receptor (VDR) alleles can be associated with, and possibly responsible for, 

genetic variations in bone density (81).  However, translating this data to human 

populations has provided various results (82-84).  These conflicting results are 

thought to be attributed to the genetic heterogeneity of the human population 

along with environmental differences in the studied populations.   

In contrast, inbred mice possess identical genetic backgrounds and 

therefore provide excellent animals to study the involvement of genetic factors 

including bone mineral density.  Inbred strains of mice were developed by 

repeated matings between siblings for at least 20 consecutive generations (85).  

This resulted in nearly 100% homozygosity at all alleles across the mouse 

genome.  This process was continued through the 60th generation, allowing 

inbred mice to become 100% homozygous at all loci (except for any spontaneous 

mutations which arose), thereby providing genetically identical mice.  Because 

every inbred strain is genetically different from every other inbred strain, planned 

matings to study the segregation of genes essential for bone density is possible 

(86). 

A number of laboratories have used quantitative trait loci (QTL) methods 

to scan the mouse genome to identify candidate genetic loci, and ultimately the 

genes that affect bone properties (87-92).  Mineral content also has been 

correlated with a variety of whole bone properties (including stiffness, strain and 
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ultimate load) (93,94).  Moreover, studies have also shown that bone becomes 

more brittle when the mineral content exceeds a critical value (95) and less able 

to bear load when mineral content is too low (96).  This indicates that having a 

high bone mineral density may help prevent a bone fracture.  However, no data 

exists suggesting that having high mineral bone density will result in faster 

healing if a fracture was sustained.   

 

1.4.0 Arachidonic Acid Metabolism  

Because the inflammation stage is an important part of the repair process 

in the normal response to infection or injury, it is important to study the pathways 

that help mediate these responses. One important pathway is the arachidonic 

acid pathway (Figure 1.1).   
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Arachidonic acid is an ω-6 polyunsaturated fatty acid that is converted into 

biologically active lipid compounds termed eicosanoids (97).  Eicosanoids 

comprise a large family of biologically active lipid mediators that are produced by 

two enzyme classes, cyclooxygenase (COX) and 5-lipoxygenase (LOX), which 

then produce prostaglandins and leukotrienes, respectively (98-103).  

Prostaglandins and leukotrienes are involved in diverse biological functions, 

including cell proliferation (104,105), cell survival (106-108), modulate cell 

adhesion and motility (105,106), angiogenesis (108,109), increased vascular 

permeability (110,111), and inflammation (97,112),   

 

1.4.1     Prostaglandin Biosynthesis 

Prostaglandins are made by most cells of the body and act locally as 

autocrine and paracrine lipid mediators (113).  Osteoblasts synthesize 

prostaglandins to stimulate bone formation and aid in bone resorption (114).  

Prostaglandins are not stored, but are synthesized from membrane-released 

arachidonic acid when cells are stimulated by mechanical trauma or by a specific 

growth factor or cytokine.  This signaling ultimately affects intracellular cAMP and 

calcium levels by a specific receptor or group of receptors (97,115). 

As seen on the left side of Figure 1.1,  after stimulation, phosholipase A2 

causes the hydrolysis of arachidonic acid from the glycerophospholipids of the 

cell membrane (116-118).  The COX enzyme converts the released arachidonic 

acid into prostaglandin G2 (PGG2) by adding two oxygen molecules (119).  

Additional peroxidase activity reduces this PGG2 to its 15-hydroxy analog, 
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prostaglandin H2 (PGH2) (113,120-122).  Isomerases further convert PGH2 into 

prostaglandin E2, prostaglandin D2, prostaglandin F2, prostaglandin I2 and 

thromboxane A2 (113,120,121,123).   

 There are two main isoforms of the COX enzyme, prostaglandin 

endoperoxide H synthases-1 and 2 (PGHS-1 and PGHS-2).  These are more 

commonly called cyclooxygenase-1 (COX-1) and cyclooxygenase-2 (COX-2). 

COX-1 is always present in tissues, while COX-2 is induced by appropriate 

physiological stimuli, such as cytokines, tumor promoters, and growth factors 

(124,125).  The genes for these two enzymes are about 65% homologous in their 

coding regions and each have a molecular weight of approximately 70kD 

(126,127).  COX-1 and COX-2 are products of distinct, single-copy genes located 

on different chromosomes (128-134). The promoter region of the COX-2 gene (or 

Ptgs2) contains a TATA sequence, but the COX-1 gene (or Ptgs1) promoter 

lacks a TATA box (116).  Through crystallographic analysis, an important 

difference between COX-1 and COX-2 was observed.  The long hydrophobic 

channel running from the membrane-binding surface of the enzyme to the active 

site was somewhat larger in COX-2.   Also, COX-2 had a small side pocket 

pointing away from the catalytic site (116,119).  While there are differences 

between the two genes, the enzymatic activities and substrate specificities are 

similar (116,135).   
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1.4.1.1 Homeostatic versus Pro-Inflammatory Actions of COX-1 and COX-2 

COX-1 is the only cyclooxygenase isoform expressed in normal gastric 

mucosa and is the only cyclooxygenase found in platelets (123).  In the gastric 

antrum (or the distal part of the stomach before the outlet lined with mucosa not 

involved in acid production), PGE2 and PGI2, which are synthesized as a result of 

COX-1 activity, promote vasodilation that maintains mucosal integrity (136).  In 

the kidney, COX-1 generates the vasodilatory prostaglandins PGE2 and PGI2 that 

helps maintain blood flow and glomerular filtration rates (137,138).  In platelets, 

COX-1 is essential for production of thromboxane A2 (TBA2), which is necessary 

for platelet aggregation (139).  Therefore, it is suggested that the main function of 

COX-1 is to maintain homeostasis and promote specific physiological activities. 

Unlike COX-1, COX-2 is not detectable in most normal tissues, (113,120-

122,140).  However, when macrophages and endothelial cells were challenged 

with inflammatory mediators, COX-2 mRNA and COX-2 protein were up-

regulated at the sites of inflammation and detectable before the increase in local 

prostaglandin production (141).  While COX-1 was present in both macrophages 

and endothelial cells, it was not upregulated after challenged with inflammatory 

mediators. This suggested that COX-2 is an inducible enzyme that accounts for 

the local increase in production of arachidonic acid metabolites at the sites of 

inflammation. These metabolites are responsible for edema, vasodilation and 

pain, all clinical signs of inflammation (141).   

Recent investigations have shown that these are only generalizations of 

the roles COX-1 and COX-2 play.  Animal studies have shown that COX-2 also 
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plays a homeostatic role, as it is constitutively expressed in the kidney (142,143) 

and brain (144,145).  Furthermore, while it is induced by inflammatory responses, 

it is also induced by physiological stimuli in the ovary (146), uterus (147,148), 

kidney (142), brain (149), cartilage (150), and bone (151,152).  In addition, COX-

1 has been shown to be inducible and not solely homeostatic.  After radiation 

injury, it is present in the crypt cells of the small intestine (153).  It also may play 

a role and contribute to inflammation (154).   All of these findings indicate that the 

individual roles of COX-1 and COX-2 need further investigation. 

 

1.4.2     Leukotriene Biosynthesis 

Leukotrienes are mainly made by inflammatory cells, such as 

polymorphonuclear leukocytes, macrophages, and mast cells.  Leukotrienes are 

lipid mediators that are integral in immune responses and maintaining tissue 

homeostasis (97).  Synthesis of leukotrienes may be divided into two pathways, 

one to create the slow reacting substances of anaphylaxis [(SRS-A) or cysteinyl 

leukotrines (CysLTs)] and the other to create leukotriene B4 (LTB4) (155).   

5-lipoxygenase (5-LO) is the key enzyme responsible in synthesizing 

leukotrienes and is located in the nucleus and cytosol of different cell types (156).  

This enzyme is a 72 to 80 kD monomeric soluble protein that contains a 

nonheme iron believed to be necessary for catalysis (157).   Furthermore, 5-LO 

requires Ca2++ and is stimulated by ATP, membranes, phosphatidylcholine, and 

lipid hydroperoxides (158).   
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Following cellular stimulation, arachidonic acid is released by 

phospholipase A2 (Figure 1.1).  Subsequently, 5-LO catalyzes the oxidation of 

arachidonic acid at the five-position to produce 5-hydroperoxy eicosatetraenoic 

acid (5-HpETE), which is dehydrated to produce the epoxide, leukotriene A4 

(LTA4).  LTA4 is the critical intermediate in the synthesis of inflammatory and 

anaphylactic mediators.  Depending on the cellular circumstance, LTA4 has three 

possible fates: hydrolysis, conjugation with glutathione, or transcellular 

metabolism to generate bioactive lipid mediators (159).  In the neutrophil and 

monocyte, LTA4 is mainly converted to the chemoattractant LTB4 by LTA4 

hydrolase (160).  In human eosinophils, mast cells and basophils, LTA4 is 

conjugated with reduced glutathione by LTC4 synthase to form LTC4 (161). 

Further enzymatic activity on LTC4 can subsequently generate the extracellular 

metabolites, LTD4 and LTE4.  LTC4, LTD4 and LTE4 make up the CysLTs, a 

group of slow-reacting substances of anaphylaxis that sustain smooth muscle 

contraction (99).   

Lipoxins (lipoxygenase interaction products or LXs) are also generated 

through the sequential lipoxygenation of arachidonic acid by 15- and 5-

lipoxygenase to yield an unstable epoxide intermediate, 5(6)epoxytetraene 

(101,162).  This intermediate may then be converted to the major bioactive 

lipoxins, LXA4 and LXB4 through reactions catalyzed by LXA4 and LXB4 

hydrolases (101,162).  Lipoxin biosynthesis is greatly changed through 

transcellular pathways if granulocytes are activated during co-incubation with 

platelets (163-168).  Platelets cannot generate lipoxins from arachidonic acid.  
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During transcellular interactions, however, platelets convert neutrophil-derived 

LTA4 to 5(6)epoxytetraene through the action of platelet 12-lipoxygenase (12-LO) 

(163-168). This same enzyme functions as 15-lipoxygenase (15-LO) when its 

substrate is LTA4.  Therefore, within the multicellular inflammatory environment, 

LTA4 can serve as a crucial intermediate for both leukotriene and lipoxin 

formation. 

Leukotriene action requires G-protein-coupled receptors.  These receptors 

are members of the rhodopsin-like receptor superfamily (169,170).  LTB4 signals 

through either the BLT1 or BLT2 receptors which ultimately affect intracellular 

cAMP or calcium levels (102,171-174).  The CysLTs signal through the CysLT1 

or CysLT2 receptors to affect intracellular calcium (175-177).   

Similar to prostaglandins, the functions of all leukotrienes are not known 

and their functions may possibly be cell-specific.   

Additionally, 5-lipoxygenase activity is dependent on a protein cofactor, 5-

lipoxygenase activating protein, or FLAP.  FLAP is an 18 kD membrane 

associated arachidonic acid binding protein whose function is to optimally 

present substrate to 5-LO (178).  

  

1.4.3    Drugs Affecting Prostaglandin and Leukotriene Formation and Action 

Nonsteroidal anti-inflammatory drugs (NSAIDs) function by inhibiting 

cyclooxygenase activity.  Traditionally, NSAIDs have inhibited COX-1 activity as 

much or more than COX-2.  For example, indomethacin acts primarily on COX-1, 

while ibuprofen affects COX-1 and COX-2 equally (179).  This activity resulted in 
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the desired outcome of decreased inflammation by inhibiting COX-2; however, it 

also inhibited the prostaglandin production by COX-1, which is necessary for 

normal cell function.  Consequentially, this lead to multiple negative side effects, 

such as gastric bleeding and ulceration (136,180-182).  Estimates indicate that 

about 25% of patients using traditional NSAIDs experience some side effects, 

with about 2% developing serious health issues (183-185).  In response to these 

problems, drugs were developed that target the COX-2 enzyme more specifically 

(COXIBs).  The goal of this was to interfere with the production of prostaglandins 

manufactured though the COX-2 pathway while simultaneously sparing the 

prostaglandins produced by COX-1 that are necessary for normal tissue function 

(179,186)  

Leukotriene action may be blocked by inhibiting leukotriene production or 

by inhibiting leukotrienes from binding to their cellular receptors (187).  Because 

leukotrienes work to contract smooth muscle, increase vascular permeability 

increase mucus secretion and attract and activate inflammatory cells, most 

leukotriene inhibitors were developed for patients with asthma (188).  Zileuton, a 

specific inhibitor of 5-LO, inhibits the production of leukotrienes, especially LTB4, 

LTC4, LTD4 and LTE4.  Zafirlukast and montelukast are both selective and 

competitive leukotriene receptor antagonists of LTD4 and LTE4 (189,190).   
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1.5.0     Evaluation of Experimental Fracture Healing  

1.5.1   Radiography 

Radiography is one of the more useful diagnostic tools in assessing 

fracture healing and is essential for identifying and defining a fracture (191).  

Radiography provides a minimally invasive way to visualize callus formation after 

mineralization (192,193).  With the aid of anesthesia, animals may be serially 

radiographed to allow assessment of fracture healing over time without sacrifice.   

While many fractures are visible as an abnormal radiolucent line, some 

fractures have no visible line, particularly those due to compression or other 

pathological process.  Since standard radiography only generates a two-

dimensional image, a minimum of two views is usually necessary.  The views are 

usually perpendicular to each other in order to adequately assess the fracture 

and subsequent healing process (191).         

High resolution radiography is useful by magnifying information not easily 

detected using standard radiography.  Magnifying a film is achieved by one of 

two ways: by either optically enlarging the image using fine grain film or by 

increased the distance between the specimen and the film.  With a small x-ray 

focal spot and an air gap to decrease scatter, a two to fourfold geometric 

enlargement may be obtained (194,195).   

In fracture healing animal studies, radiographs are typically taken 

immediately after surgery to examine the location of the fracture and the quality 

of the fixation.  Additionally, post-sacrifice radiographs are also generally taken 

and may be used for a variety of measurements, such as bone density or bone 
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dimensions.  For long bone fractures, various healing parameters, such as 

periosteal reaction (callus formation), quality of union and bone remodeling, may 

be quantified on radiographs by using different scoring systems. 

 

1.5.2     Histology and Histomorphometry 

Histology is another basic parameter for assessing fracture healing in 

animal models.  Common histological parameters, including callus formation, 

bone union, marrow changes and cortex remodeling, may be examined by using 

stained calcified or decalcified sections cut through the fracture callus and 

surrounding area (196,197). 

 Histomorphometry is another useful tool in evaluating fracture healing. 

Slides prepared for histological examination may be used to calculate multiple 

parameters, including specific cell counts, bone length and callus area.  

However, unlike histology, which presents a qualitative assessment of fracture 

healing, histomorphometry allows for quantitative assessment (198). 

 

1.5.3     Mechanical Testing 

Since one goal of fracture healing is to restore the mechanical integrity of 

the bone, the mechanical properties of the healing fracture callus are important to 

investigate. In order to evaluate the mechanical properties at the structural 

(whole bone) or material (bone tissue) level, mechanical testing of the fractured 

and contralateral control limb is frequently performed.  Cross-sectional geometry 

is determined from the measurement of the bone before testing or from 
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measuring the contralateral control bone.  Structural properties (for example, 

peak torque and rigidity) may then be measured or calculated from torsion or 

bending tests.  Material properties (shear stress and shear modulus) may also be 

estimated by using the measured geometric and structural properties along with 

appropriate engineering equations.  Three types of tests are most commonly 

used in estimating the mechanical properties of whole or fractured bone:  three-

point bending, four-point bending and torsional testing (199).   

 

1.5.3.1     Three-Point Bending 

Standard three-point bending is performed by placing the specimen on 

two supports.  A center load is then placed equidistant between the supports to 

equally distribute the force across the two supports (Figure 1.2, panels A and B).  

The force generated by the center load that is required to bend the bone a 

specific distance or break the bone is measured.  In addition, the distance the 

center load travels is also measured.  The force generated from the center load 

creates compressive and tensile forces on the specimen on opposite sides.   Due 

to its simplistic nature, many whole-bone studies implement the use of a three-

point bending model.  However, this model is considered inadequate for fracture 

healing studies since this type of bending test places a large center load on the 

fracture site, leading to high shear stresses and inconsistent movement near the 

midsection of the bone and distortion of the fracture callus during testing (Figure 

1.2, Panel C) (200). 
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1.5.3.2     Four-Point Bending 

A four-point bending mechanical test is another common protocol used in 

many animal studies.  Four-point bending is designed with the specimen placed 

on two end supports.  Two center loads are placed a uniform distance from the 

two supports (Figure 1.3, Panels A and B) and the force generated by these two 

loads that is required to bend the bone a specific distance or break the bone is 

measured.  The force generated from the center loads creates compressive and 

tensile forces on the specimen on opposite sides. Four-point loading produces 

pure bending between the upper two loading points.  However, four-point 

bending requires that the force at each loading point be equivalent.  This is hard 

to achieve when the material is irregularly shaped, such as with bone.  

Additionally, the span of the specimen that is loaded must be sufficiently long 

(usually sixteen times the thickness of the specimen) to reduce measurement 

errors (200).  This is because if the working length is very short, most of the 

displacement induced by loading will be due to shear stresses and not bending.  
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To guarantee a length-to-width ratio of 16:1 in small animal models would be 

nearly impossible.  Also, various locations and sizes of the newly formed fracture 

callus would further make consistent placement of the loads and supports more 

complicated (Figure 1.3, Panel C).  Finally, any internal fracture stabilization 

would have to be removed prior to testing, potentially destroying the sample.   

 

 

1.5.3.3  Torsional Mechanical Testing 

Torsional mechanical tests are performed by rigidly securing (“potting”) the 

two ends of the sample in place to prevent slipping, while the working length, or 

gage length (GL), remains exposed.   This test is performed by twisting one end 

of the specimen while the other end is held fixed (Figure 1.4, Panels A and B).   

Parameters calculated from torsion tests, such as torsional rigidity, shear stress, 

and shear modulus are useful for determining the structural and material 

properties of the healing tissue.  This type of mechanical test requires the 

specimen to be perpendicular to the potted ends and to be located on the neutral 

axis to ensure accuracy.  Therefore, uniform samples are better suited for this 

type of mechanical testing.  While the curved geometry of the tibia and the 
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confounding effect of the fibula make it unsuitable for torsional mechanical 

testing, the femur is a relatively straight long bone that should be more ideal for 

torsional testing.  Furthermore, unlike bending tests, there is more flexibility as to 

the location and size of the fracture callus and to the size of the sample 

specimen (Figure 1.4, Panel C).  Additionally, any internal fixation may remain 

during testing without compromising the results.  This is because the stabilization 

should be located at the neutral axis and should not affect the testing (201). 

Therefore, smaller animals, like the mouse, may also be tested effectively.  

 

 

1.6.0    Models of Fracture Healing 

 Fracture healing has been evaluated using several animal models and 

various fracture types.  The selection of the model type is dependent on the aims 

of the particular experiment.   The challenges in experimental fracture models 

involve the stability of the fixation and the reproducibility in creating a natural 

fracture to give a valid representation of the fracture repair process (202,203).  In 
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essence, a proper animal model must follow a highly reproducible order of events 

beginning with hematoma formation followed by inflammation, cell migration and 

proliferation, chondrocyte differentiation, endochondral ossification, and bone 

remodeling.  Furthermore, animals used for biomechanical models should follow 

the four biomechanical stages of fracture healing as proposed by White et al. in 

1977 (Table 1.1). These stages correlate with the progressive increases in the 

average force and energy absorption to failure as healing progresses (204).   

 

Table 1.1.  The Four Biomechanical Stages of Fracture Healing (204). 

Stage Description 

I Bone fails through original fracture site.  Low-stiffness with rubbery pattern. 

II Bone fails through original fracture site.  High-stiffness with hard-tissue pattern 

III Bone fails partially through original fracture and partially through intact bone.  
High-stiffness with hard-tissue pattern. 

IV Bone fails through intact bone.  High-stiffness with hard-tissue pattern. 

 

 Animals most commonly used for fracture models are mice, rats, rabbits, 

dogs, sheep and goats (203,205-207).  Large animal models, like dogs, closely 

resemble human bone and are valuable in orthopaedic studies (202).  However, 

the ultimate cost of using these models may be restricting.  Some animal fracture 

models (for example, the mouse and rat) differ physiologically from human 

cortical bone by lacking normal haversian remodeling.  Rodent cortical bone 

remodeling occurs primarily along endosteal and periosteal surfaces (208).  This 

is a particularly important difference during remodeling.  In spite of this, rodents 

are widely used in orthopaedic research.  While the rat has been extensively 

used in fracture studies (209-215), recent literature suggests that in vivo murine  
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models are becoming increasingly important in bone research.  Using the mouse 

model allows investigators to examine the interactions between the mechanical, 

metabolic and functional characterizations of bone in animals with targeted 

genetic alterations.   

 Previous fracture models in the mouse have used the mandible, ribs, tibia, 

and femur as the fracture site to study bone healing.  Studies including the 

distraction osteogenesis model for the mouse (216) and mandibular osteotomy 

murine model (217) were used to explore intramembranous ossification in 

genetically altered mice.  Therefore, using these models is not suitable for 

exploring the endochondral ossification response associated with fracture 

healing.  The mouse rib was fractured to study the expression of 

metalloproteinase-13 during fracture healing (218).  Unfortunately, mechanically 

testing this type of bone using any method is difficult and inconsistent. Two 

investigators have reported on the development of a tibial fracture model, both 

non-stabilized (219) and stabilized (220).  This tibial fracture model was 

subsequently applied to study both the histological and gene expression patterns 

during fracture healing in the mouse tibia (221-224).  Lastly, the murine femoral 

model has also been used to study genetic expression (225-233) and mechanical 

properties (234-237) of fracture healing.   However, in none of these studies were 

the radiographic, histological, and mechanical testing analyses extensively used  

to characterize the fracture healing pathway and none of the reports described 

the torsional mechanical properties of the fractured limbs.   
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2.0.0    Rationale and Hypothesis 

 With the development of mice with targeted genetic mutations, in vivo 

murine models are becoming increasing valuable in the field of orthopaedics.  

Additionally, evaluating the healing tissues using a torsional testing protocol 

better estimates the biomechanical properties and is more reproducible than 

using other mechanical testing protocols, especially involving smaller specimens.  

The development of a reproducible femur fracture model in the mouse suitable 

for torsional mechanical testing would be important in the study of complex 

genes and phenotypes associated with bone diseases.   

 While previous investigators have used the mouse as a fracture model, 

none of these studies extensively explored the radiographic, histological, and 

mechanical testing analyses used to characterize the fracture healing pathway.  

Furthermore, none of the reports described the torsional mechanical properties of 

the fractured limbs.    Consequently, the first phase of this study was to develop a 

murine femoral fracture model capable of torsional mechanical testing in an 

outbred mouse strain.  The parameters investigated in this study were chosen 

due to their relevance to previous fracture model literature, and included 

radiographical, early histological, late histological, early biomechanical and late 

biomechanical analyses.   

 After fully characterizing and validating the mouse fracture model and 

torsional testing protocol, the next phase of this study was to explore a complex 

phenotype that may affect bone healing.  Bone mineral density has received 

much attention because of its connection with osteoporotic fracture risk.  While it 
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is well-established that low bone mineral density is valuable in predicting bone 

fracture risk, no data exists to suggest that a high bone mineral density would be 

useful once a fracture is sustained.  The second phase of this study focused on 

examining the role bone mineral density plays in fracture healing success. To 

that end, fracture healing was examined in three inbred mouse strains 

specifically chosen based on previously published bone mineral density data.  

