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Abstract 

Repetitive mechanical loading can lead to microdamage in bone tissue. In order to 

prevent accumulation of microdamage, a repair mechanism known as targeted bone 

remodeling removes the damaged bone tissue and replaces it with new bone matrix. 

Osteocyte apoptosis has been associated with fatigue induced microdamage, and 

the localization of bone resorbing osteoclasts. However, the extracellular signals involved 

in the initiation of targeted bone remodeling are still unknown. While apoptosis is 

commonly referred to as a non-inflammatory event, inflammatory cytokines have been 

shown to be mediators of the bone remodeling process. To my knowledge no one has 

examined inflammatory cytokines in relation to fatigue induced microdamage and the 

targeted bone remodeling process. Therefore, in vivo fatigue loading of rat ulna was 

performed to identify inflammatory cytokines associated with targeted bone remodeling. 

Experimental results showed that fatigue loading of rat ulna results in: 

 

1. Bone tissue microdamage. 

2. Increased RANKL-percent positive osteocytes and intra-cortical osteoclasts. 

3. Increased inflammatory cytokines (IL-2, GRO/KC, MCP1, VEGF) associated 

with the stimulation and chemotaxis of both T-cells and osteoclasts. 

 

These results raised new questions about potential T-cell involvement in the initiation 

of intra-cortical osteoclasts in fatigue damaged bone tissue, and lead to the examination 

of a novel, mechanically-induced signaling pathway. In vitro mechanical loading was 

performed to examine the effects of fluid shear stress (FSS) on osteocyte production of 



 

iv 
 

cytokines (TGF-β1 and IL-6) known to stimulate Th17-cell secretion of osteoclastogenic 

cytokines (IL-17 and RANKL). Experimental results showed that: 

 

1. MLO-Y4 osteocytes conditioned with high FSS secrete greater TGF-β1 and IL-6 

compared to MLO-Y4 osteocytes in static control conditions. 

2. T-cell cultures conditioned with high FSS MLO-Y4 medium secrete greater IL-17 

compared to T-cell cultures conditioned with static MLO-Y4 medium. 

3. Osteoclast cultures conditioned with high FSS T-cell medium form a greater 

number of osteoclasts compared to osteoclasts cultures conditioned with static T-

cell medium. 

 

In vitro results demonstrate a mechanically-induced osteocyte-Th17-cell signaling 

mechanism and subsequent osteoclast formation. With high, repetitive force required for 

the stimulation of the mechanism in vitro; there is potential for mechanically-induced 

osteocyte-Th17-cell signaling and the subsequent activation of intra-cortical osteoclasts 

in in vivo fatigue-loaded bone. Future in vivo fatigue loading studies examining the intra-

cortical osteoclast response in relation to the described osteocyte-Th17-cell signaling 

mechanism would provide a new paradigm for the study and understanding of targeted 

bone remodeling in response to fatigue-induced microdamage. 
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1. Introduction 

According to a report from the Office of the United States Surgeon General, 

osteoporosis can be linked to roughly 10 million Americans over the age of 50; and an 

additional 33.6 million individuals show signs of low bone mass, placing them at risk for 

fracture and potential complications later in life. This report goes on to state that by the 

year 2020 one in two Americans over the age of 50 will be at risk of developing 

osteoporosis.1 Osteoporosis occurs when bone resorption is greater than the rate of 

formation of new bone matrix. An imbalance in the coupled interaction of bone resorbing 

osteoclasts and bone forming osteoblasts can result in osteoporotic bone and subsequent 

bone fracture. 

Osteoporotic patients commonly receive bisphosphonate treatment. 

Bisphosphonates help to restore the balance between bone resorption and bone formation 

by inhibiting