Radiographic, histological, histomorphometric and biomechanical analyses were 

used to evaluate fracture healing in these inbred mouse strains to better 

understand the role bone mineral density plays in fracture healing. 

 The final phase of this work focused on how altering a single pathway 

affects fracture healing.  Leukotrienes and prostaglandins are produced by the 

activity of three enzymes, namely 5-lipoxygenase, cyclooxygenase-1, and 

cyclooxygenase-2, as part of the arachidonic acid pathway.  The arachidonic acid 

pathway, its products and the enzymes mediating their formation, play a crucial 

role in multiple aspects of human physiology, including vascular homeostasis, 

gastric protection, renal homeostasis, bone formation, and inflammation.  

Because inflammation is also a vital stage in the fracture healing cascade, the 

potential blocking of the arachidonic acid pathway may lead to deleterious results 

in fracture healing.  Additionally, manipulating the arachidonic acid pathway may 

promote fracture healing.  To explore how manipulating arachidonic acid 

metabolism affected fracture healing, fractures in genetically modified mice were 

assessed using the fracture model, torsional testing protocol, and parameters as 

described above.  Lastly, fracture callus eicosanoid levels were measured to 
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determine if the arachidonic acid cascade reroutes itself under genetic 

conditions. 

The hypothesis of this work was that the mouse is an exceptionally 

valuable tool in studying various orthopaedic conditions that involve genetics and 

complex phenotypes.  Further, biomechanical testing provides a better 

understanding of healing bone properties.  Developing a useful mouse model in 

conjunction with a suitable testing protocol will better estimate key properties to 

assess fracture healing success.  Understanding the mechanisms which cause 

the fracture healing pathway to be inhibited or enhanced will provide potential 

future treatments for fracture healing patients, as well as the normal mechanisms 

needed for fracture healing success.   
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3.0.0  Materials and Methods 

3.1.0     Mouse Strain Models  

The experiments completed for this dissertation involved outbred, inbred 

and knock-out mouse strains and phenotypes.  Table 3.1 is a summary of all 

animals bred and purchased for all experiments.   

 

3.1.1     Outbred Strains 

 The mouse strain used to develop the fracture model and as a source of 

controls was the ICR.  The ICR mouse was chosen because it is a commercially 

available, resilient, outbred stock.  The ICR mouse was developed for its good 

reproductive performance and fast growth rate.  The ICR line is typically a docile 

strain and produces large litter sizes (Taconic website).  While relatively healthy, 

ICR mice do carry a recessive gene, Pde6brdl.  This mutation is known to cause 

retinal degeneration (Taconic Website).   

 

3.1.2     Inbred Strains  

 To examine the relationship between bone mineral density and fracture 

healing, female C3H, DBA/2, and C57BL/6 inbred mouse strains were chosen 

based on previously published bone mineral density data (C3H= 0.83 g/cm2; 

DBA/2=  0.58 g/cm2; C57BL/6= 0.45 g/cm2) (238)  Mice of an inbred strain are as 

genetically alike as possible, being homozygous at virtually all of their loci (85).  

While some traits may be influenced by diet and environment, many traits do not 

vary from generation to generation.  Furthermore, all inbred strains have a 
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unique set of characteristics that set them apart from all other inbred strain (85). 

The three strains selected are widely used in genetic studies.  Similar to the ICR, 

the C3H also carried the recessive gene for Pde6brd1, which causes retinal 

degeneration (Taconic website). 

 

3.1.3   Gene-Deficient (Knock-Out) Strains 
 
 Three knock-out mouse models were utilized to examine how the 

regulation of arachidonic acid metabolism alters fracture repair.  These are the 

Ptgs1 deficient mouse, the Ptgs2 deficient mouse and the Alox5 deficient mouse.  

All three of these mouse lines were developed to study inflammation and a 

detailed description of each is found below.   

 

3.1.3.1     Description of Cyclooxygenase-1 Deficient Mice 

To study the physiological role of cyclooxygenase-1 (COX-1), the Ptgs1 

gene that encodes COX-1 was disrupted to create the cyclooxygenase-1 

deficient (Cox-1KO) mouse (154).  The disruption of the gene before exon 11 

was chosen based on literature that showed aspirin inactivates COX-1 by 

acetylating Ser-530 (239-241).  The targeting vector for disrupting COX-1 was 

designed to replace approximately 1 kb of intron 10, the intron 10: exon 11 splice 

junction and first 44 bp of exon 11 with the neomycin resistant (Neo) gene (154).  

Any protein made from this resultant disrupted gene would lack the carboxy-

terminal 120 amino acids, which includes Ser-530 in the active site of the 

enzymes.  Splicing that resulted in the elimination of the Neo cassette would 
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result in the elimination of 14 amino acids and the loss of the proper reading 

frame.  Thus, this targeting should produce a null allele of COX-1.  The targeting 

vector was electroporated into E14TG2a embryonic stem cells.  Positive stem 

cells were injected into C57BL/6J blastocysts to generate mice with the COX-1 

null allele. 

Western blot analysis done by Langenbach et al. further showed that the 

normal 70 kDa COX-1 protein was readily detectable in the kidney, stomach and 

colon microsomes of wild-type F2 Ptgs1tm1Unc mice (154).  However, normal-

sized or smaller COX-1 proteins fragments were detected in the same tissues 

from homozygous Ptgs1tm1Unc mice.  Further evaluation showed that the COX-1 

protein levels were not significantly altered by lipopolysaccharide (LPS) in 

macrophages from wild-type mice and was not detected in the homozygous 

mutant mice.  LPS did induce the COX-2 protein, COX-2 mRNA and PGE2, 

similarly in peritoneal macrophages from wild-type and homozygous Ptgs1tm1Unc 

mutant mice.  These results show that the disruption on Ptgs1 prevents the 

constitutive synthesis of COX-1, but does not alter Ptgs2 inducibility in 

macrophages. 

 

3.1.3.2     Description of Cyclooxygenase-2 Deficient Mice 

To study the physiological role of the cyclooxygenase 2 (COX-2) isoform, 

the Ptgs2 gene that encodes COX-2 was disrupted to create the 

cyclooxygenase-2 deficient (Cox-2KO) mouse (242,243).  The targeting vector 

used to disrupt COX-2 introduces an insertion in exon 8 of Ptgs2 and 
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simultaneously deletes 104 bp from exon 8.   This creates a null COX-2 allele. 

The targeting vector was electroporated into E14TG2a embryonic stem cells.  

Positive stem cells were injected into C57BL/6J blastocysts to generate mice with 

the COX-2 null allele. 

 

3.1.3.3     Description of 5-Lipoxygenase Deficient Mice 

To study the physiological importance of leukotrienes, the 5-lipoxygenase 

(5-LO) gene was disrupted by homologous recombination in embryonic stem 

cells (244).  The targeting vector was made by inserting a 1.7 kb PGK1neo 

cassette into a Scal site in exon 6. The thymidine kinase gene was added to the 

end of the targeting vector for negative selection using gancyclovir. The targeting 

vector was electroporated into D3H-ES cells (245).  Positive embryonic stem 

cells were injected into C57BL/6J blastocytes and chimaeric offspring males 

were mated with C57BL/6J females to pass this allele to future offspring.   
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Strain Source Name Description Purpose 

ICR Harlan Sprague Dawley Hsd:ICR (CD-1) 
 Outbred Mouse Strain Development of torsion mouse 

fracture model 

ICR Taconic Farms IcrTac:ICR Outbred Mouse Strain Controls for bone mineral density and 
fracture healing 

C3H Taconic Farms C3H/HeNTac-MTV Inbred Mouse Strain Bone mineral density and fracture 
healing 

DBA/2 Taconic Farms DBA/2NTac Inbred Mouse Strain Bone mineral density and fracture 
healing 

C57BL/6 Taconic Farms C57BL/6NTac Inbred Mouse Strain Bone mineral density and fracture 
healing 

WT Jackson Laboratories C57BL/6J Inbred Mouse Strain Controls for Alox5-/- Arachidonic Acid 
Metabolism in Fracture Healing 

Cox1-KO Taconic Farms and Bred 
in house 

Cox1-/-; Ptgs1 knock-out 
mouse 

Arachidonic Acid Metabolism in 
Fracture Healing 

Cox1-HET Taconic Farms and Bred 
in House 

Cox1+/-; Ptgs1 
heterozygous mouse 

Arachidonic Acid Metabolism in 
Fracture Healing 

Cox1-WT Bred in house 

B6;129P2-Ptgs1tm1Unc 

Cox1+/+; Ptgs1 wild-type 
mouse 

Arachidonic Acid Metabolism in 
Fracture Healing 

Cox2-KO Taconic Farms and Bred 
in House 

Cox2-/-; Ptgs2 knock-out 
mouse 

Arachidonic Acid Metabolism in 
Fracture Healing 

Cox2-HET Taconic Farms and Bred 
in house 

Cox2+/-; Ptgs2 
heterozygous mouse 

Arachidonic Acid Metabolism in 
Fracture Healing 

Cox2-WT Bred in house and Bred 
in house 

B6;129P2- Ptgs2tm1Smi 

Cox2+/+; Ptgs2 wild-type 
mouse 

Arachidonic Acid Metabolism in 
Fracture Healing 

5-LOKO Jackson Laboratories and 
Bred in House 

*B6;129S2-
Alox5tm1Fun/J 

Alox5-/-; Alox5 knock-out 
mouse 

Arachidonic Acid Metabolism in 
Fracture Healing 

 
Table 3.1.  Strain Descriptions and Nomenclature Used in This Dissertation.  *This strain originated on a B6;129S2 background and has 
been backcrossed into the C57BL/6J background. 
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3.2.0     General Health, Breeding and Maintenance of Animals 

3.2.1     Cyclooxygenase-1 Deficient Mice  

The COX-1 deficient mouse develops normally and appears healthy.  

Previously published necropsy and microscopic examination of selected tissues, 

such as the heart, liver, and spleen showed no significant pathology (154).  

However, there was a minimal difference noticed in the kidneys, mainly 

characterized by one or two foci per section of basophilic, immature tubules in 

the Cox-1KO mice (154).     

Cox-1KO females and males are fertile. However, crosses between Cox-

1KO males and females result in smaller litter sizes (154).  For these 

experiments, initial matings involved a Cox-1KO male with a Cox-1HET female to 

produce both Cox-1KO and Cox-1HET offspring.  Preliminary data including the 

Cox-1HET showed no significant differences when compared to the Cox-1KO 

animals (data not shown).  Thus, the mating scheme was altered to solely be 

Cox-1KO males mating with Cox-1KO females to produce all Cox-1KO offspring, 

as the Cox-1HET group was eliminated from future experiments.   

 

3.2.2     Cyclooxygenase-2 Deficient Mice 

The COX-2 deficient mouse was previously found to have specific peri-

natal kidney pathologies that lead to increased mortality among Cox-2KO mice  

(242,243).  Because of the high death incidence of Cox-2KO animals at about 8 

weeks, Morham et al. examined Cox-2WT, Cox-2HET and Cox-2KO for any 

pathological disorders in several tissues, including brain, heart, liver, spleen, and 
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kidney (242).  While no noticeable physiological issues were reported with either 

the Cox-2HET or Cox-2WT mice, these investigations showed that the Cox-2KO 

mouse kidney had several significant and consistent genotype-related 

abnormalities.  Cox-2KO animals had kidney lesions ranging from mild to 

extremely severe that were characterized by abnormal subcapsular parenchyma 

with small immature glomeruli and tubules.  These findings were consistent with 

nephron hypoplasia.  Other cases involved a thinned renal cortex, with reduced 

numbers of glomeruli as compared to the wild-type kidneys.  Glomeruli not in the 

hypoplastic region were often enlarged.  Other findings included cortical areas 

with tubular atrophy and regeneration, tubular dilation, interstitial inflammation 

and fibrosis, and papillary mineralization.  These symptoms were more 

pronounced in the male than the female.  Furthermore, these abnormalities were 

not present in Cox-2KO mice sacrificed at three days, suggesting that the kidney 

problems observed are a postnatal developmental that increase in severity with 

increasing age (242).    

Other health problems observed by Morham et al. in the Cox-2KO animals 

were cases of suppurative peritonitis in two-thirds of the examined animals at 8 

weeks of age (242).  While no abnormalities were observed in the Cox-2WT 

animals, the male Cox-2KO mouse examined had acute suppurative peritonitis 

and the female Cox-2KO mouse had chronic suppurative peritonitis.  The Cox-

2KO female mouse had multiple adhesions around the abdominal organs. These 

adhesions corresponded to abscesses and chronic inflammatory tissue bridged 

the lobes of the liver and loops of the bowel.  This peritonitis affected multiple 
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abdominal organs and was characterized by serosal exudation and focal 

necrotizing inflammation penetrating into the superficial tissues of the viscera and 

retroperitoneum (242).   

While the experiments here did not specifically address a single organ or 

organ system, differences among Cox-2KO animals compared to Cox-2HET and 

Cox-2WT included a lower weight at surgery (Table 4.6), a higher death rate 

associated with anesthesia (Table 4.5) and a higher instance of dying before 

reaching the appropriate time point, as 8 out of 14 animals lost before reaching a 

time point were Cox-2KO animals.   

Cox-2KO male mice are fertile, but female Cox-2KO mice are infertile 

(246).  Therefore, Cox-2KO male mice were mated to Cox-2HET female mice.  

Based upon Mendelian genetics, half of the offspring should be Cox-2KOs and 

half should be Cox-2HETs. However, the number of Cox-2KO mice that were 

weaned was approximately 25% of every litter, due to Cox-2KO pups having a 

higher mortality rate than their control littermates. This was also shown by 

Morham et al. and Dinchuk et al., who also found abnormal Mendelian ratios for 

Cox-2KO mice that reached weaning (approximately 20 days old) (242,246).  

Cox-2WT animals were produced by mating Cox-2HET males with Cox-2HET 

females to produce the initial offspring.  This mating scheme should theoretically 

result in 25% of every litter being Cox-2WT, 50% Cox-2HET and 25% Cox-2KO.  

However, in practice this resulted in approximately 40% Cox-2WT, 50% Cox-

2HET and 10% Cox-2KO.  Subsequent Cox-2WT animals were produced by 
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mating male Cox-2WT animals with female Cox-2WT animals, resulting in an all 

Cox-2WT population. 

 

3.2.3    5-Lipoxygenase Deficient Mice 

 Previous studies found no physiological abnormalities 5-LOKO mice up to 

ten months of age (244).  The only noticeable difference was in the spleen being 

statistically smaller (p<0.05) when compared to 5-LOWT animals (244).  

Examination of total blood cell populations, differential cell counts and analysis of 

bone marrow showed no evidence of abnormal precursor cells of any lineage in 

either 5-LOKO or 5-LOWT animals (244).   This indicated that 5-Lipoxygenase 

products are not required for normal development and is not necessary in the 

mouse under normal physiological conditions (244).  

Male and female 5-LOKO animals are fertile.  Therefore, 5-LOKO males 

were mated to 5-LOKO females to produce all 5-LOKO offspring.  Genotyping of 

random 5-LOKO offspring was checked periodically to insure that mice being 

produced were in fact 5-LOKO animals. 

Matings to produce wild-type control animals for experiments using 5-

LOKO animals was not necessary, as the appropriate identical genetic 

background control animals used in these experiments (C57BL/6, WT) were 

commercially available and purchased from Jackson Laboratories (Bar Harbor, 

ME). 
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3.3.0     Tail Biopsy and Genotyping of Mice 

 At weaning (approximately 28 days), a one to two centimeter section of tail 

was clipped from each animal.  Lysis and purification of the mouse tail DNA was 

performed using a Qiagen DNeasy kit (Qiagen Inc., Valencia, CA) as per the 

manufacturer’s specifications for purification of total DNA from rodent tails.  To 

obtain optimum DNA yield and quality, only a 0.4 to 0.6 cm sample of tail was 

used for purification to prevent overloading of the DNeasy spin columns. The 

expected yield of genomic DNA was between 10 and 40 μg per tail biopsy.  

However, DNA yield was dependent on the strain, biopsy length and mouse age.   

 Briefly, samples were first lysed using proteinase K.  The buffering 

conditions are then adjusted to provide optimal DNA-binding conditions and the 

lysate is loaded onto the DNeasy Mini spin column. After a brief centrifugation, 

DNA is selectively bound to the DNeasy membrane as contaminants pass 

through.  Any remaining contaminants and enzyme inhibitors are then removed 

in two steps.  Finally, the DNA is eluted in either water or TE buffer and is ready 

for analysis.       

 Polymerase chain reaction (PCR) was performed with the tail biopsy DNA 

to determine mouse genotype.  The 10μl reaction volume consisted of 1μl of 

dNTP mix, 1μl of Pyrococcus woesei (Pwo) polymerase, 1μl of 10X Pwo buffer, 

1μl of primer solution, 0.4μl of genomic DNA solution and 5.6μl of distilled water. 

Primers were purchase from Integrated DNA Technologies Inc. (Coralville, IA).  

The primer solution consisted of 5mM of the forward primer and 5 mM of the 
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reverse primer.  The 10X Pwo buffer contained 100 mM Tris-Cl (pH 8.8), 500 mM 

KCl, 25 mM MgCL2 and 1% Triton X-100.   

Optimal thermocycler parameters were empirically determined for each 

primer set.  It was found that primers sets used to genotype Cox-1KO, Cox1-WT, 

5-LOKO and 5-LOWT produced optimal results using Program 1 (see below) 

while primer sets for Cox-2KO and Cox-2WT produced optimal results using 

Program 2 (see below).   

Primers used in these studies are listed in Table 3.2.  In the primer 

sequences: C represents cytosine, G represents guanosine, T represents 

thymidine and A represents adenosine. 

 

Program 1: 
Step 1:  95 ºC for two minutes 
Step 2:  95 ºC for fifteen seconds 
Step 3:  55 ºC for thirty seconds 
Step 4:  72 ºC for one minute 
Step 5:  Repeat steps 2-4, 34 times 
Step 6:  Hold at 15 ºC 

 
Program 2: 
Step 1:  95 ºC for two minutes 
Step 2:  95 ºC for fifteen seconds 
Step 3:  60 ºC for thirty seconds 
Step 4:  72 ºC for one minute 
Step 5:  Repeat steps 2-4, 39 times 
Step 6:  Hold at 15ºC 
 

 
 

The resultant PCR product obtained after amplification was separated by 

electrophoresis in a 2% agarose gel using 1X Tris-Borate EDTA (TBE) buffer (pH 

8.3, 89 mM Tris, 89 mM boric acid and 2 mM EDTA).  The gel was stained with 
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ethidium bromide and photographed using an instant camera (FR-PDC-34, 

Fisher Scientific, Springfield, NJ) and Polaroid film (Type 667, Polaroid Corp., 

Waltham, MA).  The genotype of each animal was based upon the base pair 

sizes of the PCR product as indicated in Table 3.2. 

 

Table 3.2.  Mouse Primer Sequences and Amplification Sizes for PCR Genotyping of 
Mice Used in These Studies. 

Gene Approximate 
Product Size (bp) 

Forward Primer 
5' to 3' 

Reverse 
Primer 5' to 3' Reference 

Cox1-KO 600 
GCA GCC TCT 
GTT CCA CAT 

ACA C 

AAT CTG ACT 
TTC TGA AGT 

TGC C 
Forward: (247);  

Reverse: This Study 

Cox1-WT 700 
AGG AGA TGG 
CTG CTG AGT 

TGG 

AAT CTG ACT 
TTC TGA AGT 

TGC C 
Forward: (247);  

Reverse: This Study 

Cox2-KO 950 
ACG CGT CAC 
CTT AAT ATG 

CG 

TCC CTT CAC 
TAA ATG CCC 

TC 
Forward and 

Reverse:(247) 

Cox2-WT 800 
CCG ACA CCT 
TCA ACA TTG 
AAG ACC AGG 

TCC CTT CAC 
TAA ATG CCC 

TC 

Forward: This 
Study; 

Reverse:(247) 

5LO-KO 600 
ATC GCC TTC 
TTG ACG AGT 

TC 

GCA GGA AGT 
GGC TAC TGT 

GGA 
Forward and 

Reverse: (248) 

5LO-WT 164 
TGC AAC CCA 
GTA CTC ATC 

AAG 

GCA GGA AGT 
GGC TAC TGT 

GGA 
Forward and 

Reverse:(248) 

 

 

3.4.0     Surgical Procedure and Fracture Model for Mice 

 Mice were anesthetized by an intraperitoneal injection (0.01 ml/g body 

weight) of 10% ketamine and 5% xylazine.  The right leg was scrubbed with a 

10% povidone-iodine solution in preparation of surgery.  A three millimeter 

parapatellar incision was created and the patella was dislocated laterally to 

expose the femoral condyles.  A hole was drilled into the femoral intramedullary 

canal at the intracondylar notch using a thirty-gauge needle (Becton Dickinson 
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Co., Franklin Lakes, NJ).  The medullary canal was further reamed to the 

proximal femur using a three-quarter inch, twenty-seven gauge needle (Becton 

Dickinson Co.).   Next, a 0.01 inch diameter stainless steel wire (Small Parts Inc., 

Miami Lakes, FL) was inserted into the intramedullary canal to retain the 

impending fracture.  A thirty-gauge two millimeter long wedge, taken from the tip 

of the thirty-gauge needle, was then lodged between the bone at the femoral 

condyles and the intramedullary pin to stabilize the pin in place.  The wire 

extending past the femoral condyles was cut and discarded.  The patella was 

repositioned and the incision was closed in two layers using 5-0 synthetic 

absorbable suture (Ethicon Inc., Somerville, NJ).   

A closed diaphyseal fracture was produced in the right femur using a 

custom-made, three-point bending device (BBC Specialty Automotive Center, 

Linden, NJ), similar to the methods described by Bonnarens and Einhorn (209).  

The unfractured, left femur was used an internal control.  The animals were 

allowed free, unrestricted weight bearing after recovery from anesthesia.  The 

animals were sacrificed at the necessary time points using halothane gas (Sigma 

Chemical Co., St.  Louis, MO.)  

 

3.5.0    Radiography of Mouse Femur Fractures 

Fracture healing was examined by dorsal-ventral radiographs of the mice. 

All animals were radiographed immediately post-fracture to verify that a mid-

diaphyseal fracture had been produced and once again at sacrifice to check for 

pin slippage.   A subset of animals in each experiment was serially radiographed 



 

    

46

to assess fracture healing over the course of several weeks to months in the 

same animal. Radiographs were made using a Model 804 Faxitron (Field 

Emission Corp., McMinnville, OR) and Kodak Min-R 2000 mammography film 

(Eastman Kodak Co., Rochester, NY).  Mice were either anesthetized or 

euthanized, as described above, prior to radiography. 

 

3.6.0     Histology and Histomorphometry of Mouse Femur Fractures 

3.6.1     Decalcified Histology of Fractured Femurs 

 Animals scheduled for decalcified histology had the fractured and 

contralateral control limbs harvested, cleaned of soft tissue without disturbing the 

callus and fixed in 10% buffered formalin (Fisher Scientific, Fair Lawn, NJ) or 

STF (Streck Laboratories Inc., La Vista, NE).  The femora were decalcified using 

a 5% formic acid solution (Immunocal Decal Chemical Corp., Congers, NY), 

dehydrated through successive grades of ethanol, cleared using  d-Limonene-

based solvent (CitriSolve, Fisher Scientific) and paraffin embedded in Paraplast 

X-Tra Tissue embedding medium (Fisher Scientific).  The complete decalcified 

embedding protocol is located in Appendix A. 

The embedded femurs were then cut sagittally in the medio-lateral plane 

into six μm sections using a manual microtome, stained with Masson’s trichrome 

and examined by light microscopy.  The protocol for Masson’s trichrome is 

located in Appendix A. 
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3.6.2     Calcified Histology of Fractured Femurs 

 Animals scheduled for calcified histology had the fractured and 

contralateral control limbs harvested, cleaned of soft tissue without disturbing the 

callus and fixed in 10% buffered formalin overnight. The femora were then 

dehydrated through successive grades of ethanol, cleared using a d-Limonene-

based solvent (Citrisolve, Fisher Scientific) and embedded in 

polymethylmethacrylate (PMMA) (249).  The complete calcified embedding 

protocol is located in Appendix A. 

A medio-lateral sagittal section was cut from each femur sample using a 

low-speed saw (Isomet 11-1180, Buehler, Ltd., Evanston, IL).  The cut section 

was than polished on one side and glued onto a plexiglass slide.  Samples were 

allowed to adhere overnight and then ground down through four successively 

finer grits of Carbimet sandpaper (Buehler, Ltd.).  After approaching a thickness 

of approximately 100 μm, samples were polished using a Mastertex 8 inch cloth 

(Buehler, Ltd.) and 1 μm and 0.05 μm deagglomerated alpha alumina 

micropolish (Buehler, Ltd.).  Samples were then stained with Stevenel’s Blue, 

counterstained with Van Gieson’s Picrofuchsin and examined by light microscopy 

(250).  The protocol for Stevenel’s Blue and Van Gieson’s Picrofuchsin is located 

in Appendix A. 
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3.6.3     Histomorphometry of Fractured Femurs 

3.6.3.1     Acquisition of Histological Images 

 Histomorphometrical measurements were made using ImageProPlus 

software (v. 5.0.1.11, Media Cybernetics Inc., Silver Spring, MD).  

Histomorphometric data was collected from digital microscopic images captured 

using a Nikon DXM1200F camera, the Nikon ACT-1 software package (version 

2.63, Nikon Co, Japan) and an Olympus BH2-RFCA light microscope (Olympus 

America Inc, Center Valley, PA).  Histomorphometric measurements were made 

to calculate the total fracture area (TA), amount of cartilage (CA), fibrous 

granulation tissue (GT), mineralized tissue (MA) and original femur bone (B) in 

each fracture callus.   Callus area (CALLUS) was calculated by subtracting the 

original femur bone from the total fracture area (TA-B=CALLUS).  Due to callus 

sizes varying by the size of the femur and location of the sagittal section, further 

analysis was done involving the amount of MA, CA and GT as a percentage of 

callus area (%MA, %CA, %GT).   

 

3.6.3.2     Statistical Analysis of Histomorphometrical Data 

Means and standard deviations were calculated and statistical analysis of 

the data was performed using an analysis of variance (ANOVA) with appropriate 

post-hoc tests, as required.  Differences were considered to be significant at p < 

0.05.  Statistical analysis was performed using SigmaStat 3.0 software (SPSS 

Inc., Chicago, IL).   
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3.7.0     Mechanical Testing of Intact and Fractured Mouse Femurs 

3.7.1     Preparation of Mouse Femurs for Mechanical Testing 

 Both the fractured and contralateral femurs were harvested and cleaned of 

soft tissue without disturbing the callus.  Femur length and the maximum 

anteroposterior and mediolateral dimensions of the external fracture callus were 

measured using electronic calipers (Mitutoyo Corp., Japan).  Similar 

measurements were made of the contralateral femurs.  To minimize the 

disturbance to the fracture callus, the pin was left in the femur during torsional 

testing.  Since the pin is the axis of rotation of the bone during torsional 

mechanical testing, it should have theoretically no effect on the torsional 

mechanical testing results (201).   

 

3.7.2     Torsional Testing Protocol for Mouse Femurs 

The distal and proximal ends of the femurs were cemented vertically in 

0.25 inch hexagon acorn nuts (Small Parts Inc.) with cyanoacrylate glue 

(Electron Microscopy Sciences, Hatfield, PA).  The acorn nuts were then filled 

with a self-curing acrylic powder and liquid system (Seta-Tray, Accurate Set, Inc., 

Newark, NJ) to only expose the mid-diaphyseal region of the femur.  The self-

curing acrylic was prepared by mixing 10 grams of power with 10 milliliters of 

liquid.  The powder and liquid were mixed thoroughly for 20 seconds and allowed 

to set until the composition has a paste-like consistency.  Specimens were 

rehydrated after the potting process by allowing the potted femurs to soak in 

0.9% saline for one hour prior to testing.   
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Torsional testing was conducted on a servohydraulic testing machine 

(MTS Corp., Minneapolis, MN, U.S.A.) using a 20 Nm reaction torque load cell 

(Interface, Scottsdale, AZ).  Because bone is anisotropic, femurs were internally 

rotated to failure at an angular rotation rate of 1°/sec.    The peak torque and 

angular rotation at failure were measured from the torque-angle deflection 

curves.   From the callus dimensions, the polar moment of inertia (J) was 

calculated based upon a hollow ellipse model (251,252).    In contrast, cross 

sectional area (A) of the fracture site was based on a solid ellipse model.  Shear 

stress (τ) and shear modulus (G) were also calculated (253). The wall-thickness 

(t) value used in all equations was taken by averaging wall thickness 

measurements of ten randomly chosen intact femurs from every strain and 

phenotype.  Left intact femurs were embedded as described above for calcified 

histology.  Transverse sections were cut from the resulting blocks. Wall thickness 

was measured in four places from every slide and then averaged for each animal 

for all ten animals in every group to obtain the average wall thickness.  All 

mechanical testing equations used are described in Appendix B.   

 

3.7.3     Statistical Analysis of Torsional Mechanical Testing Data 

 Only femurs harvested and tested without an adverse incident were used 

in the final calculations.  Means and standard deviations were calculated and 

statistical analysis of the data was performed.   Unpaired two-tailed Student’s t-

tests were used when comparing only two groups or the same group but at 

different time points.  Paired two-tailed Student’s t-tests were used when 
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comparing the fractured and control limb of the same animal.  Analysis involving 

multiple groups or time points was performed using ANOVA with appropriate 

post-hoc tests, as required.  Differences were considered to be significant at p < 

0.05. 

 

3.8.0     Eicosanoids Levels in Fracture Callus 

3.8.1     Fracture Callus Preparation 

Closed femur fractures were produced in 5-LOKO, Cox-2KO, Cox-2HET, 

Cox-2WT, Cox-1KO and C57BL/6 (WT) mice as described above.  In addition, a 

subset of the Cox-2KO mice and Cox-1KO mice were treated with either the 

COX-1 selective inhibitor, SC-560 (Cayman Chemical Co. Ann Arbor, MI), or the 

COX-2 selective inhibitor, rofecoxib (Vioxx, Merck, West Point, PA) at a dose of 

30 mg/kg by oral gavage, 2 hours prior to sacrifice, respectively.  All mice were 

sacrificed at four days after fracture.  The fracture callus with surrounding muscle 

was quickly resected and flash frozen in liquid nitrogen.  The callus was weighed 

and pulverized using a mortar and pestle.  The pulverized callus was extracted 

into 5 volumes of M-PER buffer reagent (Pierce Biotechnology, Inc., Rockford, 

IL) that was supplemented with protease inhibitors (Sigma Aldrich, St. Louis, 

MO).  The samples were placed on a mixer at 4°C for 30 minutes.  The extract 

was clarified by centrifugation at 10,000 rpm for 10 minutes at 4°C.  The 

supernatant was collected and stored at -80°C. An aliquot of the clarified extract 

from the fracture callus was used to partially purify eicosanoids.   
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3.8.2     Purification Technique of Fracture Callus Eicosanoids 

Two milliliters of ethanol was added to 0.5 milliliters of clarified extract and 

the precipitate proteins were removed by centrifugation at 3000 x g for 10 

minutes. The supernatant was dried in vacuo, resuspended in 1 M citrate buffer, 

pH 4, and applied to a 500 mg C18 column (Waters Sep-Pak) that had been pre-

activated by methanol and water washes.  The columns were washed with water 

and hexane.  Eicosanoids were eluted from the C18 resin using 5 milliliters of 

ethyl acetate containing 1% methanol.  The eluate was dried in vacuo to remove 

all organic materials and resuspended in EIA buffer (0.4 M sodium chloride; 0.1 

M sodium phosphate, pH 7.4; 1 mM ethylene-diamine-tetra-acetic acid; and 0.1% 

bovine serum albumin).   

 

3.8.3     Quantification of Fracture Callus Eicosanoids 

 PGE2, PGF2α, and LTB4 were measured using enzyme-linked 

immunoassays as described by the manufacturer (Cayman Chemical, Ann Arbor, 

MI).  To ensure eicosanoid levels were in the proper range of the standard curve, 

dilutions for each assay were made using EIA buffer.  The PGE2, PGF2α, and 

LTB4 concentrations were normalized to total protein concentration measured 

using bicinchoninic acid (BCA Protein Assay, Pierce Biotechnology, Inc., 

Rockford, IL) (254).   
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3.8.4     Statistical Analysis of Fracture Callus Eicosanoids 

 PGE2, PGF2α and LTB4 levels were normalized to soluble protein 

concentration and levels were compared between mouse genotypes and 

treatment groups using ANOVA and post-hoc Holm-Sidak tests using SigmaStat 

software (SPSS).  Differences were considered to be significant at p < 0.05.
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4.0.0 RESULTS 

4.1.0   Characterization of a Closed Murine Femoral Fracture Model 

4.1.1   Disposition of ICR Mice Used in This Study  

Female ICR mice (Harlan Sprague Dawley, Indianapolis, IN) weighing 

30.8 ± 3.2 grams (mean ± standard deviation) were used in this experiment.  All 

animals were 10 to 12 weeks old at the beginning of the study.  All experimental 

procedures were approved by the New Jersey Medical School Institutional 

Animal Care and Use Committee.  Of the 246 mice used as part of this study, 

185 were ultimately included in the radiographic, histologic, and mechanical 

analyses.  This resulted in an overall success rate of 75.2%.  A more detailed 

disposition of the mice used in this study may be found in Table 4.1. 

 

Table 4.1. Disposition of the 246 ICR Mice Used in the Study. 
 Surgical Errors Mechanical Testing Histology

 Anesthesia 
Death 

Fracture 
Destabilization

Poor 
Fracture

Potting 
Errors 

User 
Errors 

Total 
Analyzed 

Total 
Used 

Number 8 6 8 35 4 68 117 
Percentage 3.3 2.4 3.3 14.2 1.6 27.6 47.6 
* An average of 9.75 femurs (range 4-14) was examined for each of the 12 histology time points. 

 

4.1.2     Surgical Procedure for ICR Mice 

The surgical procedure to produce the mouse femur fractures was easily 

accomplished.  One problem that arose while defining the overall surgical 

procedure was the loss of fracture fixation by slippage of the pin from the 

intramedullary canal.  Several methods were explored to stop the pin from 

slipping, and it was found that staking the pin in place using a 2-mm wedge from 
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the tip of a 30-gauge needle provided the most dependable fixation.  This wedge 

stabilization was subsequently used for all future experiments described. 

Femoral fracture production was also easily achieved.  Fractures were 

consistently transverse or slightly oblique with minimal comminutions.  Only 3.3% 

of the fractures were eliminated from the study due to poor fracture quality (Table 

4.1).  The animals began to bear weight on their hind legs within a few hours 

after the surgical procedure.  A slight decrease in weight was observed between 

2 days and 10 days post-surgery and a weight gain was seen from 14 days to 84 

days post-fracture (Table 4.2).   

 

Table 4.2.  Average Pre-Surgical and Post-Sacrifice Weights of ICR Mice. 

Time Point n Pre-Surgical Weight in 
Grams (Mean  ± SD) 

Post-Sacrifice Weight 
in Grams (Mean  ± SD) 

6 Hours 7 34.0 ± 1.6 34.0 ± 1.6 

2 Days 11 30.7 ± 1.6 30.6 ± 1.8 

4 Days 12 31.5 ± 0.9 31.0 ± 1.0 

7 Days 16 30.9 ± 1.0 29.9 ± 1.5 

10 Days 17 30.1 ± 1.7 28.8 ± 1.2 

14 Days 13 29.7 ± 1.6 30.2 ± 1.3 

21 Days 33 31.2 ± 2.4 32.5 ± 1.4 

28 Days 44 31.8 ± 3.0 32.6 ± 2.8 

42 Days 39 28.9 ± 1.3 32.2 ± 2.3 

84 Days 32 30.8 ± 2.1  37.2 ± 3.2 

 

 

4.1.3     Radiography of ICR Mouse Femurs 

Fracture healing was assessed by serial radiography at 7, 10, 14, 21, 28, 

and 42 days post-fracture using a representative group of animals.   This allowed 

for visual assessment of the healing process and was an indication of the 
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reproducibility of fracture healing between animals.  Figure 4.1 shows the 

timeline of fracture healing in two representative ICR mice.   

Analysis of the radiographs showed anatomical reduction at the fracture 

with periosteal lifting around the callus site visible at 7 days.  A radiolucent zone 

at the fracture line was still apparent at 14 and 21 days after fracture.  Bridging of 

the peripheral callus was apparent by 21 days post-fracture.  By 28 days, the 

fracture was fully bridged with new bone and the external callus appeared 

ossified.  Remodeling appeared to begin by 21 days after fracture, as the callus 

size visually appeared to be decreasing.  Remodeling continued through 42 days 

post fracture when the external callus appeared almost completely resorbed 

(Figures 4.1 and 4.2).  Maximum callus area peaked between 10 and 14 days 

and then began to decrease (Figure 4.2).   

 

4.1.4     Decalcified Histology of ICR Mouse Femurs 

 Murine femoral fracture healing was observed to undergo the key 

regenerative processes of inflammation, callus formation, endochondral 

ossification, and remodeling that are indicative of the fracture healing process 

established in other models (219,220).  Figure 4.3 shows the early events in 

murine fracture healing using decalcified samples stained with Masson’s 

trichrome.  Hematoma formation was apparent six hours after fracture.  By two 

days after fracture, inflammation was seen at the fracture site.  Additionally, the 

surrounding soft-tissue appeared swollen based on the increased distance 

between muscle fibers.  Four days after fracture, large numbers of new cells 
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were present within the intramedullary canal at the fracture site and in the 

external callus area.  By seven days post-fracture, the callus had clearly defined 

borders.  Neither edema nor muscle fiber degeneration were evident at seven 

days post-fracture.  However, new bone formation was evident at the periphery 

of the fracture callus at this time.  While chondrocytes were present within the 

external fracture callus at seven days post-fracture, the majority of the callus was 

still populated with mesenchymal cells.  By ten days post-fracture, chondrocytes 

were abundantly present within the external callus between new bone at the 

periphery of the external callus and mesenchymal cells at the center of the 

callus.  The histological appearance of the newly formed bone at the cartilage 

interface within the external callus was consistent with endochondral ossification.  

The fracture callus size appeared to peak at ten days post-fracture (see also 

Figure 4.2).  Fourteen days after fracture, endochondral ossification was clearly 

evident in the fracture callus and the center of the external callus was no longer 

populated with mesenchymal cells but completely with chondrocytes.   

 

4.1.5     Calcified Histology of ICR Mouse Femurs 

The calcified histology confirmed that endochondral ossification had 

begun by 7 days post-fracture.  Figure 4.4 shows regions of calcified cartilage in 

the external fracture callus seven days after fracture.  By 10 days post-fracture, 

the amount of calcified cartilage had increased and was closer to the fracture 

site.  The center of the callus was filled with apparently undifferentiated 

mesenchymal cells.  However, undifferentiated mesenchymal cells were not 
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observable in the seven or ten day histology of the decalcified specimens (Figure 

4.3). Fourteen days after fracture, the callus was filled with calcified cartilage 

between new bone at the periphery and chondrocytes at the center.  All of the 

fractures were bridged with some new bone by 21 days post-fracture.  Healing 

continued through 28 days after fracture, with an increase in the amount of new 

bone that occupied the fracture callus being observed.  By 42 days post-fracture, 

remodeling of the fracture callus was clearly evident based upon the lamellar 

appearance of the bone spanning the fracture site. 

 

4.1.6     Mechanical Testing of ICR Mouse Femurs 

 Fracture healing was also evaluated in the ICR mouse model using 

torsional mechanical testing.  The testing procedure provided reproducible 

torque-angular displacement curves.  Callus cross-sectional area (mm2) was 

estimated based upon a solid elliptical geometry using the measured maximum 

and minimum diameters from each bone prior to mechanical testing (Table B1).  

The polar moment of inertia used to estimate shear modulus and shear stress 

was calculated based upon a hollow ellipse model as described in the Materials 

and Methods (Section 3.7.2).  Similarly, the contralateral left femurs were also 

mechanically tested as the control group.  The measured peak torque, angle at 

failure, working gauge length from the mechanical testing procedure, and the 

calculated polar moment of inertia were used to determine torsional rigidity 

(Nmm2/rad), shear modulus (GPa), and shear stress (MPa).  All mechanical 

testing parameters were analyzed at 21, 28, 42 and 84 days post-fracture for the 
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fractured limb and control femur.  No statistical difference was observed when 

comparing the control femurs from any time point for the parameters of peak 

torque, rigidity, shear modulus, and shear stress (ANOVA p=0.204, p=0.576, 

p=0.051, p=0.053, respectively). It was then decided to pool these samples into 

one control group to be compared against all time points.   

Figures 4.5, 4.6 and Table B1 summarize the mechanical testing results 

obtained.  Peak torque increased rapidly during healing to reach values near 

82% of the unfractured femur values by 21 days (Figure 4.5, Panel A).  This large 

increase in torque can be accounted for by the structural changes in the fractured 

femur as its diameter dramatically increases at the fracture callus.  In contrast, 

rigidity only showed a continual increase after 28 days of healing, which is 

consistent with the observed radiological and histological bridging of the fracture 

site with new bone occurring between 21 and 28 days after fracture (Figure 4.5, 

Panel B).  Similar to rigidity, the material properties of the healing femur began to 

increase 28 days after healing.  However, shear stress and shear modulus only 

obtained 35% and 29%, respectively, of the contralateral control femur even after 

84 days of healing (Figure 4.5, Panels C-D).  Additionally, while some bone 

bridging was seen in one-third of the fractured femurs tested at 21 days post-

fracture, bone bridging was seen in 100 percent of the specimens tested at 28 

days post-fracture.  

Figure 4.6 shows the mechanical testing results after the fractured femur 

is normalized to its contralateral control femur.  Normalized peak torque, (Panel 

A), normalized rigidity (Panel B), normalized modulus values (Panel C) and 
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normalized shear stress values (Panel D) at 21 and 28 days correspond to 

Stages I and II of the biomechanical stages proposed by White et al. (204), while 

Stage III and the beginning of Stage IV correspond to 42 and 84 days post-

fracture.  This correlation to White’s stages validates the mouse femoral fracture 

as a valid biomechanical research model.   
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4.2.0 The Effect of Genetic Background on Fracture Repair 

4.2.1   Disposition of Inbred Animals Used in This Study 

Female C3H, DBA/2, C57BL/6 and ICR mice (Taconic Farms, 

Germantown, NY) weighing 30.4 ± 3.0, 28.2 ± 2.9, 30.1 ± 3.1, and 40.5 ± 3.8 

grams, respectively, were used in this experiment.  All animals were purchased 

as retired breeders and were approximately 6 to 9 months old at the beginning of 

the study.  All experimental procedures were approved by the New Jersey 

Medical School Institutional Animal Care and Use Committee.  Of the 306 mice 

used in this phase of the study, 165 were ultimately included in the radiographic, 

histologic, histomorphometric, and mechanical analyses. A more detailed 

disposition of the mice used in this study may be found in Table 4.3.  

 

Table 4.3.  Disposition of the 306 Inbred Mice Used in the Study. 
 Surgical Errors Mechanical Testing Histology 

 Anesthesia 
Death 

Fracture 
Destabilization 

Poor 
Fracture 

Potting 
Errors 

User 
Errors 

Total 
Analyzed 

Poor 
Slide 

Total 
Analyzed 

ICR 0 4 3 6 4 13 3 25 

C3H 3 5 3 11 8 11 6 34 

DBA/2 1 7 0 9 7 11 7 27 

C57BL/6 4 9 14 10 8 11 9 33 

 

 It was observed that a high number of C57BL/6 mice had comminutions 

from the surgical and fracture procedure, which resulted in poor or unstable 

fractures and were ultimately excluded from the final analysis.  This was largely 

due to the quality of bone in this particular strain and not because of the fracture 

procedure.  Animals in all strains were able to bear weight on their hind legs 
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within a few hours after surgery and no significant decrease in weight over time 

was noted (Table 4.4). 

 

Table 4.4.  Average Pre-Surgical and Post-Sacrifice Weights of Inbred Mice. 

Strain Time Point n 
Pre-Surgical Weight 

in Grams         
(Mean ± SD) 

Post-Sacrifice 
Weight in Grams 

(Mean ± SD) 

7 Days 6 43.7 ± 5.9 43.0 ± 6.5 
10 Days 4 41.0 ± 1.2 41.0 ± 1.2 
14 Days 6 41.7 ± 2.7 41.3 ± 2.7 
21 Days 6 37.0 ± 7.1 36.0 ± 2.8 
28 Days 25 40.0 ± 3.4 37.2 ± 6.7 

ICR 

42 Days 4 39.5 ± 3.0 40.5 ± 1.9 
7 Days 4 34.0 ± 1.6 34.0 ± 1.6 
10 Days 4 32.0 ± 3.3 32.5 ± 2.5 
14 Days 7 33.1 ± 1.1 33.4 ± 1.0 
21 Days 7 30.0 ± 2.3 29.4 ± 2.2 
28 Days 38 30.2 ± 2.9 28.7 ± 2.3 

C3H 

42 Days 10 27.8 ± 2.2 27.4 ± 2.3 
7 Days 4 28.5 ± 3.4 28.5 ± 3.4 
10 Days 4 29.5 ± 1.9 29.5 ± 1.9 
14 Days 4 30.0 ± 4.3 30.0 ± 4.3 
21 Days 6 25.7 ± 2.7 25.7 ± 2.7 
28 Days 31 28.7 ± 2.8 26.6 ± 2.1 

DBA/2 

42 Days 12 27.2 ± 2.2 25.3 ± 2.6 
7 Days 6 30.0 ± 1.3 30.0 ± 1.3 
10 Days 5 32.8 ± 2.7 32.4 ± 3.6 
14 Days 14 30.3 ± 3.1 30.7 ± 2.7 
21 Days 6 26.7 ± 2.4 27.3 ± 3.0 
28 Days 23 30.2 ± 2.7 29.7 ± 2.5 

C57BL/6 

42 Days 17 30.2 ± 3.2 29.4 ± 2.4 
 

 

4.2.2     Radiography of Inbred Mice 

All animals were radiographed immediately post-fracture to ensure the 

placement of a mid-diaphyseal fracture and post-sacrifice to confirm pin 
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stabilization.   In addition, a subset of animals was serially radiographed at 7, 10, 

14, 21, 28 and 42 days post-fracture to establish a typical pattern of fracture 

healing for each of the experimental strains (Figure 4.6).  At 7 days post-fracture, 

all fours strains appear to have a mid-diaphyseal femur fracture, but no periosteal 

lifting is detected.  By 10 days, periosteal lifting and a defined callus border are 

apparent in the C3H and DBA/2 fracture calluses.  However, the ICR and 

C57BL/6 fractures show very little callus formation at this time point.  By 21 days, 

it visually appears that the C3H and DBA/2 fracture calluses were bridged, while 

the ICR and C57BL/6 still have a radiolucent zone in the center of their callus 

indicating bridging has not yet occurred.   By 28 days, the fractures in all four 

strains appear bridged.  Furthermore, the C3H and DBA/2 fractures look like they 

have begun to remodel.  Remodeling appears to continue through 42 days post-

fracture in all four strains as callus size visually appears smaller compared to 28 

days. 

 

4.2.3     Calcified Histology of Inbred Mouse Femurs 

Animals used for histology were sacrificed at 7, 10, 14, 21, 28 or 42 days 

post-fracture.  The histological assessment showed different results than the 

radiographical analysis first indicated.   

As seen in Figure 4.7, at 7 days post-fracture, the fracture calluses have 

definitive borders and infiltration of multiple cell types is apparent in the fractures 

from all four strains. By 10 days post-fracture, a large mass of chondrocytes is 

evident in the DBA/2 and C57BL/6 calluses, while only a small amount of 
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cartilage was present in either the ICR or the C3H calluses.  However, all three 

inbred strains visually appear to have extremely similar cartilage and mineralized 

areas by 14 days post-fracture, while the ICR mice continued to lag behind.  By 

21 days post-fracture, all cartilage in each of the inbred strains fractures seemed 

to be replaced by mineralized tissue.  However, the ICR mice still had a slight 

amount of visible cartilage present.  All cartilage was replaced by bone at 

approximately 28 days in all strains.  Remodeling of the fracture calluses had 

occurred by 42 days, as was evident by the decrease in callus size and 

reshaping of the callus toward the original femur dimensions. 

 

4.2.4     Histomorphometry of Inbred Mouse Femurs 

Histomorphometric measurements confirmed what was seen visually in 

the histology (Figure 4.8).  In order to reduce variability between sample cuts and 

sample sizes, mineralized area, cartilage area and granulation tissue area were 

normalized to the callus area for that specific sample.   

C57BL/6 has the highest percentage of mineralized area (%MA) at 7 days 

while C3H had the largest percentage of cartilage area (%CA) with respect to the 

total callus area (CALLUS).  The largest percentage of any parameter measured 

at this time point in all strains was that of granulation tissue (%GT), which filled 

between 46 to 70% of the callus area.   At 10 days post-fracture, C57BL/6 had a 

significantly greater %MA than C3H (p<0.001), DBA/2 (p<0.001), and ICR 

(p=0.002).  No measurable mineralized areas were detected in either the DBA/2 

or C3H fractures.  Both C3H and DBA/2 had significantly greater %CA than the 
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fracture calluses from the ICR (p= 0.009 and p= 0.004, respectively) or C57BL/6 

mice (p= 0.048 and p= 0.021, respectively).  All strains also showed a decrease 

in %GT measured in the callus at 10 days post-fracture.  At 14 days post-

fracture, over half of the C57BL/6 callus was filled with mineralized tissue and 

DBA/2 and C3H both had significantly larger increases in %MA compared to their 

own values at 10 days.  By 21 days post-fracture, all strains had the majority of 

their calluses filled with newly mineralized tissue.  Percent cartilage area and 

percent granulation tissue also had begun to decrease in the fracture calluses of 

all strains, with only a slight amount of either remaining.  By 28 days post-

fracture, no slide examined had any remaining measured granulation tissue or 

cartilage present.  All strains showed extensively mineralization covering 

between 80 to 85% of the callus area.  At 42 days post-fracture, %MA 

decreased.  This signaled that remodeling of the newly mineralized bone had 

taken place and the bone was returning to its original shape.  A summary table 

and statistical analysis for all histomorphometrical parameters may be found in 

Appendix B.  

 

4.2.5     Mechanical Testing of Inbred Mouse Femurs 

To assess how bone mineral density affects mechanical testing properties 

of healing bone, the fractured (right) and contralateral control (left) femurs of the 

mice were torsionally tested at 28 days post-fracture.   When comparing the 

control left femurs’ structural properties, peak torque and rigidity, the ICR and 

C3H mice have significantly greater values than either DBA/2 or C57BL/6 mice.   
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Additionally, the material properties, shear modulus and shear stress, of the C3H 

animals were far superior to all other experimental groups.  This was expected, 

as C3H animals having the highest published bone mineral density values 

(Figure 4.9).   

Assessment of the mechanical testing data for the right fractured femur 

showed very different results.  Peak torque and rigidity values were significantly 

higher in the ICR and C57BL/6 animals than in either C3H or DBA/2 (Figure 4.9).  

However, ICR values declined when analyzing the material properties.  In 

contrast, DBA/2 had significantly higher values compared to ICR and C3H and 

comparable values to C57BL/6, suggesting more mature bone had developed in 

this strain by 28 days post-fracture compared to ICR or C3H.  Of surprise was 

how well the C57BL/6 had healed.  While this strain has the lowest bone mineral 

density, both structural and material properties were significantly greater than 

C3H animals.  Tables summarizing the mechanical testing data and statistical 

analyses are located in Appendix B.  

One method used to minimize variability among the different strains is to 

normalize the fractured data with some type of control.  Because these four 

strains had multiple variable parameters, several different normalization methods 

were utilized.   The first method was to normalize the fractured femur by its 

contralateral control femur value for all parameters.  These results are shown as 

a percentage (Figure 4.10 and Table B4).  This data had trends similar to the 

data shown in Figure 4.9.  While C57BL/6 has the lowest published bone mineral 

density values, it has significantly higher values for all parameters when 
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compared to DBA/2 and C3H.  Additionally, DBA/2 had significantly greater shear 

stress values than C3H.  This suggests that bone mineral density is inversely 

proportional to fracture healing rate.   

Due to a significant difference in the weights between strains, one 

question that needed to be addressed was whether or not animal weight 

influenced the mechanical testing outcomes.  Since mechanical testing 

parameters are based on cross-sectional area and various other geometric 

measurements of the bone, variations in mouse strain body weight need to be 

considered as a factor in the mechanical testing outcomes.  After normalizing to 

the animal’s body weight, different results were in fact observed, predominately 

in the material properties of the fracture callus (Figure 4.11 and Table B6).   For 

the left femur, C3H had far superior shear modulus and shear stress compared 

to all other strains.  However, this changed when comparing the fractured femur.  

DBA/2 and C3H had similar values of peak torque and rigidity.  On a per gram 

basis, the DBA/2 had a higher shear modulus value than all strains and a 

comparable shear stress value to the C57BL/6.   

It was observed that the cross-sectional areas of all strains were also 

statistically different (Figure 4.12 and Table B4).  Therefore, cross-sectional area 

was another parameter used to normalize the data. The results obtained were 

similar to those when normalizing to weight (Figure 4.13 and Table B8).  This 

was expected since there is a correlation between weight and bone size.   

The last normalization method used was to normalize by the previously 

published average values of bone mineral density (238).  Because ICR did not 
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have published values, only C3H, DBA/2 and C57BL/6 were evaluated.  When 

looking at peak torque and rigidity values for the left femur, C57BL/6 had 

significantly higher values than either C3H or DBA/2 (Figure 4.14 and Table 

B10).  Additionally, C3H and DBA/2 had similar values for the structural 

properties examined.  Upon investigating the fractured femur, similar results as 

shown in Figure 4.9 were observed.  Statistical analysis for all normalization 

parameters is located in Appendix B. 
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4.3.0 The Role of Cyclooxygenase in Fracture Healing 

4.3.1 Disposition of COX Deficient Mice Used in This Study 

Female Cox2-KO, Cox-2HET, Cox-2WT and Cox-1KO mice weighing 21.7 

± 2.2, 24.7 ± 2.9, 22.4 ± 2.2 and 23.6 ± 3.2 grams, respectively, were used in 

this experiment.  All animals used in these experiments were bred and 

maintained in the Center for Comparative Medicine Resources at UMDNJ.  

All animals were 10-12 weeks old at the beginning of the study.  All 

experimental procedures were approved by the New Jersey Medical 

School Institutional Animal Care and Use Committee.  Of the 312 mice 

used in this study, 204 were ultimately included in the radiographic, 

histologic, histomorphometric, and mechanical analyses. A more detailed 

disposition of the mice used in this study may be found in Table 4.5.  

 

Table 4.5. Disposition of the 312 COX Deficient and Wild-Type Mice Used in This Study. 
  Surgical Errors Other Mechanical Testing Histology 

  Anesthesia 
Death 

Fracture 
Destabilization 

Poor 
Fracture 

Non-
Unions 

Died 
Prematurely 

Potting 
Errors 

User 
Errors 

Total 
Analyzed 

Poor 
Slide 

Total 
Used 

Cox-
1KO 2 0 1 3 4 8 1 24 8 26 

Cox-
2KO 7 1 0 0 8 0 0 17 6 27 

Cox-
2HET 6 1 3 0 1 12 2 24 19 38 

Cox-
2WT 3 0 1 0 1 3 0 19 7 29 

 

 

 Additionally, 3 Cox1-KO animals could not be mechanically tested 

because they were non-unions at harvest and could not be potted.  A total of 14 

animals died before reaching a time point (Cox-2KO:8; Cox-2HET:1; Cox-2WT:1; 
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Cox-1KO:4).  Therefore, these animals could not be used in any analysis for 

these experiments.  Animals were able to bear weight on their hind legs within a 

few hours after surgery and no significant decrease in weight over time was 

noted (Table 4.6). 

 

Table 4.6.  Average Pre-Surgical and Post-Sacrifice Weights of COX Deficient and Wild-    
Type Mice. 

Strain Time Point n Pre-Surgical Weight 
in Grams (Mean ± SD)

Post-Sacrifice Weight 
in Grams (Mean ± SD) 

7 Days 4 24.5 ± 1.0 24.5 ± 1.0 
10 Days 4 23.0 ± 1.2 24.0 ± 0.0 
14 Days 9 22.9 ± 2.7 23.1 ± 2.3 
21 Days 4 19.5 ± 1.0 20.5 ± 1.0 
28 Days 20 24.6 ± 3.6 26.3 ± 4.0 
42 Days 4 26.5 ± 1.0 28.5 ± 1.0 

Cox-1KO 

84 Days 22 24.5 ± 1.8 26.9 ± 2.0 
7 Days 6 24.4 ± 1.7 24.4 ± 1.7 
10 Days 3 24.0 ± 0.0 24.7 ± 1.2 
14 Days 8 21.5 ± 2.6 22.0 ± 2.8 
21 Days 4 21.0 ± 1.2 22.0 ± 1.6 
28 Days 16 22.4 ± 2.0 24.6 ± 1.7 
42 Days 4 21.5 ± 1.9 22.0 ± 2.3 

Cox-2WT 

84 Days 15 22.7 ± 2.4 24.9 ± 2.5 
7 Days 6 23.7 ± 1.5 24.0 ± 1.3 
10 Days 7 23.0 ± 1.2 23.0 ± 1.2 
14 Days 18 21.8 ± 1.8 22.3 ± 1.7 
21 Days 4 24.5 ± 1.0 25.5 ± 1.0 
28 Days 26 24.0 ± 2.7 24.8 ± 3.2 
42 Days 6 22.3 ± 2.3 24.0 ± 2.2 

Cox-2HET 

84 Days 43 24.7 ± 2.9 26.2 ± 2.3 
7 Days 5 21.2 ± 2.3 21.2 ± 2.3 
10 Days 5 20.8 ± 1.1 21.2 ± 1.1 
14 Days 5 21.6 ± 0.9 22.0 ± 0.0 
21 Days 4 20.7 ± 2.3 21.3 ± 1.2 
28 Days 13 21.2 ± 2.1 21.8 ± 1.7 
42 Days 4 22.5 ± 1.9 24.0 ± 1.6 

Cox-2KO 

84 Days 16 22.5 ± 2.8 23.8 ± 2.2  
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4.3.2     Radiography of COX Deficient Mice 

 All animals were radiographed immediately post-fracture to verify the 

placement of a mid-diaphyseal fracture and post-sacrifice to confirm constant pin 

stabilization.  In addition, a subset of animals from each strain was radiographed 

at 7, 10, 14, 21, 28, and 84 days post-fracture for serial radiographical 

comparison of fracture healing.  Radiography clearly showed the importance of 

COX-2 on fracture healing.  While Cox-1KO, Cox-2HET and Cox-2WT all 

showed a similar temporal pattern of healing from 7 to 84 days, fracture healing 

in Cox-2KO mice appeared to severely lag behind (Figure 4.15).  At 7 days, all 

groups had similar radiographic findings of a clear transverse femoral fracture.  

After 10 days, the fractures in the Cox-1KO, Cox-2HET and Cox-2WT animals 

showed signs of periosteal lifting around the fracture edges.  However, the 

fractures in the Cox-2KO animals showed little callus formation by this time.  

Robust callus was detected in the Cox-1KO, Cox-2HET and Cox-2WT at 14 

days, but the Cox-2KO still showed very little callus formation. By 21 days post-

fracture, the fractures in the Cox-1KO, Cox-2HET and Cox-2WT mice appeared 

fully bridged.  Initial observations of the Cox-2KO fracture callus would suggest 

that these calluses were also bridged.  However, upon closer inspection, a faint 

radio-opaque line down the center of the callus was detected.  This line 

represents the front edge and back edge of the callus overlapping.  Remodeling 

of the fracture callus was evident in all mouse genotypes by 28 days after 

fracture.  Remodeling continued through 84 days post-fracture when the 

experiment was terminated. 
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4.3.3     Calcified Histology of COX Deficient Mouse Femurs 

Histological analysis was evaluated at 7, 10, 14, 21, 28, 42 and 84 days 

post-fracture (Figure 4.16).  Fracture healing followed a similar histological 

pattern in the Cox-1KO, Cox-2HET and Cox-2WT mice.  At 7 days, a definitive 

fracture callus was evident with cartilage and other cells invading the area.  At 10 

days, endochondral ossification was visible, along with continued cartilage 

formation.  By 14 days, a small amount of cartilage remained in the fracture 

callus.  However, mineralized cartilage was abundant.  After 21 days of healing, 

any cartilage remaining was replaced completely by mineralized tissue.  

Furthermore, the femur fractures in all three of these strains were bridged by 21 

days.  By 28 days, remodeling of the fracture callus had begun in the Cox-1KO, 

Cox-2HET and Cox-2WT animals.  Subsequent remodeling continued from 42 

through 84 days post-fracture, as the fracture callus for these three strains began 

to reshape itself back to its original dimensions. 

In contrast, the Cox-2KO fracture callus showed vastly different results 

(Figure 4.16).  At 7 days, fracture callus borders were clearly defined, although it 

did appear smaller in size compared to the other three strains.  By 10 days, only 

a small amount of cartilage that stained with Stevenel’s Blue appeared on the 

periphery of the fracture callus along with an abundance of fibrous tissue in the 

center of the callus.  By 14 days, cartilage formation appeared to have halted in 

this strain, leaving a fibrous mass in the center of the callus, surrounded by the 

beginning of mineralizing bone.  This was further exaggerated by 21 days post-

fracture, when a huge mass of fibrotic tissue was still clearly present in the center 
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of the callus.  Without clearly bridging the fracture gap, the fracture callus 

appeared to begin remodeling at 28 days and continued through 84 days post-

fracture.   

 

4.3.4     Histomorphometry of COX Deficient Mouse Femurs 

The histomorphometry measurements confirmed the conclusions seen in 

the histological observations.  Histology and histomorphometry clearly showed 

the importance of COX-2 on fracture repair.  Callus area peaked at 14 days post-

fracture for Cox-1KO and Cox-2WT mice and at 21 days for Cox-2Het and Cox-

2KO mice (Figure 4.17-Panel A).  At 7 days post-fracture, Cox1-KO, Cox2-HET 

and Cox-2WT fractures all had similar percentages of mineralized area, while 

Cox-2KO fractures had no measurable quantities (Figure 4.17-Panel B). Also, the 

Cox-2KO callus had very little cartilage present and a statistically greater 

percentage of granulation tissue (%GT) than Cox-1KO, Cox-2HET and Cox-2WT 

fractures.  Cox-2HET fractures had the largest percentage of cartilage area, 

peaking at almost 22% of the callus area (Figure 4.17- Panel C).     

At 10 days post-fracture, one Cox-2KO fracture slide had a measurable 

percentage of mineralized area and the percentage of cartilage area (%CA) 

increased from approximately 3% at 7 days to 11% at 10 days post-fracture in 

these animals.  However, this was the highest the cartilage percentage ever 

reached and the majority of the callus area was still largely granulation tissue.  In 

contrast, almost a quarter of the callus was filled with newly mineralized tissue in 

the Cox-1KO animals by 10 days post-fracture (Figure 4.17- Panel B).   Cox-1KO 
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fracture calluses also saw the percentage of cartilage area increased from about 

6.5% to almost 18% in three days.  Additionally, the %GT decreased from 47% at 

7 days to 31% at 10 days.  The Cox-2Het and Cox-2WT animals also had 

significant increases in the percentage of mineralized tissue in their calluses from 

7 to 10 days post fracture, going from 7% and 8% to about 18% and 21%, 

respectively.  The percentage of cartilage area increased 50% or more from 7 to 

10 days in the Cox-2Het and Cox-2WT animals (Figure 4.17-Panel C).  Similar to 

Cox-1KO, granulation tissue in the Cox-2HET animals fractures were roughly 

one-third of the callus area.  Cox-2WT animals had significantly less granulation 

tissue in their calluses at 10 days than all other strains (Figure 6.3, Panel B). 

By 14 days post-fracture, Cox-2KO animals began to show significant 

increases in the percentage of new mineralized area, but was still significantly 

less than all other strains compared (Figure 4.17-Panel B).  The fractures of Cox-

1KO, Cox-2HET and Cox-2WT mice had %MA values from 40% to 50% 

compared to the fractures of Cox-2KO value of 27%.  Also, a large portion of the 

Cox-2KO callus was still filled with granulation tissue, comprising roughly one-

third of the callus.  In contrast, the fractures of Cox-1KO, Cox2-Het and Cox-2WT 

%GT values had decreased to about 11%, 14% and 8%, respectively.  The 

percentage of cartilage in the callus at 14 days was highest in the Cox-1KO 

animals at 15% (Figure 4.17- Panel C).   

At 21 days post-fracture, Cox-1KO and Cox-2WT fractures no longer had 

measurable cartilage or granulation tissue in the fracture callus.  Of the Cox-

2HET specimens, one had some remaining granulation tissue in the callus, 
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however this was negligible.  Cox-1KO, Cox-2HET and Cox-2WT animals had 

between 62 and 72% of the callus area filled with mineralized tissue compared to 

49% for Cox-2KO.  Cox-2KO still had almost 17% of the callus area filled with 

granulation tissue and a small amount of cartilage present (Figure 4.17- Panel 

D).   

 By 28 days post-fracture, the %MA in Cox-1KO, Cox-2HET and Cox-2WT 

fracture calluses decreased, signifying that remodeling had begun.  In contrast, 

the Cox-2KO callus %MA was still increasing and filled with about 12% of 

granulation tissue.  At 42 days, callus %MA still decreased in the Cox-1KO and 

Cox2-WT animals, while slightly increasing in both the Cox-2KO and Cox-2HET 

animals.  Granulation tissue was still present in some of the Cox-2KO animal 

fractures.  By 84 days post-fracture, only mineralized tissue was seen in the 

calluses of all strains.  Similar to the histology examined, remodeling was present 

in all strains.   

 

4.3.5     Mechanical Testing of COX Deficient Mouse Femurs 

Mechanical properties were evaluated at two time points, 28 and 84 days 

post fracture.  The results are summarized in Figure 4.18.  As can be seen, the 

Cox-2KO mice had significantly lower structural (peak torque, rigidity) and 

material properties (shear modulus and maximum shear stress) at 28 days than 

Cox-2HET, Cox-2WT and Cox-1KO mice.  However, by 84 days post fracture, 

the Cox-2KO animals regain some structural properties compared to those 

values of the other groups.   Material properties reflected similar results.  Shear 
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modulus and maximum shear stress values were similar in the Cox-1KO, Cox-

2HET and Cox-2WT animals at 28 days.  However, the Cox-2KO mice showed 

significantly less material property values at this time point.  After 84 days of 

healing, the material properties in all experimental strains and genotypes 

increased.  However, Cox-2KO animals still had significantly less values when 

compared to the other three groups.  This signifies an immaturity in the new 

bone’s material properties of the Cox-2KO mouse.   

Of interest was the high average shear modulus value the Cox-1KO mice 

reached.  It should be addressed that ONLY femurs collected without incident 

were used and if the specimen could be successfully potted, it was torsionally 

tested.  This may lead to skewing of the data as the Cox-1KO group had three 

animals out of a possible 36 animals excluded due to non-unions.  In essence, 

only the best healed animals were tested for the Cox-1KO group which may have 

lead to uncharacteristically high values for the mechanical testing parameters 

obtained for this group. 
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4.4.0    The Role of 5-Lipoxygenase (5-LO) in Fracture Healing 

4.4.1     Disposition of 5-LO Deficient Mice Used in This Study        

Female 5-LOKO (bred in house) and C57BL/6 (WT) animals (Jackson 

Laboratory, Bar Harbor, ME) weighing 20.0 ± 1.5, and 19.4 ± 1.3 grams, 

respectively, were used in this experiment.  All animals were 10-12 weeks 

old at the beginning of the study.  All experimental procedures were 

approved by the New Jersey Medical School Institutional Animal Care and 

Use Committee.  Of the 168 mice used in this study, 140 were ultimately 

included in the radiographic, histologic, histomorphometric, eicosanoid and 

mechanical analyses. A more detailed disposition of the mice used in this 

study may be found in Table 4.7.  

Table 4.7.  Disposition of the 168 5-LO Deficient and Wild-Type Mice Used in the Study. 

 Surgical Errors Mechanical Testing Histology Eicos. 
Levels 

 Anesthesia 
Death 

Fracture 
Destabilization 

Poor 
Fracture 

Potting 
Errors 

User 
Errors 

Total 
Analyzed 

Poor 
Slide 

Total 
Used 

Total 
Used 

5-LOKO 5 0 0 3 1 19 6 23 6 

WT 1 0 0 4 0 22 7 34 6 

Cox-1KO 0 0 0 NA NA NA NA NA 4 

Cox-
1KO(Rx)a 1 0 0 NA NA NA NA NA 3 

Cox-2WT 0 0 0 NA NA NA NA NA 6 

Cox-
2HET 0 0 0 NA NA NA NA NA 6 

Cox-2KO 0 0 0 NA NA NA NA NA 6 

Cox2-
KO(Rx)b 0 0 0 NA NA NA NA NA 5 

a = treated with 30 mg/kg of rofecoxib; b= treated with 30 mg/kg of SC-560 
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 Animals were able to bear weight on their hind legs within a few hours 

after surgery and no significant decrease in weight over time was noted (Table 

4.8). 

 

Table 4.8.  Average Pre-Surgical and Post-Sacrifice Weights of 5-LO and WT Mice. 

Strain Time Point n 
Pre-Surgical Weight 

in Grams         
(Mean ± SD) 

Post-Sacrifice 
Weight in Grams 

(Mean ± SD) 

7 Days 7 20.6 ± 1.0 20.3 ± 0.8 
10 Days 12 20.7 ± 1.3 20.8 ± 1.3 
14 Days 7 21.1 ± 1.1 21.4 ± 1.5 
21 Days 5 21.2 ± 1.1 21.2 ± 1.1 
28 Days 13 18.8 ± 1.0 20.6 ± 2.2 

5-LOKO 

84 Days 8 18.9 ± 1.0 21.3 ± 1.0 
7 Days 6 21.0 ± 1.1 21.3 ± 1.0 
10 Days 7 18.6 ± 1.0 20.0 ± 0.0 
14 Days 21 19.2 ± 1.4 19.8 ± 0.9 
21 Days 8 20.5 ± 1.4 21.3 ± 1.0 
28 Days 12 18.8 ± 1.0 19.3 ± 1.0 

WT 

84 Days 14 19.3 ± 1.0 21.4 ± 1.2 
 

 

4.4.2     Radiography of 5-LO Deficient Mice 

All animals were radiographed immediately post-fracture to validate the 

placement of a mid-diaphyseal fracture and post-sacrifice to confirm pin 

stabilization.  In addition, a subset of animals from each group was radiographed 

at 7, 10, 14, 21 and 28 days post-fracture for serial radiographical comparison of 

fracture healing (Figure 4.19).  The 5-LOKO mouse showed a mineralized callus 

at the periphery of the fracture site by 7 days post fracture as compared to 10 

days in the control mice.  At 10 days post-fracture, a large mineralized callus was 

apparent in the 5-LOKO similar in appearance to the 14 day post-fracture callus 
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of the control mice.  Fracture bridging with new bone was apparent by 14 days 

after fracture in the 5-LOKO mice but not until 21 days post-fracture in the control 

mice.  After 28 days, the reduced size of the 5-LOKO callus suggested bone 

remodeling had occurred as compared to the equivalent time in the control 

fracture callus.  This series of radiographs suggests that 5-LOKO mice have 

accelerated fracture healing.   

 

4.4.3     Calcified Histology of 5-LO Deficient Mouse Femurs 

 Histological analysis further supports the radiographic findings, as the 5-

LOKO fracture calluses appear to have more abundant cartilage formation at 7 

days.  Furthermore, there was visually more mineralized tissue by 10 days, callus 

bridging by 14 days and substantial remodeling by 21 days, as compared to the 

same time points in WT animals (Figure 4.20).   

To see if this increased fracture healing was due to an increased response 

in the endochondral ossification process or by potentially a different mechanism; 

higher magnification histology at 7 days post-fracture was examined.  As can be 

seen in Figure 4.21-Panel A, histology at 4X the magnification of the wild-type 

mouse fracture shows a cartilage region ahead of a slight amount of new 

mineralization.  Increased magnification to 20X (Figure 4.21-Panel B) shows this 

cartilage becoming hypertrophic, with a slight amount of calcified cartilage at the 

zone separating cartilage and bone.  However, at 4X magnification, the 5-LOKO 

mouse has a very visual robust cartilage area coupled with a strong 

endochondral bone zone (Figure 4.21-Panel C).  Further magnification to 20X 
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reveals hypertrophic chondrocytes with extensive mineralized cartilage on top of 

a new bone layer (Figure 4.21-Panel D). This histology supports that the 5-LOKO 

mice have an accelerated endochondral ossification process.    

 

4.4.4     Histomorphometry of 5-LO Deficient Mouse Femurs 

 Histomorphometric measurements showed a slight increase in total callus 

area (TA) and callus area (CALLUS) was observed in the 5-LOKO mice as 

compared to WT controls at 7 days post-fracture.  Furthermore there was a 

significant increase in MA and CA and a significant decrease of GT in the 5-

LOKO as compared to WT controls at the same time point.  By 10 days, these 

effects seemed to have minimized, except the GT levels in the WT controls were 

still significantly greater. 

 However, it has been reported that 5-LOKO mice have increased cortical 

bone thickness (255).  Since wall thickness directly affects the amount of original 

femur bone present, thereby affecting the results of the callus area, this 

information was taken into account.  Therefore, a normalized percentage value of 

MA, CA and GT (%MA, %CA, %GT) as compared to the calculated callus area 

was used.   

 As seen in Figure 4.22, after taking the wall thickness into consideration, a 

more pronounced effect is seen.  With only seven days of healing, the 5-LOKO 

shows a significantly greater percentage of mineralized and cartilage and a 

significantly less amount of fibrous tissue (Figure 4.22-Panel A).  While these 

results are similar as before wall thickness was addressed, it is clearly more 
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apparent that the differences between these two groups are more definitive.  At 

ten days post-fracture, %MA is still significantly greater in the 5-LOKO animals as 

compared to WT and %GT is still significantly less than WT (Figure 4.22-Panel 

B).  However, no significant differences were seen in any parameter past 10 days 

(Figure 4.21-Panels C and D).  This indicates that the accelerated fracture 

healing observed in the 5-LOKO mice occurs because of changes during the 

early stages of fracture healing. 

 

4.4.5     Mechanical Testing of 5-LO Deficient Mouse Femurs 

 Since wall thickness is a main variable in the calculation of mechanical 

properties, the normalized values of fractured femur as a percentage of the 

unfractured contralateral were considered as a better representation of the data 

(Figure 4.23). 

It was observed that the structural properties of peak torque and rigidity of 

the 5-LOKO fracture callus were approximately 20% and 40% higher for the 5-

LOKO mice than the control mice after 28 days (Figure 4.23- Panels A and B). In 

addition, the material properties of maximum shear stress and shear modulus 

were approximately 40% and 70% higher after 28 days of healing in the 5-LOKO 

mice (Figure 4.23- Panels C and D).  By 84 days, peak torque and maximum 

shear stress remained significantly higher in the 5-LOKO mouse fractures than in 

controls.  This further demonstrates that the 5-LOKO fracture callus obtains 

better structural and material properties sooner than control fracture callus.   
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4.4.6     Eicosanoid Levels in Fracture Callus of 5-LO Deficient Mice 

Fracture callus levels of PGE2, PGF2α and LTB4 were assayed to validate 

the hypothesis that the elimination of the COX-2 pathway leads to excess 

arachidonic acid shunting into the 5-LO pathway resulting in excess leukotriene 

production, reduced prostaglandin production, and ultimately impaired healing.  

This was accomplished by measuring eicosanoid levels in extracts from 4-day 

post-fracture calluses from mice of different genotypes. 

The PGE2 levels did not appear to initially follow this hypothesis (Figure 

4.24).  Our hypothesis predicted elevated levels of PGE2 would be found in the 5-

LOKO mice, the values obtained seem to be similar to the values of the controls.  

However, elevated levels of PGE2 were measured in the Cox-2KO and Cox-1KO 

animals.  Subsequently, Cox-2KO (Cox-2KOTreated) animals received a 30 

mg/kg treatment with SC-560 (a COX-1 inhibitory drug) and Cox-1KO animals 

(Cox-1KOTreated) received a 30 mg/kg treatment of rofecoxib (a COX-2 

inhibitory drug), by oral gavage, two hours before sacrifice.   Treatment with 

these drugs showed that the elevated PGE2 levels observed in the COX-1KO or 

COX-2KO mice was COX-2 or COX-1 dependent respectively. 

PGF2α levels also were measured in the 4-day post-fracture callus extracts 

(Figure 4.25).  However, the results here were somewhat different.  The 5-LOKO 

mice again did not see an elevation of PGF2α, suggestion that pure shunting was 

not occurring.  Cox-1KO fractures showed significantly decreased PGF2α  values 

when compared to the 5-LOKO (p= 0.004), Cox2-HET (p= 0.003) and Cox2-WT 

fractures (p= 0.003), but significantly increased values when compared to Cox-
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2KO fractures (p= 0.005).  However, Cox-1KO mice treated with rofecoxib had 

further reduced PGF2α levels (p= 0.006) compared to the untreated Cox-1KO 

animals.  Unlike the PGE2 assay, which showed elevation of PGE2 in the Cox-

2KO, the levels of PGF2α in fracture callus extracts from the non-treated Cox-

2KO animals were very low.  This suggests that PGF2α synthesis in the fracture 

callus, but not PGE2 synthesis, is primarily dependent on COX-2 activity. 

As expected, LTB4 levels were very low in the fracture callus extracts from 

the 5-LOKO mice (Figure 4.26).  However, shunting into the 5-LO pathway was 

observed in the Cox-2KO mouse fracture callus.  Treating animals with SC-560 

resulted in the LTB4 levels decreasing back to normal values.  
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5.0.0 DISCUSSION 

5.1.0     Developing and Characterizing a Closed Murine Femoral Fracture Model 

The mouse femoral fracture model developed and characterized proved 

consistent and reliable.  The overall success rate of the mouse fracture model 

was above 75%, with experimental losses due to the mechanical testing 

preparation accounting for almost 16% of the number of animals used.  Poor or 

comminuted fracture production was minimal and represented only 3.3% of all 

animals used (Table 4.1).   

The murine femoral fracture model described proved to be analogous to 

the rat closed femur fracture model developed by Bonnarens and Einhorn (209).  

Fracture healing followed a reproducible order of events, including hematoma 

formation, inflammation, endochondral ossification and remodeling (Figures 4.2 

and 4.3).   The processes observed were also similar to those seen in the rat 

model.  However, one observed difference was that bony bridging of the fracture 

site in the mouse occurred between twenty-one and twenty-eight days post-

fracture, while it does not occur until after twenty-eight days in the rat.   

The use of the relatively straight femur allowed for the analysis of the 

torsional mechanical properties of a mouse fracture (Figure 4.5 and Table B1).  

Temporal variations in the mechanical properties also followed an expected 

pattern.  Peak torque values increased rapidly to reach 82% of the contralateral 

control femur by twenty-one days post fracture. The increase in torque is most 

likely because of structural changes occurring in the fractured femur as its cross-

sectional area increases at the site of injury (Figure 4.1 and Table B1).  However, 
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rigidity showed a slower increase in values after 28 days of healing.  This was 

consistent with the radiographical and histological data showing that the bridging 

of the fracture gap with new bone occurred between twenty-one and twenty-eight 

days post-fracture.  Material properties also showed a slower increase in values.  

These increases were seen after twenty-eight days of healing.  In contrast to the 

structural properties achieving similar values to controls quickly, the maximum 

shear stress and shear modulus values only reached 35% and 29% of the 

contralateral control femurs even after eighty-four days of healing post-fracture.  

While it is assumed that bone remodeling should occur quickly in mice, and 

therefore lead to increased material properties.  The lower material properties 

observed may be attributed to potential stress shielding by the intramedullary pin.  

Generally, the structural mechanical properties (peak torque and rigidity) 

increased faster, as opposed to the material mechanical properties (shear stress 

and shear modulus), of the healing bones. 

Other investigators have used additional murine femoral fracture models 

since this work began.  One report showed a bone defect model developed in the 

distal metaphysic of the mouse femur (237). The healing process was followed 

by histomorphometry, peripheral quantitative computed tomography (pQCT), 

cantilever-bending mechanical testing, and molecular biological analyses.  Bone 

healing in this model mainly occurred by intramembranous ossification, as very 

little cartilage was observed.  Two reports described externally fixed femoral 

osteotomies.  In one, cell proliferation and apoptosis rates during healing were 

characterized (232).  In the other, radiography and four-point bending tests 
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evaluated fracture healing (236).  Both of these reports showed results similar to 

those found here, with the bridging of the defect occurring at twenty-one days 

and stiffness values increasing over time.   

Murine fracture callus cells also have been used as the a cell source for in 

vitro culture experiments (229).  Another study focused on exploring whether 

traceable D1-BAG stromal cells would localize to the site of experimentally 

induced fractures (227).  Transplanted bone marrow cells were injected 

intravenously into mice that sustained stabilized femoral shaft fractures.  Callus 

tissue and marrow were examined histologically at seven, fourteen, twenty-one, 

twenty-eight, forty-two, fifty-six and seventy days post-fracture.   In another 

report, systemically administered mesenchymal stem cells transfected with 

plasmids to express IGF-1 or β-galactosidase were quantified in the fracture 

callus at fourteen, twenty-eight and forty-two days post-fracture (256).  Internally 

fixed, open femur fractures in mice were used to assess the effects of 

simvastatin on fracture healing (230).  Examination of histology at seven, 

fourteen and twenty-one days post-fracture and mechanical testing by three-point 

bending was utilized in this experiment.  Consistent with the findings here, 

fractures were found to be bridged at 21 days post fracture.  Furthermore, the 

simvastatin-treatment appeared to affect the early stages of fracture healing by 

increasing the callus size at 14 days after fracture.  However, this effect was 

eliminated by three weeks post-fracture, as no significance between treated and 

controls was noted at this time.  The role of vascular endothelial growth factor 

(VEGF) was explored using a soluble form of the VEGF receptor to reduce 
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circulating levels of VEGF (231).  Fractures were examined at seven and 

fourteen days post-fracture by microcomputer tomography and by histological 

examination.  Finally, one group developed a locking femur nail for mice (235).  

Peak torque, rigidity and stiffness values were similar to the ones already 

presented.  However, no histological data was presented. 

While these reports utilized the murine fracture model, the radiographic, 

histological and mechanical testing analysis did not extensively characterize the 

healing pathway and only one report discussed the torsional mechanical 

properties (235).   However, this report was published after the model presented 

here had already been published (257).   

 

5.2.0     Genetic Background and Fracture Repair 

 Bone mineral density (BMD) is the most commonly used clinical indication 

of osteoporosis and fracture risk (73).  Studies have shown that torsional strength 

is proportional to and primarily dependent on mineral content (258,259).  Having 

a higher bone mineral density reduces the risk of a bone fracture.  However, 

there is no correlation on whether or not having a high bone mineral density 

results in faster fracture healing once bone trauma has occurred.  To determine if 

a high BMD correlated with a stronger or faster bony union following a femoral 

fracture, one outbred and three inbred strains of mice with previously published 

bone mineral density values (238) were evaluated for fracture healing capacity.   

 Radiographical and histological analysis (Figure 4.6-4.7) would first 

indicate that a high BMD leads to faster fracture repair.  By 14 days, the mouse 
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with the highest BMD (C3H) appears bridged, while all other strains appear to lag 

behind.  Additionally, remodeling appeared to have begun by 28 days in C3H 

animal.  However, histomorphometry and mechanical testing results did not 

support these initial findings (Figures 4.8-4.14).  Histomorphometric 

measurements showed that C57BL/6 fractures (lowest BMD) had the highest 

percentage of mineralized tissue and cartilage area at the earliest time point.  

Also, the C57BL/6 calluses have the least amount of granulation tissue at the 

earliest time post-fracture.  This suggests that the C57BL/6 callus (low BMD) has 

healed faster than the C3H callus (high BMD).   

 Mechanical testing supports these findings.  Analysis of the mechanical 

testing properties shows that when the fractured femur was normalized to its 

control unfractured femur, the C57BL/6 had the highest structural (peak torque 

and rigidity) and material (maximum shear stress and shear modulus) properties.  

C3H fractures, while having the highest bone mineral density values, have the 

weakest normalized mechanical testing properties.  This suggests an inverse 

relationship between bone mineral density and fracture healing success exists.  

As expected, when comparing the fractured to the unfractured control femur, the 

C3H animal had significantly greater mechanical testing values.  Therefore, a 

high bone mineral density is valuable in minimizing fracture risk.  However, after 

a fracture is sustained, such as in a high impact accident, a genetic pre-

disposition to high bone mineral density may be deleterious to the fracture 

healing progress.   
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5.3.0     Cyclooxygenase and Fracture Repair 

Because prostaglandins are known to be modulators of bone metabolism, 

the role of prostaglandin synthesis in bone healing has been of much interest.  

The most abundant prostaglandin produced by osteoblasts, PGE2, has been 

shown to play a crucial role in bone formation, mainly through the EP2 and EP4 

prostaglandin receptor subtypes (260-262).  Previous experiments that 

systemically administered PGE2 showed an increase in bone formation, as well 

as bone mass (263-266).  In the rabbit, blood flow to the surrounding muscle, 

bone and marrow was increased by PGE2 infusion (267), while callus formations 

showed a dose-dependent stimulation response (268).   Furthermore, PGE2 

given to canines increased mineralization, indicating accelerated remodeling 

(269,270).  Collectively, there is ample scientific evidence to support the role 

prostaglandins play in bone metabolism.  However, to better understand the role 

prostaglandins play in fracture repair, it is important to understand how 

prostaglandins contribute to the fracture repair process. 

During the inflammatory stage of fracture healing, pro-inflammatory 

stimuli, cytokine and growth factors release influence prostaglandin production 

(114,271,272).  Prostaglandins were shown to accumulated in the fracture callus 

in the first two weeks after injury and are abundantly produced by osteoblasts 

(27,271,273).  During the bone reparative phase, prostaglandins are responsible 

for increasing the amount and activity of osteoclasts, thereby aiding subsequent 

bone resorption (274) and PGE2 is the most potent agonist for stimulating bone 

resorption and formation (266).  Additionally, prostaglandin production in bone 
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and their future action on bone cells was shown to be indirectly enhanced by 

COX-2 induction (151,274).   

The two recognized isoforms of cyclooxygenase, COX-1 and COX-2, are 

differentially expressed in bone.  COX-1 is constitutively expressed in normal 

bone and COX-2 is upregulated during the beginning stages of fracture repair 

and inflammation (27,275-277).  Because of these findings, much attention has 

recently been given to studying how the blocking of prostaglandin synthesis, 

specifically by non-selective, non-steroidal anti-inflammatory drugs (NSAIDs) and 

selective COX-2 inhibitors (COXIBs), alters bone healing.  Because of their anti-

inflammatory and analgesic properties, NSAIDs are widely prescribed to patients 

with bone and joint ailments and musculoskeletal injuries (278,279).  In normal 

bones, long term NSAID use rarely causes adverse effects and is considered to 

be therapeutic for bone loss prevention and osteoporosis (280).  Furthermore, 

NSAIDs are useful in preventing heterotopic ossification following joint 

replacement surgery (281-286).  However, the potential side effects associated 

with traditional NSAID use resulted in the development of selective COX-2 

inhibitors that would affect prostaglandin production by the COX-2 pathway, but 

spare the prostaglandin production associated with the COX-1 pathway that are 

necessary for normal tissue function (186).   

Many preclinical models of fracture repair have evaluated NSAIDs 

following fracture or osteotomy.  For example, impaired bone healing in rats and 

rabbits resulted after being treated with aspirin, diclofenac, ibuprofen, 

indomethacin, and tenoxicam (287-304).  Recent studies focusing on how 
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COXIBs effect bone healing have shown similar results (114,305,306).  In 

essence, these studies show a decreased callus size and inferior mechanical 

properties indicative of inhibited fracture healing.   

Because the strong pharmacological data that specific COX-2 inhibitors 

impair fracture healing, this dissertation sought to determine if the impairment in 

bone regeneration was caused by a pharmacological dosing side-effect or 

whether COX-2 had a functional role in bone healing.   

 The radiographical, histological, histomorphometric, mechanical and callus 

eicosanoid level information presented here clearly shows Cox-2KO mice have 

an abnormal repair sequence when compared to controls (Figure 4.15-4.18).   

Fracture callus levels of PGE2 were significantly higher (p<0.001) in both the 

Cox-1KO and Cox-2KO animals compared to all other groups.  While this may 

seem counterintuitive, only half of the arachidonic acid pathway is blocked in 

either of these strains of mice.  One possible reason why Cox-2KO mice fail to 

heal properly is that the excess PGE2 results in elevated bone resorption.  

Eicosanoid levels also show that Cox-1KO animals have a high level of PGF2α, 

while Cox-2KO fracture calluses have non-detectable amounts of PGF2α.  This 

implies that COX-2 governs PGF2α production. Since chondrogenesis is PGF2α 

dependent, it follows that Cox-2KO mice would have low chondrocyte 

populations.  This is evident in the histology and histomorphometry results 

presented (Figures 6.2-6.4).  However, Cox-1KO fracture calluses show lower 

than average levels of PGF2α.  Therefore, Cox-1KO animals should still produce 

chondrocytes.  It is hypothesized that if the ratio of PGE2 to PGF2α  is less than 1, 
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healing will occur normally.  If the ratio of PGE2 to PGF2α is greater than 1, then 

healing will occur abnormally.  Because the Cox-1KO levels of PGE2 are higher 

than the levels of PGF2α, this may explain the high number of non-unions seen in 

these experiments.  However, the difference between the PGE2 levels and the 

PGF2α levels is not as drastic in the Cox-1KO mice as with the Cox-2 mice and 

should occur less often.  

 Recently, one group published results in contrast to our findings (307).  In 

this randomized blinded study, a stabilized closed-tibial fracture was placed in 8-

10 week old male mice. These animals were then placed in one of seven 

treatment groups to examine the effect of COX-2 inhibitors and non-steroidal 

anti-inflammatory drugs on fracture healing.   Animals in a treatment group 

received oral NSAIDS delivered in peanut butter chow.  Biochemical and three-

point biomechanical testing was completed at 28, 56 and 84 days post-fracture.  

The results of this study found no differences in maximum load or stiffness 

values between any treatment groups compared to control values and only the 

animals in the ketorolac group exhibited differences in collagen expression with 

decreased cartilage formation.   However, the data presented in this dissertation 

does not support the finding of this report, as the Cox-2KO animals examined 

here showed severe fracture healing delays or complete non-unions.  

 

5.4.0    5-Lipoxygenase and Fracture Repair 

 Animal studies have confirmed the importance of non-steroidal anti-

inflammatory drugs (NSAIDs) on fracture healing (287,288,291-293,308).  
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Because NSAIDs inhibit cyclooxygenase activity, one explanation for the 

deleterious effects would be that COX-2 activity induced as part of the 

inflammatory phase of fracture repair has a necessary function.  Experiments 

have shown that COX-2 selective NSAID treatments in the rat impair fracture 

healing in the rat and that fracture healing is drastically inhibited in mice lacking 

COX-2 function (306).  In the clinical setting, NSAIDs are prescribed to reduce 

heterotopic bone formation in humans and retrospective studies show that the 

use of NSAIDs can lead to an increase of non-unions in humans (309-313).  

 Prostaglandins induce osteogenesis in animals and humans (314,315).  

Therefore, one explanation would be that the loss of, or inhibition of, COX-2 

activity would reduce bone formation during fracture repair.  Little is known about 

the specific cell types that produce prostaglandins or which cells respond to the 

prostaglandins during fracture repair.  While, in vitro data has shown that 

osteoblasts, chondrocytes and endothelial cells synthesize and respond to 

prostaglandins (316-331), this has yet to be proven in vivo during fracture repair.   

   This thesis hypothesizes that another mechanism could account for the 

impaired fracture healing observed in Cox-2KO mice or in other animals treated 

with NSAIDs.  As part of the normal inflammatory response, COX-2 and 5-LO are 

activated and induced.  This leads to the normal production of prostaglandins 

and leukotrienes (Figure 4.27-Panel A).  When COX-2 function is absent, 

arachidonic acid released by phospholipase A2 activity may potentially be 

shunted into the 5-LO pathway leading to increase leukotrienes synthesis, a 
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decrease in prostaglandin synthesis, and ultimately impaired healing (Figure 

4.27-Panel B).    

 

 

 

 Previous work has shown that in vitro treatment with LTB4 or 5-HETE can 

reduce osteoblast proliferation and differentiation (332,333).  It may be possible 

that loss of 5-lipoxygenase activity could potentially reduce leukotriene levels, 

increase prostaglandin levels and accelerate fracture healing (Figure 4.27-Panel 

C).   

 Radiographic, histologic, and histomorphometric data support that genetic 

ablation of 5-LO function accelerates tissue regeneration during fracture healing 

(Figures 4.19-4.22).  While a normal pattern of endochondral ossification was 

observed, there was significantly more cartilage in the facture site than in control 

mice by seven days post fracture.  In addition, more mineralized tissue was 

evident in the 5-LOKO mice at seven and ten days post-fracture.  This data 

signifies that bone regeneration occurred through an accelerated endochondral 

ossification process in the 5-LOKO mice. 
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 In accordance with the radiographic and histomorphometric results, the 

mechanical data also provided compelling evidence that the 5-LOKO mice 

experience acelerated healing (Figure 4.23).  Normalized peak torque and rigidity 

values were approximately 20% and 40% higher for the 5-LOKO mice than for 

the control mice after 28 days of healing.  Likewise, after 28 days of healing, 

maximum shear modulus and shear stress were approximately 70% and 40%, 

respectively, in the 5-LOKO mice.  Peak torque and maximum shear stress 

remained significantly higher in the 5-LOKO mice even after 84 days post-

fracture, demonstrating that the 5-LOKO fracture callus obtained better structural 

and material properties faster than control mice. 

 To directly test the hypothesis that in the absence of COX-2, arachidonic 

acid could shunt into the 5-LO pathway leading to excess leukotriene synthesis, 

which is potentially responsible for the impairment of bone regeneration during 

fracture healing, fracture callus levels of eicosanoids were also measured 

(Figures 4.24-4.26).  Callus eicosanoid data showed 5-LOKO mice had 

significantly reduced levels of LTB4.  This was expected since without 5-LO 

function, these mice should have no leukotrienes or other 5-LO metabolites being 

produced.  Furthermore, fracture callus leukotriene levels were four-fold higher in 

the Cox-2KO mice.  However, true shunting was not observed, as 5-LOKO mice 

did not have significantly higher levels of either PGE2 or PGF2α.   So, while 

arachidonic acid was being shunted into the 5-LO pathway in the absence of 

COX-2, arachidonic acid was not being shunted in the absence of 5-LO.  One 

potential reason for this occurrence is that Five Lipoxygenase Activating Protein 
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(FLAP) is preventing this shunting from occurring.  FLAP is the membrane bound 

protein required for 5-LO function (334-336).  In the absence of 5-LO, cPLA2 still 

can interact with FLAP, thereby preventing full shunting from happening.   

 It is therefore proposed that when COX-2 activity is impaired, either 

genetically or pharmacologically, the excess leukotrienes will impair healing.   

When 5-LO activity is impaired, the amount of leukotrienes is decreased, thereby 

accelerating fracture healing.  Therefore, the pharmacological inhibition of 5-LO 

and its other metabolites could be used to accelerate or enhance fracture repair. 
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6.0.0 CONCLUSIONS 

 The use of the mouse as a fracture model has proved useful in the field of 

orthopaedics.  With the development of these animals with targeted mutations, it 

is now possible to study complex genes and phenotypes associated with bone 

diseases.  The further development of a biomechanical testing protocol that 

would better approximate the mechanical properties of the healing tissue is also 

important.   While the three-point and four-point bending tests are commonly 

used for biomechanical analyses, these tests are inadequate for fracture healing 

studies involving small sized specimens.  A more accurate biomechanical test for 

small samples is the torsion test.  Therefore, the development and 

characterization of a murine femoral fracture model suitable for torsional 

mechanical testing was completed.  This model was validated using 

radiographic, histologic and mechanical testing data. These parameters were 

selected based on their relevance to previous literature and showed that mouse 

heals similarly to other published fracture models. 

 Using this established model, a complex phenotype was then examined to 

see its role in fracture healing.  Mice with different genetic backgrounds were 

selected to see how bone mineral density values affected fracture healing 

success.  It was found that while bone mineral density may aid in preventing a 

fracture, the radiographic, histological, and mechanical testing data show a high 

bone mineral density actually impedes fracture healing success.   

 The last part of this dissertation focused on how the altering of a single 

pathway affects fracture healing.  The arachidonic acid pathway, its products and 
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the enzymes mediating their formation play a crucial role in many aspects of 

human physiology.  Leukotrienes and prostaglandins are produced by the activity 

of three enzymes, 5-lipoxygenase, cyclooxygenase-1 and cyclooxygenase-2, as 

part of the arachidonic acid pathway.  Manipulating this pathway, by the blocking 

or rerouting of arachidonic acid, proved to be critical in fracture healing.  

Radiography, histology and mechanical testing showed that mice with a genetic 

deletion of cycloxygenase-2 (COX-2) showed greatly inhibited fracture healing 

while mice with a genetic deletion of 5-Lipoxygenase showed accelerated 

fracture healing.  Furthermore, fracture callus eicosanoid levels showed that 

arachidonic acid reroutes itself under genetic conditions. 

 The mouse has proven to be an exceptionally valuable research tool 

involving orthopaedic conditions that involve genetics and complex phenotypes.  

Biomechanical testing provides a better understanding of healing bone 

properties.  The mouse model along with a suitable mechanical testing protocol 

allows for the better estimation of key structural and material properties crucial in 

evaluating fracture healing success.  This allows for the development of potential 

future treatments for fracture healing patients and a better understanding of the 

normal fracture healing mechanisms responsible for fracture healing success.  
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Appendix A 
 

Protocols for Decalcified and Calcified Mouse Bone Specimens and 
Mechanical Testing Equations 
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Specimen Fixation Protocol for Calcified and Decalcified Samples 
 
Fixation: 

10% Buffered Formalin            24 hours or longer 
 
Decalcification (Decalcified Samples ONLY):  

Wash in running water            10 minutes 
Immunocal              change daily for 2 to 4 days 
Wash in running water            30 minutes 
 

 
Dehydration: 

40%   EtOH     8 hours 
70%   EtOH             16 hours 
80%   EtOH I     8 hours 
80%   EtOH II             16 hours 
90%   EtOH I     8 hours  
90%   EtOH II             16 hours 
100% EtOH I     8 hours 
100% EtOH II             16 hours 

   
Clearing: 

Hemo-De I     8 hours 
Hemo-De II             16 hours 

 
Infiltration: 
 

Calcified Samples:   
PMMA I                   3 to 7 days 
PMMA II                                               3 to 7 days   

 PMMA III               3 to 7 days 
PMMA III Place tissues in specimen bottle 

and place bottle in 37°C water 
bath 

 
Decalcified Samples: 

Paraffin I     Overnight 
Paraffin II     Overnight 
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Polymethylmethacrylate (PMMA) Solutions 
   

 
PMMA I 

 
100 mL Polymethylmethacrylate Monomer 

 
PMMA II 
 

100 mL Polymethylmethacrylate Monomer 
1 gram dry benzoyl peroxide 

 
PMMA III 
 
 100 ml Polymethylmethacrylate Monomer 
 2.5 grams dry benzoyl peroxide 
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Masson’s Trichrome 
 
Reagents and Equipment Required: 
 
Bouin’s solution 
Weigert’s Iron Hematoxylin Set.  Prepare working solution according to label 

instructions. 
Acetic Acid, 1%.  Prepare by diluting 1 part Acetic Acid with 9 parts water 
Biebrich Scarlet-Acid Fuchsin Solution.  Biebrich scarlet, 0.9%, acid fuchsin 

0.1%, in acetic acid, 1% 
Phosphomolybdic Acid Solution, Phosphomolybdic Acid, 10% 
Aniline Blue Solution, Aniline blue, 2.4% and acetic acid 2% 
 
To Prepare Working Phosphotungstic/Phosphomolybdic Acid Solution: 
 

Mix 1 volume of Phosphotungstic Acid Solution and 1 volume 
Phosphomolybdic Acid Solution with 2 volumes of deionized water.  Discard 
after one use. 

 
Standard Procedure: 
 

1. Deparaffinize slides to deionized water. 
2. Mordant in preheated Bouin’s solution at 56ºC for 15 minutes or at 

room temperature overnight. 
3. Cool slides in tap water contained in a Coplin jar. 
4. Wash in running tap water to remove yellow color from sections. 
5. Stain in Working Weigert’s Iron Hematoxylin Solution for 5 minutes. 
6. Wash in running tap water for 5 minutes. 
7.    Rinse in deionized water. 
8. Stain in Biebrich Scarlet-Acid Fuschin for 5 minutes 
9.    Rinse in deionized water. 
10. Place slides in working Phosphotungstic/Phosphomolybdic Acid Solution 

for 5 minutes. 
11. Place slides in Aniline Blue Solution for 5 minutes 
12. Place slides in Acetic Acid, 1%, for 2 minutes.  Discard Solution. 
13. Rinse Slides, dehydrate through alcohol, clear in xylene and mount 

 
 
Results of stain: 
 
Cytoplasm and muscle fibers- red  
Collagen- blue  
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Stevenel’s Blue and Van Geison’s Picro-Fuchsin (SVG) 

Stevenel’s Blue Stain: 

Solution 1: 
1 g of Methylene Blue (Fisher: M-291) 
75 mL of distilled water 

Solution 2:  
1.5 g of Potassium Permanganate 
75 mL of distilled water 

 
 Mix solutions 1 and 2 and place in a boiling water bath until the precipitate 

dissolves.  Allow the stain to reach room temperature, then filter. 
 
 
Van Geison Picro-Fuchsin: 
 
 0.1 g of Acid Fuchsin 

10 mL of distilled water 
100 mL of saturated Picric Acid 

 
Mix the Acid Fuchsin with the distilled water to obtain a 1% aqueous solution.  
Mix the solution with the Picric Acid.   

 
 
Standard Procedure: 
 

1. Soak in Stevenel’s Blue in a water bath at 60 C for the following times: 
a. 10 minutes for bone,  
b. 1 minute 20 seconds for soft tissue 
c. 2 minutes for muscle 

2. Rinse in distilled water in a water in a water bath at 60 C and blot dry 
3. Soak in Van Geison’s Picro-Fuchsin for 2 minutes for all tissue types at 

room temperature. 
4. Rinse in 100% ethanol. 

 
Results of stain: 
 

Cells and extracellular structures not mineralized- shades of blue 
Collagen fibers- green to green-blue 
Bone-orange or purple 
Osteoid- yellow-green 
Muscle fibers- blue to blue-green 
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Mechanical Testing Data Equations 
 
Polar Moment of Inertia (J) 

 
J= [π(ab3+a3b-(a-t)(b-t)3-(a-t)3(b-t)]/4 

a = maximum callus or diaphyseal radius 
b = minimum callus or diaphyseal radius 
 t = is the average bone thickness 

 
 
Torsional Rigidity (R) 

R= (Tmax x L)/ϕ 
 

Tmax  = maximum peak torque value 
     L = working gauge length 

ϕ = angle at failure in radians 
 
Shear Stress (τ) 

T= (Tmax x c)/J 
 

Tmax  = maximum peak torque value 
c = maximum callus or diaphyseal radius  
J = polar moment of inertia 

 
Shear Modulus (G) 

G= (Tmax x L)/ (J x ϕ) 
Tmax = maximum peak torque value 
L = working gauge length 
J = polar moment of inertia 
ϕ = angle of failure in radians 

 
Cross-Sectional Area (A) 

A= abπ 
a      = maximum callus or diaphyseal radius 
b = minimum callus or diaphyseal radius 
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Appendix B 
 

Analysis and Statistical Summary Tables for Mechanical and 
Histomorphometrical Data  
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Table B1.  Summary of ICR Mouse Femur Mechanical Testing Data. 
Fractured Femurs (Time Post-Fracture) 

  
Pooled 
Control 
Femurs 21 Days 28 Days 42 Days 84 Days 

Sample Size 
(n) 68 18 18 15 17 

Cross-sectional Area (mm2) 
Fractured   8.84 ± 1.80 8.22 ± 1.44 5.02 ± 1.28 4.41 ± 0.71 
Control 2.10 ± 0.27 2.22 ± 0.27 1.96 ± 0.24 1.95 ± 0.20 2.24 ± 0.24 

Percent***   403 ± 93 420 ±  63 256 ± 52 198 ± 33 
paired t-test — <0.001 <0.001 <0.001 <0.001 

Peak Torque (Nmm) 
Fractured   36.0 ± 11.0 33.9 ± 10.0 34.2 ± 8.6 42.8 ± 10.8 
Control 43.8 ± 14.2 38.23 ± 12.39 46.34 ± 11.23 43.00 ± 13.09 47.60 ± 18.45
Percent   102 ± 39 75 ± 22 84 ± 27 100 ± 39 

paired t-test — 0.497 <0.001 0.013 0.28 
Rigidity (Nmm2) 

Fractured   567 ± 235 483 ± 226 563 ± 309 1,105 ± 415 

Control 991.0 ± 
425.8 940 ± 426 924 ± 344 1,117 ± 527 1,005 ± 419 

Percent   69 ± 32 54 ± 23 55 ± 27 128 ± 65 
paired t-test — 0.002 <0.001 <0.001 0.44 

Shear Stress (MPa) 
Fractured   13.0 ± 5.0 13.6 ± 4.6 30.2 ± 13.6 44.4 ± 16.8 
Control 160.0 ± 61.2 127 ± 57 187 ± 40 178 ± 65 152 ± 66 
Percent   12 ± 6 8 ± 3 19 ± 11 35 ± 21 

paired t-test — <0.001 <0.001 <0.001 <0.001 
Shear Modulus (GPa) 

Fractured   0.12 ± 0.06 0.11 ± 0.06 0.36 ± 0.22 0.82 ± 0.41 
Control 3.94 ± 1.99 3.39 ± 2.12 4.21 ± 1.67 4.99 ± 2.43 3.31 ± 1.34 
Percent   5 ± 3 3 ±1 8 ± 5 29 ± 18 

paired t-test — <0.001 <0.001 <0.001 <0.001 
Angle at Failure (degrees) 

Fractured   22.6 ± 9.3 25.6 ± 10.9 19.2 ± 10.6 11.0 ± 3.9 
Control 13.8 ± 6.1 12.8 ± 4.4 16.1 ± 5.4 11.8 ± 6.4 14.3 ± 7.6 
Percent   203 ± 134 163 ± 61 1.83 ± 1.32 91 ± 41 

paired t-test   <0.001 <0.001 0.02 0.07 
Polar Moment of Inertia (J) (mm4)  

Fractured   5.4 ± 2.0 4.8 ± 1.5 1.9 ± 1.0 1.5 ± 0.5 
Control 0.27 ± 0.09 0.31 ± 0.09 0.23 ± 0.06 0.23 ± 0.05 0.31 ± 0.09 

Percent   1,878 ± 863 532,120 ± 
595 819 ± 322 494 ± 191 

paired t-test   <0.001 <0.001 <0.001 <0.001 
Gage Length (mm) 

Fractured   5.6 ± 1.0 5.6 ± 1.5 4.3 ± 0.90 4.7 ± 1.1 
Control 4.9 ± 1.0 5.0 ± 0.8 5.2 ± 1.2 4.6 ± 0.9 4.7 ± 1.1 
Percent   115 ± 32 107 ± 20 95 ± 23 103 ± 26 

paired t-test   0.14 0.24 0.18 0.95 
Values shown for all parameters are the mean and standard deviation. Values for each parameter are listed from all the 
contra-lateral control femurs. Statistical comparisons were made by comparing fracture to control femur values within a 
time point (paired t-test). Mean percentage values and standard deviations were calculated from the percent fracture to 
control values for each animal. 
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Table B2.  Inbred Mouse Fracture Callus Histomorphometrical Measurements Summary.   
 
 

ICR Histomorphometry Measurements 
Time 
Point  n   TA (mm2) B (mm2) MA (mm2) CA (mm2) GT (mm2) Void CALLUS 

(mm2) 
% 

MA/CALLUS
% 

CA/CALLUS 
% 

GT/CALLUS 

AVERAGE 14.04 2.67 0.00 0.72 7.27 3.38 11.37 0.00 6.23 63.73 
SD 1.31 0.24 0.00 0.35 1.14 0.39 1.41 0.00 2.53 4.10 7 Days 6 

SEM 0.54 0.10 0.00 0.14 0.47 0.16 0.58 0.00 1.03 1.68 
  

AVERAGE 14.26 3.17 0.88 1.46 5.74 3.02 11.10 7.87 13.47 50.93 
SD 1.05 0.53 0.39 0.58 2.01 0.27 1.51 3.44 5.60 11.22 10 Days 4 

SEM 0.52 0.26 0.20 0.29 1.00 0.14 0.75 1.72 2.80 5.61 
  

AVERAGE 16.53 3.08 3.86 1.93 5.28 2.39 13.45 28.54 14.45 39.62 
SD 1.99 0.72 1.25 0.36 0.99 0.81 2.29 6.61 1.81 6.71 14 Days 5 

SEM 0.89 0.32 0.56 0.16 0.44 0.36 1.02 2.96 0.81 3.00 
  

AVERAGE 14.90 3.05 6.84 1.04 1.07 2.90 11.85 57.91 8.82 8.75 
SD 0.75 0.39 0.64 0.07 0.94 0.41 0.62 7.64 0.90 7.64 21 Days 3 

SEM 0.43 0.23 0.37 0.04 0.54 0.24 0.36 4.41 0.52 4.41 
  

AVERAGE 12.71 2.27 8.40 0.00 0.00 2.04 10.44 81.05 0.00 0.00 
SD 1.42 0.31 0.70 0.00 0.00 1.09 1.28 8.50 0.00 0.00 28 Days 3 

SEM 0.82 0.18 0.40 0.00 0.00 0.63 0.74 4.91 0.00 0.00 
  

AVERAGE 9.28 2.11 5.70 0.00 0.00 1.47 7.17 79.74 0.00 0.00 
SD 1.10 0.47 0.69 0.00 0.00 0.36 1.03 2.23 0.00 0.00 42 Days 4 

SEM 0.55 0.24 0.35 0.00 0.00 0.18 0.51 1.12 0.00 0.00 
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C3H Histomorphometry Measurements 
Time 
Point  n   TA (mm2) B (mm2) MA (mm2) CA (mm2) GT (mm2) Void CALLUS 

(mm2) 
% 

MA/CALLUS
% 

CA/CALLUS 
% 

GT/CALLUS 
AVERAGE 8.72 3.67 0.00 0.47 3.73 0.85 5.05 0.00 10.51 69.85 

SD 1.88 0.18 0.00 0.06 1.94 0.05 2.00 0.00 3.81 13.65 7 Days 4 
SEM 0.94 0.09 0.00 0.03 0.97 0.03 1.00 0.00 1.90 6.82 

  
AVERAGE 13.31 4.22 0.15 2.87 5.00 1.07 9.09 1.67 31.30 55.14 

SD 0.83 0.53 0.31 0.62 0.46 0.39 0.76 3.34 4.81 5.20 10 Days 4 
SEM 0.41 0.26 0.16 0.31 0.23 0.20 0.38 1.67 2.40 2.60 

  
AVERAGE 13.44 3.36 3.94 0.79 0.50 4.85 10.08 39.16 8.00 5.13 

SD 0.89 0.64 1.26 0.12 0.28 1.44 1.20 11.66 2.15 2.96 14 Days 5 
SEM 0.36 0.26 0.52 0.05 0.12 0.59 0.49 4.76 0.88 1.21 

  
AVERAGE 13.40 3.61 6.20 0.12 0.20 2.88 9.79 63.20 1.39 2.15 

SD 2.15 0.70 1.43 0.14 0.29 1.19 1.70 7.69 1.66 3.29 21 Days 4 
SEM 1.07 0.35 0.71 0.07 0.14 0.49 0.85 3.84 0.83 1.65 

  
AVERAGE 10.78 4.02 5.86 0.00 0.00 0.91 6.77 86.26 0.00 0.00 

SD 1.28 0.93 1.17 0.00 0.00 0.35 1.13 6.42 0.00 0.00 28 Days 8 
SEM 0.45 0.33 0.42 0.00 0.00 0.12 0.40 2.27 0.00 0.00 

  
AVERAGE 8.07 2.71 3.54 0.00 0.00 1.83 5.37 65.68 0.00 0.00 

SD 1.08 0.60 0.90 0.00 0.00 0.58 0.96 10.83 0.00 0.00 42 Days 9 
SEM 0.36 0.20 0.30 0.00 0.00 0.19 0.32 3.61 0.00 0.00 
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DBA/2 Histomorphometry Measurements 
Time 
Point  n   TA (mm2) B (mm2) MA (mm2) CA ( 

mm2) GT (mm2) Void CALLUS 
(mm2) 

% 
MA/CALLUS

% 
CA/CALLUS 

% 
GT/CALLUS 

AVERAGE 7.67 2.36 0.00 0.21 2.40 2.71 5.31 0.00 4.02 46.56 
SD 1.39 0.32 0.00 0.02 0.37 1.13 1.25 0.00 0.69 10.65 7 Days 3 

SEM 0.80 0.19 0.00 0.01 0.22 0.66 0.72 0.00 0.40 6.15 
  

AVERAGE 8.58 2.75 0.00 1.91 1.91 2.01 5.83 0.00 34.00 32.58 
SD 0.98 0.42 0.00 0.64 0.50 1.20 0.82 0.00 14.44 6.75 10 Days 4 

SEM 0.49 0.21 0.00 0.32 0.25 0.60 0.41 0.00 7.22 3.37 
  

AVERAGE 12.27 2.63 1.90 2.40 1.01 4.33 9.64 21.13 24.05 9.88 
SD 2.42 0.34 0.90 1.17 0.65 1.27 2.08 12.10 6.68 4.16 14 Days 3 

SEM 1.40 0.20 0.52 0.68 0.38 0.74 1.20 6.98 3.85 2.40 
  

AVERAGE 9.21 2.12 4.34 0.51 0.48 1.76 7.09 62.42 6.78 6.41 
SD 1.66 0.48 0.94 0.31 0.29 0.95 1.32 15.62 3.87 3.63 21 Days 5 

SEM 0.74 0.21 0.42 0.14 0.13 0.43 0.59 6.99 1.73 1.62 
  

AVERAGE 7.52 2.46 3.94 0.05 0.00 1.06 5.05 79.42 0.87 0.00 
SD 1.24 0.46 1.75 0.10 0.00 1.40 1.49 26.38 1.74 0.00 28 Days 4 

SEM 0.62 0.23 0.88 0.05 0.00 0.70 0.75 13.19 0.87 0.00 
  

AVERAGE 5.33 1.73 2.70 0.00 0.00 0.90 3.60 76.18 0.00 0.00 
SD 0.64 0.29 0.44 0.00 0.00 0.65 0.58 14.88 0.00 0.00 42 Days 8 

SEM 0.23 0.10 0.16 0.00 0.00 0.23 0.20 5.26 0.00 0.00 
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C57BL/6 Histomorphometry Measurements 
Time 
Point  n   TA (mm2) B (mm2) MA (mm2) CA (mm2) GT (mm2) Void CALLUS 

(mm2) 
% 

MA/CALLUS
% 

CA/CALLUS 
% 

GT/CALLUS 
AVERAGE 9.13 2.10 0.56 0.48 4.39 1.60 7.03 8.04 6.82 62.22 

SD 0.82 0.70 0.22 0.04 1.01 0.68 0.23 3.25 0.74 13.33 7 Days 3 
SEM 0.48 0.40 0.13 0.03 0.58 0.39 0.13 1.88 0.43 7.70 

  
AVERAGE 13.38 2.52 1.75 2.02 1.92 5.16 10.86 16.02 18.68 17.57 

SD 0.78 0.51 0.46 0.11 0.54 0.15 0.90 3.51 0.81 3.95 10 Days 4 
SEM 0.39 0.26 0.23 0.05 0.27 0.07 0.45 1.76 0.40 1.97 

  
AVERAGE 15.56 2.54 6.74 1.73 1.08 3.46 13.02 51.26 13.19 8.58 

SD 1.25 0.46 1.65 0.57 0.44 0.53 1.14 8.43 3.49 4.01 14 Days 5 
SEM 0.56 0.21 0.74 0.25 0.20 0.24 0.51 3.77 1.56 1.79 

  
AVERAGE 16.40 2.78 10.54 0.10 0.00 2.99 13.62 76.40 0.82 0.00 

SD 2.58 0.62 3.11 0.13 0.00 0.44 2.82 7.23 1.14 0.00 21 Days 5 
SEM 1.15 0.28 1.39 0.06 0.00 0.20 1.26 3.23 0.51 0.00 

  
AVERAGE 15.44 2.39 9.98 0.00 0.00 3.07 13.05 76.11 0.00 0.00 

SD 1.94 0.24 1.97 0.00 0.00 0.77 1.90 6.60 0.00 0.00 28 Days 7 
SEM 0.74 0.09 0.75 0.00 0.00 0.29 0.72 2.49 0.00 0.00 

  
AVERAGE 12.84 2.37 7.36 0.00 0.00 3.10 10.46 69.76 0.00 0.00 

SD 2.34 0.34 2.08 0.00 0.00 0.86 2.15 9.33 0.00 0.00 42 Days 9 
SEM 0.78 0.11 0.70 0.00 0.00 0.29 0.72 3.11 0.00 0.00 
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Table B3. Statistical Summary for Inbred Mouse Fracture Callus Histomorphometrical Measurements. 
7 Day % Mineralized Area (ANOVA p <0.001)  10 Day % Mineralized Area (ANOVA p <0.001)  14 Day % Mineralized Area (ANOVA p =0.003) 
  ICR C3H DBA/2 C57BL/6    ICR C3H DBA/2 C57BL/6    ICR C3H DBA/2 C57BL/6 

ICR ---------- 1.000 1.000 <0.001  ICR ---------- 0.012 0.003 0.002  ICR ---------- 0.093 0.315 0.002 
C3H   ---------- 1.000 <0.001  C3H   ---------- 0.442 <0.001  C3H   ---------- 0.020 0.059 

DBA/2     ---------- <0.001  DBA/2     ---------- <0.001  DBA/2     ---------- <0.001 
C57BL/6       ----------  C57BL/6       ----------  C57BL/6       ---------- 

7 Day % Cartilage Area (ANOVA p = 0.032)  10 Day % Cartilage Area (ANOVA p = 0.010)  14 Day % Cartilage Area (ANOVA p <0.001) 
  ICR C3H DBA/2 C57BL/6    ICR C3H DBA/2 C57BL/6    ICR C3H DBA/2 C57BL/6 

ICR ---------- 0.023 0.241 0.749  ICR ---------- 0.009 0.004 0.382  ICR ---------- 0.007 0.002 0.567 
C3H   ---------- 0.006 0.082  C3H   ---------- 0.647 0.048  C3H   ---------- <0.001 0.024 

DBA/2     ---------- 0.202  DBA/2     ---------- 0.021  DBA/2     ---------- <0.001 
C57BL/6       ----------  C57BL/6       ----------  C57BL/6       ---------- 

7 Day % Granulation Tissue Area (ANOVA p =0.063)  10 Day % Granulation Tissue Area (ANOVA p 
<0.001)  14 Day % Granulation Tissue Area (ANOVA p 

<0.001) 
  ICR C3H DBA/2 C57BL/6    ICR C3H DBA/2 C57BL/6    ICR C3H DBA/2 C57BL/6 

ICR ---------- N/A N/A N/A  ICR ---------- 0.432 0.004 <0.001  ICR ---------- <0.001 <0.001 <0.001 
C3H   ---------- N/A N/A  C3H   ---------- <0.001 <0.001  C3H   ---------- 0.168 0.238 

DBA/2     ---------- N/A  DBA/2     ---------- 0.013  DBA/2     ---------- 0.706 
C57BL/6       ----------  C57BL/6       ----------  C57BL/6       ---------- 

                 
21 Day % Mineralized Area (ANOVA p = 0.111)  28 Day % Mineralized Area (ANOVA p = 0.480)  42 Day Percent Mineralized Area (ANOVA p = 0.123) 

  ICR C3H DBA/2 C57BL/6    ICR C3H DBA/2 C57BL/6    ICR C3H DBA/2 C57BL/6 
ICR ---------- N/A N/A N/A  ICR ---------- N/A N/A N/A  ICR ---------- N/A N/A N/A 
C3H   ---------- N/A N/A  C3H   ---------- N/A N/A  C3H   ---------- N/A N/A 

DBA/2     ---------- N/A  DBA/2     ---------- N/A  DBA/2     ---------- N/A 
C57BL/6       ----------  C57BL/6       ----------  C57BL/6       ---------- 

21 Day % Cartilage Area (ANOVA p <0.001)  28 Day % Cartilage Area (ANOVA p = 0.216)  42 Day % Cartilage Area (ANOVA p = 1.000) 
  ICR C3H DBA/2 C57BL/6    ICR C3H DBA/2 C57BL/6    ICR C3H DBA/2 C57BL/6 

ICR ---------- 0.001 0.264 <0.001  ICR ---------- N/A N/A N/A  ICR ---------- N/A N/A N/A 
C3H   ---------- 0.005 0.726  C3H   ---------- N/A N/A  C3H   ---------- N/A N/A 

DBA/2     ---------- 0.002  DBA/2     ---------- N/A  DBA/2     ---------- N/A 
C57BL/6       ----------  C57BL/6       ----------  C57BL/6       ---------- 

21 Day % Granulation Tissue Area (ANOVA p = 
0.030  28 Day % Granulation Tissue Area (ANOVA p = 

1.000)  42 Day % Granulation Tissue Area (ANOVA p = 
1.000) 

  ICR C3H DBA/2 C57BL/6    ICR C3H DBA/2 C57BL/6    ICR C3H DBA/2 C57BL/6 
ICR ---------- 0.047 0.429 0.009  ICR ---------- N/A N/A N/A  ICR ---------- N/A N/A N/A 
C3H   ---------- 0.131 0.432  C3H   ---------- N/A N/A  C3H   ---------- N/A N/A 

DBA/2     ---------- 0.023  DBA/2     ---------- N/A  DBA/2     ---------- N/A 
C57BL/6       ----------  C57BL/6       ----------  C57BL/6       ---------- 
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Table B4.  Summary of Inbred Mouse Femur Mechanical Testing Data. 

Peak Torque 
(Nmm) Area (mm2) 

Polar 
Moment of 
Inertia (J) 

Gage 
Length 
(mm) 

Rigidity 
(Nmm2/rad) 

Shear 
Modulus 

(GPa) 

Maximum 
Shear Stress 

(MPa) Strain n   

Left Right 

%P 

Left Right 

%A 

Left Right Left Right Left Right 

%R 

Left Right 

%G 

Left Right 

%S 

Average 44.94 37.19 84.70 2.36 9.59 409.18 0.38 6.21 4.82 5.39 1471.95 1027.75 72.29 3.35 0.15 4.42 118.06 12.88 11.32 

SD 8.68 11.25 25.46 0.27 2.31 96.94 0.10 2.84 0.93 0.99 582.23 492.48 29.14 1.33 0.10 2.40 24.10 4.87 4.39 ICR  13 

SEM 2.41 3.12 7.06 0.08 0.64 26.89 0.03 0.79 0.26 0.27 161.48 136.59 8.08 0.37 0.03 0.67 6.68 1.35 1.22 

  

Average 39.57 21.47 56.21 2.02 7.71 382.26 0.14 4.16 5.33 5.67 1354.40 542.61 43.58 10.63 0.15 1.52 252.67 9.57 3.94 

SD 6.69 3.72 14.90 0.20 1.15 51.83 0.04 1.30 0.95 1.39 433.81 138.90 17.65 5.46 0.07 0.62 48.80 2.82 1.49 C3H  11 

SEM 2.02 1.12 4.49 0.06 0.35 15.63 0.01 0.39 0.29 0.42 130.80 41.88 5.32 1.65 0.02 0.19 14.71 0.85 0.45 

  

Average 27.30 19.84 74.08 1.48 6.48 439.31 0.15 2.96 4.47 5.63 905.65 486.21 61.03 6.08 0.20 3.54 158.28 12.72 7.88 

SD 5.41 6.28 24.31 0.11 1.45 101.67 0.02 1.24 1.02 1.50 311.12 186.64 33.23 2.05 0.12 2.19 29.72 6.55 3.49 DBA/2  11 

SEM 1.63 1.90 7.33 0.03 0.44 30.66 0.01 0.37 0.31 0.45 93.81 56.28 10.02 0.62 0.04 0.66 8.96 1.98 1.05 

  

Average 32.69 31.78 98.11 2.10 8.52 412.18 0.32 4.12 4.27 4.77 980.22 835.28 89.22 3.36 0.22 7.48 99.02 15.18 15.59 

SD 3.81 9.09 29.45 0.26 1.56 93.80 0.08 1.32 0.80 0.81 400.52 344.80 33.75 1.88 0.11 3.93 20.90 6.24 6.36 C57BL/6  11 

SEM 1.15 2.74 8.88 0.08 0.47 28.28 0.02 0.40 0.24 0.25 120.76 103.96 10.18 0.57 0.03 1.18 6.30 1.88 1.92 
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Table B5.  Statistical Summary for Raw and Normalized Inbred Mouse Femur Mechanical Testing Data. 
Peak Torque (Nmm) (ANOVA p <0.001) Peak Torque (Nmm) (p <0.001) Normalized Mechanical Properties ((Fx/Control)*100) 

LEFT RIGHT Normalized Peak Torque (%) (ANOVA p = 0.002) 
  ICR C3H DBA/2 C57BL/6   ICR C3H DBA/2 C57BL/6   ICR C3H DBA/2 C57BL/6 

ICR 
---------

- 0.051 <0.001 <0.001 ICR 
---------

- <0.001 <0.001 0.118 ICR ---------- 0.006 0.290 0.183 
C3H   ---------- <0.001 0.018 C3H   ---------- 0.647 0.006 C3H   ---------- 0.090 <0.001 

DBA/2     ---------- 0.059 DBA/2     ---------- 0.002 DBA/2     ---------- 0.025 
C57BL/6       ---------- C57BL/6       ---------- C57BL/6       ---------- 

Rigidity (Nmm2) (ANOVA p = 0.008) Rigidity (Nmm2/rad) (ANOVA p <0.001) Normalized Rigidity (%) (ANOVA p = 0.006) 
  ICR C3H DBA/2 C57BL/6   ICR C3H DBA/2 C57BL/6   ICR C3H DBA/2 C57BL/6 

ICR 
---------

- 0.528 0.004 0.011 ICR 
---------

- <0.001 <0.001 0.165 ICR ---------- 0.021 0.351 0.164 
C3H   ---------- 0.024 0.058 C3H   ---------- 0.693 0.045 C3H   ---------- 0.168 <0.001 

DBA/2     ---------- 0.700 DBA/2     ---------- 0.018 DBA/2     ---------- 0.029 
C57BL/6       ---------- C57BL/6       ---------- C57BL/6       ---------- 

Shear Modulus (GPa) (ANOVA p <0.001) Shear Modulus (GPa) (ANOVA p = 0.241) Normalized Shear Modulus (%) (ANOVA p <0.001) 
  ICR C3H DBA/2 C57BL/6   ICR C3H DBA/2 C57BL/6   ICR C3H DBA/2 C57BL/6 

ICR 
---------

- <0.001 0.036 0.997 ICR 
---------

- NA NA NA ICR ---------- 0.009 0.411 0.006 
C3H   ---------- 0.001 <0.001 C3H   ---------- NA NA C3H   ---------- 0.071 <0.001 

DBA/2     ---------- 0.044 DBA/2     ---------- NA DBA/2     ---------- <0.001 
C57BL/6       ---------- C57BL/6       ---------- C57BL/6       ---------- 

Shear Stress (MPa) (ANOVA p <0.001) Shear Stress (MPa) (ANOVA p = 0.118) Normalized Shear Stress (%) (ANOVA p < 0.001) 
  ICR C3H DBA/2 C57BL/6   ICR C3H DBA/2 C57BL/6   ICR C3H DBA/2 C57BL/6 

ICR 
---------

- <0.001 0.004 0.158 ICR 
---------

- NA NA NA ICR ---------- <0.001 0.058 0.020 
C3H   ---------- <0.001 <0.001 C3H   ---------- NA NA C3H   ---------- 0.038 <0.001 

DBA/2     ---------- <0.001 DBA/2     ---------- NA DBA/2     ---------- <0.001 
C57BL/6       ---------- C57BL/6       ---------- C57BL/6       ---------- 
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Table B6. Weight Normalized Inbred Mouse Femur Mechanical Testing Data Summary. 

Peak Torque 
(Nmm)/g Rigidity (Nmm2)/g Shear Modulus (MPa)/g Shear Stress (MPa)/g Strain n   

Left Right Left Right Left Right Left Right 
Average 1.19 0.99 38.23 27.20 88.51 4.09 3.15 0.34 

SD 0.27 0.32 13.05 13.33 36.63 2.92 0.80 0.14 ICR  13 
SEM 0.07 0.09 3.62 3.70 10.16 0.81 0.22 0.04 

  
Average 1.36 0.74 47.01 18.88 373.73 5.08 8.74 0.33 

SD 0.19 0.15 16.38 5.39 212.43 2.42 1.88 0.10 C3H  11 
SEM 0.06 0.05 4.94 1.62 64.05 0.73 0.57 0.03 

  
Average 1.04 0.76 34.67 18.72 234.38 7.75 6.05 0.48 

SD 0.24 0.26 13.27 7.65 92.66 4.49 1.39 0.23 DBA/2  11 
SEM 0.07 0.08 4.00 2.31 27.94 1.35 0.42 0.07 

  
Average 1.05 1.00 31.65 27.19 108.66 7.10 3.18 0.48 

SD 0.20 0.26 14.34 13.08 65.77 3.79 0.84 0.18 C57BL/6  11 
SEM 0.06 0.08 4.33 3.95 19.83 1.14 0.25 0.05 
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Table B7.  Statistical Summary for Weight Normalized Inbred Mouse Femur Mechanical Testing. 
LEFT RIGHT 

Peak Torque/ Weight (Nmm/g) (ANOVA p = 0.007) Peak Torque/ Weight (Nmm/g) (ANOVA p = 0.025) 
  ICR C3H DBA/2 C57BL/6   ICR C3H DBA/2 C57BL/6 

ICR ---------- 0.082 0.117 0.141 ICR ---------- 0.027 0.035 0.867 
C3H   ---------- 0.002 0.010 C3H   ---------- 0.907 0.022 

DBA/2     ---------- 0.922 DBA/2     ---------- 0.030 
C57BL/6       ---------- C57BL/6       ---------- 

Rigidity/ Weight (N/mm2g) (ANOVA p = 0.082) Rigidity/ Weight (N/mm2g) (ANOVA p = 0.081) 
  ICR C3H DBA/2 C57BL/6   ICR C3H DBA/2 C57BL/6 

ICR ---------- NA NA NA ICR ---------- NA NA NA 
C3H   ---------- NA NA C3H   ---------- NA NA 

DBA/2     ---------- NA DBA/2     ---------- NA 
C57BL/6       ---------- C57BL/6       ---------- 

Shear Modulus/ Weight (GPa/g) (ANOVA p <0.001) Shear Modulus/ Weight (GPa/g) (ANOVA p = 0.048) 
  ICR C3H DBA/2 C57BL/6   ICR C3H DBA/2 C57BL/6 

ICR ---------- <0.001 0.005 0.682 ICR ---------- 0.491 0.014 0.040 
C3H   ---------- 0.009 <0.001 C3H   ---------- 0.078 0.178 

DBA/2     ---------- 0.017 DBA/2     ---------- 0.666 
C57BL/6       ---------- C57BL/6       ---------- 

Shear Stress/ Weight (MPa/g) (ANOVA p <0.001) Shear Stress/ Weight (MPa/g) (ANOVA p = 0.060) 
  ICR C3H DBA/2 C57BL/6   ICR C3H DBA/2 C57BL/6 

ICR ---------- <0.001 <0.001 0.950 ICR ---------- NA NA NA 
C3H   ---------- <0.001 <0.001 C3H   ---------- NA NA 

DBA/2     ---------- <0.001 DBA/2     ---------- NA 
C57BL/6       ---------- C57BL/6       ---------- 
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Table B8.  Summary of Inbred Mouse Femur Mechanical Testing Data Normalized to Femur Cross-Sectional Area. 

Peak Torque (N/mm2) Rigidity (N/mm4) Shear Modulus 
(GPa/mm2) 

Shear Stress 
(MPa/mm2) Strain n   

Left Right Left Right Left Right Left Right 
Average 19.15 4.07 446.89 115.24 1.46 0.02 51.37 1.48 

SD 3.37 1.42 239.59 65.86 0.71 0.01 14.52 0.77 ICR  13 
SEM 0.93 0.39 66.45 18.27 0.20 0.00 4.03 0.21 

  
Average 19.54 2.83 683.43 72.72 5.52 0.02 127.46 1.31 

SD 2.70 0.60 250.77 25.39 3.38 0.01 34.32 0.57 C3H  11 
SEM 0.81 0.18 75.61 7.65 1.02 0.00 10.35 0.17 

  
Average 18.46 3.30 611.20 81.82 4.15 0.04 107.80 2.21 

SD 3.42 1.51 200.59 40.56 1.44 0.03 22.05 1.54 DBA/2  11 
SEM 1.03 0.46 60.48 12.23 0.44 0.01 6.65 0.46 

  
Average 15.81 3.90 482.33 100.92 1.68 0.03 48.65 1.92 

SD 2.69 1.52 232.45 44.20 1.07 0.02 14.39 1.05 C57BL/6  11 
SEM 0.81 0.46 70.09 13.33 0.32 0.01 4.34 0.32 
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Table B9.  Statistical Summary for Cross-Sectional Area Normalized Inbred Mouse Femur Mechanical Testing. 
LEFT RIGHT 

Peak Torque/ Area (N/mm2) (ANOVA p = 0.028) Peak Torque/ Area (N/mm2) (ANOVA p = 0.112) 
  ICR C3H DBA/2 C57BL/6   ICR C3H DBA/2 C57BL/6 

ICR ---------- 0.761 0.588 0.011 ICR ---------- NA NA NA 
C3H   ---------- 0.418 0.009 C3H   ---------- NA NA 

DBA/2     ---------- 0.050 DBA/2     ---------- NA 
C57BL/6       ---------- C57BL/6       ---------- 

Rigidity/ Area (N/mm4) (ANOVA p = 0.062) Rigidity/ Area (N/mm4) (ANOVA p = 0.140) 
  ICR C3H DBA/2 C57BL/6   ICR C3H DBA/2 C57BL/6 

ICR ---------- NA NA NA ICR ---------- NA NA NA 
C3H   ---------- NA NA C3H   ---------- NA NA 

DBA/2     ---------- NA DBA/2     ---------- NA 
C57BL/6       ---------- C57BL/6       ---------- 

Shear Modulus/ Area (GPa/mm2) (ANOVA p <0.001) Shear Modulus/ Area (GPa/mm2) (ANOVA p = 0.099) 
  ICR C3H DBA/2 C57BL/6   ICR C3H DBA/2 C57BL/6 

ICR ---------- <0.001 0.001 0.780 ICR ---------- NA NA NA 
C3H   ---------- 0.099 <0.001 C3H   ---------- NA NA 

DBA/2     ---------- 0.004 DBA/2     ---------- NA 
C57BL/6       ---------- C57BL/6       ---------- 

Shear Stress/ Area (MPa/mm2) (ANOVA p <0.001) Shear Stress/ Area (MPa/mm2) (ANOVA p = 0.164) 
  ICR C3H DBA/2 C57BL/6   ICR C3H DBA/2 C57BL/6 

ICR ---------- <0.001 <0.001 0.769 ICR ---------- NA NA NA 
C3H   ---------- 0.047 <0.001 C3H   ---------- NA NA 

DBA/2     ---------- <0.001 DBA/2     ---------- NA 
C57BL/6       ---------- C57BL/6       ---------- 
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Table B10.  Summary of Inbred Mouse Femur Mechanical Testing Data Normalized to Bone Mineral Density. 
Peak Torque 

(Nmm)/(g/cm2)) Rigidity (N/mm)/(g/cm2) Shear Modulus 
(GPa)/(g/cm2) 

Shear Stress 
(MPa)/(g/cm2) Strain n   

Left Right Left Right Left Right Left Right 
Average 47.67 25.87 1631.80 653.75 12.81 176.17 304.42 11.53 

SD 8.06 4.48 522.66 167.35 6.58 83.84 58.79 3.40 C3H  11 
SEM 2.43 1.35 157.59 50.46 1.98 25.28 17.73 1.03 

  
Average 47.07 34.21 1561.47 838.30 10.49 350.73 272.89 21.93 

SD 9.32 10.83 536.42 321.80 3.54 211.80 51.24 11.30 DBA/2  11 
SEM 2.81 3.27 161.74 97.03 1.07 63.86 15.45 3.41 

  
Average 72.66 70.62 2178.27 1856.18 7.46 491.31 220.05 33.72 

SD 8.47 20.20 890.05 766.21 4.18 247.88 46.44 13.87 C57BL/6  11 
SEM 2.55 6.09 268.36 231.02 1.26 74.74 14.00 4.18 
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Table B11. Statistical Summary for Bone Mineral Density Normalized Inbred Mechanical Testing. 

LEFT RIGHT 
Peak Torque/BMD (Nmm)/(g/cm2) (ANOVA p <0.001) Peak Torque/BMD (Nmm)/(g/cm2)  (ANOVA p <0.001) 
  C3H DBA/2 C57BL/6   C3H DBA/2 C57BL/6 

C3H ---------- 0.872 <0.001 C3H ---------- 0.157 <0.001 
DBA/2   ---------- <0.001 DBA/2   ---------- <0.001 

C57BL/6     ---------- C57BL/6     ---------- 
Rigidity (Nmm2)/(g/cm2) (ANOVA p = 0.078) Rigidity (Nmm2)/(g/cm2) (ANOVA p <0.001) 

  C3H DBA/2 C57BL/6   C3H DBA/2 C57BL/6 
C3H ---------- NA NA C3H ---------- 0.384 <0.001 

DBA/2   ---------- NA DBA/2   ---------- <0.001 
C57BL/6     ---------- C57BL/6     ---------- 

Shear Modulus (GPa)/(g/cm2) (ANOVA p = 0.053) Shear Modulus (GPa)/(g/cm2) (ANOVA p = 0.003) 
  C3H DBA/2 C57BL/6   C3H DBA/2 C57BL/6 

C3H ---------- NA NA C3H ---------- 0.044 <0.001 
DBA/2   ---------- NA DBA/2   ---------- 0.100 

C57BL/6     ---------- C57BL/6     ---------- 
Shear Stress (MPa)/(g/cm2) (ANOVA p = 0.003) Shear Stress (MPa)/(g/cm2) (ANOVA p <0.001) 

  C3H DBA/2 C57BL/6   C3H DBA/2 C57BL/6 
C3H ---------- 0.169 <0.001 C3H ---------- 0.027 <0.001 

DBA/2   ---------- 0.025 DBA/2   ---------- 0.013 
C57BL/6     ---------- C57BL/6     ---------- 
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Table B12.  Cox-1KO Mouse Fracture Callus Histomorphometry Measurements. 
Time 
Point  n   TA 

(mm2) 
B 

(mm2) 
MA 

(mm2) 
CA 

(mm2) 
GT 

(mm2) Void CALLUS (mm2) % MA/CALLUS % CA/CALLUS % GT/CALLUS 

AVERAGE 9.49 2.67 0.45 0.45 3.14 2.77 6.82 6.82 6.60 47.02 
SD 1.19 0.36 0.20 0.13 0.89 1.18 1.21 3.09 0.92 16.13 7 Days 4 

SEM 0.59 0.18 0.10 0.06 0.45 0.59 0.60 1.55 0.46 8.07 
                          

AVERAGE 14.35 3.16 2.92 1.97 3.56 2.74 11.19 25.80 17.74 31.63 
SD 0.85 0.63 1.03 0.52 0.76 0.93 0.96 7.30 5.22 4.68 10 Days 4 

SEM 0.43 0.32 0.52 0.26 0.38 0.46 0.48 3.65 2.61 2.34 
  

AVERAGE 16.92 4.00 5.20 1.96 1.45 4.31 12.93 40.38 14.99 11.27 
SD 1.78 0.44 0.40 0.86 0.08 0.82 1.48 2.12 5.75 0.84 14 Days 3 

SEM 1.03 0.26 0.23 0.50 0.05 0.47 0.86 1.22 3.32 0.49 
  

AVERAGE 15.37 3.08 7.70 0.00 0.00 4.59 12.29 62.29 0.00 0.00 
SD 1.92 0.37 1.74 0.00 0.00 0.56 2.26 3.21 0.00 0.00 21 Days 4 

SEM 0.96 0.19 0.87 0.00 0.00 0.28 1.13 1.60 0.00 0.00 
  

AVERAGE 10.55 2.32 4.81 0.00 0.00 3.41 8.23 57.83 0.00 0.00 
SD 1.21 0.12 1.38 0.00 0.00 0.72 1.17 10.34 0.00 0.00 28 Days 4 

SEM 0.60 0.06 0.69 0.00 0.00 0.36 0.58 5.17 0.00 0.00 
  

AVERAGE 10.88 2.29 4.06 0.00 0.00 4.52 8.58 47.76 0.00 0.00 
SD 1.90 0.42 0.48 0.00 0.00 1.08 1.49 4.33 0.00 0.00 42 Days 3 

SEM 1.10 0.24 0.28 0.00 0.00 0.62 0.86 2.50 0.00 0.00 
  

AVERAGE 8.87 2.10 3.42 0.00 0.00 3.36 6.77 50.60 0.00 0.00 
SD 2.03 0.25 1.67 0.00 0.00 1.58 2.24 14.55 0.00 0.00 84 Days 4 

SEM 1.02 0.13 0.83 0.00 0.00 0.79 1.12 7.27 0.00 0.00 
 



 

            

148
148 
 

Table B13.  Cox-2KO Mouse Fracture Callus Histomorphometry Measurements. 
Time Point  n   TA 

(mm2) 
B 

(mm2) 
MA 

(mm2) 
CA 

(mm2) 
GT 

(mm2) Void CALLUS (mm2) % MA/CALLUS % CA/CALLUS % GT/CALLUS 

AVERAGE 8.90 2.03 0.00 0.20 4.63 2.03 6.87 0.00 2.97 67.42 
SD 0.27 0.11 0.00 0.08 0.57 0.56 0.19 0.00 1.21 7.81 7 Days 3 

SEM 0.16 0.06 0.00 0.05 0.33 0.32 0.11 0.00 0.70 4.51 
  

AVERAGE 11.01 3.12 0.52 0.86 3.68 2.83 7.89 6.64 10.99 46.54 
SD 1.56 0.80 0.59 0.48 1.79 1.48 1.76 7.00 5.54 18.62 10 Days 5 

SEM 0.70 0.36 0.26 0.21 0.80 0.66 0.79 3.13 2.48 8.33 
  

AVERAGE 12.39 2.68 2.67 0.89 3.28 2.87 9.71 27.41 8.88 33.74 
SD 1.41 1.02 1.30 0.61 0.77 0.63 0.80 13.13 5.49 7.26 14 Days 3 

SEM 0.82 0.59 0.75 0.35 0.45 0.36 0.46 7.58 3.17 4.19 
  

AVERAGE 14.50 2.93 5.59 0.49 1.93 3.57 11.57 48.66 4.26 16.94 
SD 2.01 0.66 0.81 0.18 0.20 1.46 1.49 7.62 1.61 3.15 21 Days 4 

SEM 1.00 0.33 0.41 0.09 0.10 0.73 0.75 3.81 0.81 1.58 
  

AVERAGE 12.89 2.56 5.92 0.09 1.23 3.09 10.33 58.01 1.03 12.12 
SD 1.52 0.53 1.22 0.18 1.19 1.52 1.55 13.86 2.06 12.25 28 Days 4 

SEM 0.76 0.26 0.61 0.09 0.60 0.76 0.78 6.93 1.03 6.12 
  

AVERAGE 12.34 1.96 6.09 0.18 0.54 3.57 10.38 60.24 1.40 4.24 
SD 1.80 0.23 0.91 0.36 1.08 0.92 1.61 14.61 2.80 8.49 42 Days 4 

SEM 0.90 0.12 0.46 0.18 0.54 0.46 0.80 7.30 1.40 4.25 
  

AVERAGE 7.63 1.73 3.36 0.00 0.00 2.53 5.89 57.97 0.00 0.00 
SD 1.73 0.46 0.36 0.00 0.00 0.96 1.30 6.00 0.00 0.00 84 Days 4 

SEM 0.87 0.23 0.18 0.00 0.00 0.48 0.65 3.00 0.00 0.00 
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Table B14.  Cox-2HET Mouse Fracture Callus Histomorphometry Measurements. 

Time 
Point  n   TA 

(mm2) 
B 

(mm2) 
MA 

(mm2) 
CA 

(mm2) 
GT 

(mm2) Void CALLUS (mm2) % MA/CALLUS % CA/CALLUS % GT/CALLUS 

AVERAGE 9.06 2.24 0.47 0.63 1.72 4.00 6.82 7.03 9.28 25.38 
SD 1.02 0.19 0.09 0.07 0.48 0.94 1.09 2.16 0.82 6.71 7 Days 4 

SEM 0.51 0.09 0.04 0.04 0.24 0.47 0.55 1.08 0.41 3.35 
  

AVERAGE 14.72 3.79 1.90 2.38 3.56 3.09 10.94 17.88 21.78 31.99 
SD 2.74 0.56 0.87 0.81 1.42 0.82 2.81 7.23 4.27 7.30 10 Days 7 

SEM 1.03 0.21 0.33 0.31 0.54 0.32 1.06 2.73 1.61 2.76 
  

AVERAGE 14.04 2.59 5.50 1.26 1.57 3.12 11.45 48.07 10.92 14.22 
SD 1.10 0.66 1.26 0.56 0.69 0.99 1.46 9.22 4.56 6.41 14 Days 5 

SEM 0.49 0.30 0.57 0.25 0.31 0.44 0.65 4.12 2.04 2.87 
  

AVERAGE 15.65 3.10 9.06 0.00 0.04 3.46 12.56 72.40 0.00 0.37 
SD 1.03 0.63 1.28 0.00 0.07 1.23 1.66 7.92 0.00 0.65 21 Days 3 

SEM 0.59 0.36 0.74 0.00 0.04 0.71 0.96 4.57 0.00 0.38 
  

AVERAGE 13.14 2.65 6.30 0.14 0.19 3.85 10.48 60.24 1.36 1.89 
SD 1.44 0.28 1.05 0.22 0.33 1.03 1.63 6.56 1.96 3.42 28 Days 7 

SEM 0.55 0.11 0.40 0.08 0.13 0.39 0.62 2.48 0.74 1.29 
  

AVERAGE 9.04 1.68 4.65 0.00 0.00 2.71 7.36 62.38 0.00 0.00 
SD 1.84 0.44 1.47 0.00 0.00 0.43 1.57 6.97 0.00 0.00 42 Days 5 

SEM 0.82 0.20 0.66 0.00 0.00 0.19 0.70 3.12 0.00 0.00 
  

AVERAGE 8.60 1.46 2.88 0.00 0.00 4.26 7.14 39.02 0.00 0.00 
SD 1.44 0.17 1.14 0.00 0.00 0.61 1.43 10.03 0.00 0.00 84 Days 7 

SEM 0.54 0.06 0.43 0.00 0.00 0.23 0.54 3.79 0.00 0.00 
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Table B15.  Cox-2WT Mouse Fracture Callus Histomorphometry Measurements. 

Time 
Point  n   TA 

(mm2) 
B 

(mm2) 
MA 

(mm2) 
CA 

(mm2) 
GT 

(mm2) Void CALLUS (mm2) % MA/CALLUS % CA/CALLUS % GT/CALLUS 

AVERAGE 8.96 2.36 0.55 0.59 1.27 4.20 6.60 8.10 9.38 19.84 
SD 1.03 0.36 0.22 0.21 0.49 1.26 1.26 2.22 4.22 9.00 7 Days 5 

SEM 0.46 0.16 0.10 0.09 0.22 0.56 0.56 0.99 1.89 4.03 
  

AVERAGE 15.20 2.36 2.73 2.40 2.22 5.50 12.84 21.07 18.62 17.29 
SD 0.69 0.26 1.25 1.34 0.01 0.76 0.49 9.23 10.12 0.73 10 Days 3 

SEM 0.40 0.15 0.72 0.78 0.00 0.44 0.28 5.33 5.84 0.42 
  

AVERAGE 16.57 2.91 7.18 1.38 0.99 4.12 13.67 50.43 10.58 7.81 
SD 2.71 0.91 3.25 0.43 0.58 0.29 2.91 14.56 4.65 5.41 14 Days 5 

SEM 1.21 0.41 1.46 0.19 0.26 0.13 1.30 6.51 2.08 2.42 
  

AVERAGE 16.18 2.50 9.54 0.21 0.00 3.93 13.68 69.75 1.20 0.00 
SD 2.94 0.22 2.56 0.42 0.00 1.38 3.10 7.45 2.41 0.00 21 Days 4 

SEM 1.47 0.11 1.28 0.21 0.00 0.69 1.55 3.73 1.20 0.00 
  

AVERAGE 12.69 2.55 6.31 0.00 0.00 3.83 10.14 62.05 0.00 0.00 
SD 1.71 0.63 1.64 0.00 0.00 1.07 1.74 9.57 0.00 0.00 28 Days 6 

SEM 0.70 0.26 0.67 0.00 0.00 0.44 0.71 3.91 0.00 0.00 
  

AVERAGE 8.59 1.45 2.79 0.00 0.00 4.35 7.14 39.04 0.00 0.00 
SD 0.33 0.26 0.62 0.00 0.00 0.61 0.18 8.38 0.00 0.00 42 Days 3 

SEM 0.19 0.15 0.36 0.00 0.00 0.35 0.11 4.84 0.00 0.00 
  

AVERAGE 8.72 1.44 2.96 0.00 0.00 4.32 7.28 39.71 0.00 0.00 
SD 1.85 0.25 1.16 0.00 0.00 0.78 1.78 8.63 0.00 0.00 84 Days 3 

SEM 1.07 0.15 0.67 0.00 0.00 0.45 1.03 4.98 0.00 0.00 
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Left Right Left Right Left Right Left Right Left Right Left Right Left Right
Average 37.73 26.87 80.85 1.55 5.84 377.66 0.17 2.25 4.34 4.37 1042.80 629.58 67.47 6.30 0.31 5.53 179.31 18.99 11.64

SD 11.97 7.74 38.48 0.11 1.05 75.57 0.03 0.74 0.67 0.83 586.46 278.12 35.02 3.62 0.17 3.65 48.82 6.02 5.28
SEM 3.61 2.34 11.60 0.03 0.32 22.78 0.01 0.22 0.20 0.25 176.82 83.86 10.56 1.09 0.05 1.10 14.72 1.81 1.59

Average 39.21 30.32 77.38 1.36 6.49 477.51 0.12 2.74 4.90 4.28 1134.61 711.16 67.41 9.64 0.29 3.52 239.71 19.72 8.19
SD 2.88 5.78 13.45 0.11 1.42 88.91 0.02 1.07 0.92 0.92 201.95 296.48 39.04 2.86 0.16 2.72 29.90 7.04 2.77

SEM 0.96 1.93 4.48 0.04 0.47 29.64 0.01 0.36 0.31 0.31 67.32 98.83 13.01 0.95 0.05 0.91 9.97 2.35 0.92
Average 41.10 33.65 85.18 1.61 7.46 463.53 0.18 3.48 4.46 5.01 1075.93 900.97 88.75 6.08 0.26 4.57 186.66 17.81 9.60

SD 8.48 8.45 28.95 0.11 0.94 53.81 0.03 0.73 0.79 0.76 280.93 364.39 42.69 1.62 0.10 2.11 44.34 6.72 2.61
SEM 2.68 2.67 9.15 0.04 0.30 17.02 0.01 0.23 0.25 0.24 88.84 115.23 13.50 0.51 0.03 0.67 14.02 2.12 0.83

Average 37.35 12.10 35.64 1.46 7.11 483.96 0.14 3.20 4.16 4.85 849.89 172.33 22.63 5.83 0.07 1.19 198.05 7.06 3.65
SD 10.94 5.00 20.82 0.15 1.83 103.32 0.03 1.44 0.46 0.83 363.18 60.99 10.13 1.88 0.05 0.70 51.71 4.32 2.00

SEM 3.65 1.67 6.94 0.05 0.61 34.44 0.01 0.48 0.15 0.28 121.06 20.33 3.38 0.63 0.02 0.23 17.24 1.44 0.67

Left Right Left Right Left Right Left Right Left Right Left Right Left Right
Average 33.77 30.14 91.48 1.57 3.14 200.39 0.17 0.78 5.00 4.36 836.50 990.22 137.70 4.98 1.75 45.77 160.82 54.61 36.72

SD 6.08 7.47 25.09 0.10 0.99 61.64 0.02 0.49 0.92 0.61 296.37 268.69 68.04 1.78 1.09 44.16 34.67 20.13 19.44
SEM 1.69 2.07 6.96 0.03 0.28 17.10 0.01 0.14 0.26 0.17 82.20 74.52 18.87 0.49 0.30 12.25 9.62 5.58 5.39

Average 32.45 31.91 97.72 1.55 3.52 227.50 0.17 1.00 4.70 4.69 920.89 817.56 98.49 6.04 1.00 19.72 155.39 48.60 31.70
SD 7.99 10.00 15.31 0.19 1.10 63.79 0.04 0.72 0.74 0.79 359.30 309.54 46.31 2.86 0.53 13.57 28.86 18.21 10.73

SEM 2.53 3.16 4.84 0.06 0.35 20.17 0.01 0.23 0.23 0.25 113.62 97.89 14.65 0.91 0.17 4.29 9.13 5.76 3.39
Average 31.07 27.27 89.41 1.54 3.32 215.96 0.16 0.85 4.63 4.77 925.13 829.50 98.53 6.22 1.19 21.30 155.98 45.62 29.94

SD 5.64 5.03 18.32 0.21 0.82 45.18 0.05 0.40 0.98 1.03 331.73 259.17 39.54 3.10 0.63 13.29 46.80 17.90 9.40
SEM 1.51 1.34 4.90 0.06 0.22 12.08 0.01 0.11 0.26 0.27 88.66 69.27 10.57 0.83 0.17 3.55 12.51 4.79 2.51

Average 28.42 27.64 101.12 1.55 3.59 233.41 0.17 0.94 4.59 4.37 834.45 614.97 74.83 4.99 0.68 14.09 139.48 39.66 31.06
SD 7.56 6.66 29.40 0.21 0.73 47.52 0.05 0.36 0.43 0.46 323.68 308.58 25.50 1.28 0.31 6.36 42.77 14.90 16.81

SEM 2.68 2.35 10.40 0.08 0.26 16.80 0.02 0.13 0.15 0.16 114.44 109.10 9.02 0.45 0.11 2.25 15.12 5.27 5.94

Shear Stress 
(MPa) %S

Peak Torque 
(Nmm) %P

Area (mm2)
%A %R

Shear Modulus 
(GPa) %G

Cox-1KO 13

Strain n
Polar Moment 
of Inertia (J)

Gage Length 
(mm) Rigidity (Nmm2)

%SStrain n %P %A
Rigidity (Nmm2)

Shear Modulus 
(GPa)

Cox-2KO 8

28
 D

ay
s

84
 D

ay
s Cox-2WT 10

Cox-2HET 14

Cox-2KO 9

Cox-2WT 9

Cox-2HET 10

Table B16.  Summary of Cyclooxygenase Deficient Mouse Femur Mechanical Testing Data.
Shear Stress 

(MPa)

Cox-1KO 11

Peak Torque 
(Nmm) Area (mm2)

Polar Moment 
of Inertia (J)

Gage Length 
(mm) %R %G



 

            

152
152 
 

Time Point n TA (mm2) B (mm2) MA (mm2) CA (mm2) GT (mm2) Void CALLUS (mm2) % MA/CALLUS % CA/CALLUS % GT/CALLUS
AVERAGE 12.70 2.22 2.57 3.22 1.31 3.37 10.47 24.56 30.84 12.48

SD 0.54 0.30 0.31 0.28 0.37 0.50 0.42 3.33 3.46 3.29
SEM 0.24 0.13 0.14 0.13 0.17 0.22 0.19 1.49 1.55 1.47

AVERAGE 12.73 1.68 5.25 1.57 0.54 3.69 11.05 47.57 14.46 4.93
SD 1.27 0.31 0.57 0.79 0.09 1.05 1.26 2.86 7.53 1.01

SEM 0.57 0.14 0.25 0.35 0.04 0.47 0.56 1.28 3.37 0.45

AVERAGE 14.74 2.31 6.38 0.35 0.00 5.71 12.43 51.46 2.73 0.00
SD 1.09 0.54 0.65 0.49 0.00 1.20 1.22 5.38 3.71 0.00

SEM 0.49 0.24 0.29 0.22 0.00 0.54 0.55 2.41 1.66 0.00

AVERAGE 11.68 1.66 7.59 0.00 0.00 2.43 10.02 75.72 0.00 0.00
SD 1.02 0.36 0.79 0.00 0.00 0.34 0.98 2.55 0.00 0.00

SEM 0.46 0.16 0.36 0.00 0.00 0.15 0.44 1.14 0.00 0.00

Time Point n TA (mm2) B (mm2) MA (mm2) CA (mm2) GT (mm2) Void CALLUS (mm2) % MA/CALLUS % CA/CALLUS % GT/CALLUS
AVERAGE 11.71 2.77 1.18 0.72 3.81 3.24 8.94 12.89 7.84 43.75

SD 2.17 0.44 0.46 0.26 1.11 1.25 1.96 3.76 1.31 14.36
SEM 0.97 0.20 0.21 0.12 0.50 0.56 0.88 1.68 0.59 6.42

AVERAGE 14.47 2.75 4.16 2.35 2.09 3.13 11.72 35.49 20.16 17.60
SD 0.99 0.86 1.17 0.67 1.04 0.55 0.78 9.67 6.13 7.95

SEM 0.44 0.38 0.53 0.30 0.47 0.24 0.35 4.32 2.74 3.56

AVERAGE 16.26 2.04 6.33 0.53 0.11 7.24 14.21 44.66 3.63 0.85
SD 1.36 0.21 1.04 0.23 0.17 1.15 1.26 7.14 1.37 1.28

SEM 0.61 0.09 0.46 0.10 0.08 0.51 0.56 3.19 0.61 0.57

AVERAGE 13.22 2.19 8.49 0.00 0.00 2.54 11.03 77.26 0.00 0.00
SD 0.77 0.32 0.52 0.00 0.00 0.88 0.89 6.26 0.00 0.00

SEM 0.35 0.14 0.23 0.00 0.00 0.40 0.40 2.80 0.00 0.00

5

14 Days 5

5

7 Days 5

Table B17.  5-LOKO and 5-LOWT Mouse Fracture Callus Histomorphometry Measurements.

7 Days 5

10 Days 5

21 Days

21 Days 5

5-LOWT Histomorphometry Measurements

5-LOKO Histomorphometry Measurements

10 Days 5

14 Days
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Left Right Left Right Left Right Left Right Left Right Left Right Left Right

Average 24.84 28.56 115.49 1.49 4.56 308.37 0.16 1.29 4.26 4.14 687.80 614.77 91.52 4.24 0.52 12.88 126.37 34.50 28.15

SD 4.94 6.30 16.32 0.09 0.93 71.42 0.02 0.42 0.54 0.44 168.48 191.80 25.37 1.02 0.22 6.30 27.69 8.96 8.20

SEM 1.49 1.90 4.92 0.03 0.28 21.53 0.01 0.13 0.16 0.13 50.80 57.83 7.65 0.31 0.06 1.90 8.35 2.70 2.47

Average 31.89 29.63 94.64 1.63 5.57 344.06 0.20 1.79 4.69 4.58 819.41 490.94 63.59 4.24 0.30 7.48 143.59 26.96 19.46

SD 5.00 5.58 23.33 0.12 1.09 73.72 0.03 0.57 0.48 0.44 200.11 175.06 26.44 1.03 0.12 3.51 29.91 6.59 6.53

SEM 1.51 1.68 7.04 0.04 0.33 22.23 0.01 0.17 0.14 0.13 60.34 52.78 7.97 0.31 0.04 1.06 9.02 1.99 1.97

Average 23.84 24.97 107.90 1.40 2.85 204.19 0.14 0.58 4.94 4.53 645.22 492.57 81.12 4.53 0.94 21.91 129.58 53.28 43.06

SD 5.66 3.51 21.38 0.07 0.41 33.44 0.02 0.14 0.52 0.32 156.87 116.15 30.28 0.82 0.44 12.34 29.40 12.24 12.86

SEM 2.00 1.24 7.56 0.03 0.15 11.82 0.01 0.05 0.18 0.11 55.46 41.07 10.71 0.29 0.15 4.36 10.40 4.33 4.90

Average 37.19 29.72 83.92 1.71 3.96 233.14 0.21 1.03 4.65 4.35 784.48 756.95 98.63 3.75 0.80 23.29 155.96 43.78 30.25

SD 8.39 4.90 22.90 0.11 0.92 57.14 0.03 0.40 0.61 0.63 208.16 184.49 21.01 1.18 0.24 8.99 37.43 14.33 12.33

SEM 2.53 1.48 6.91 0.03 0.28 17.23 0.01 0.12 0.18 0.19 62.76 55.63 6.33 0.36 0.07 2.71 11.29 4.32 3.72

Table B18.  Summary of 5-LOKO and 5-LOWT Mouse Femur Mechanical Testing Data.

Strain n

Peak Torque 
(Nmm) %P

Area (mm2)
%A

Polar Moment 
of Inertia (J) %G

Shear Stress 
(MPa) %S

5-LOKO 11

Gage Length 
(mm)

Rigidity 
(Nmm2) %R

Shear Modulus 
(GPa)

28
 D

ay
s

84
 D

ay
s

5-LOKO 8

WT 11

WT 11
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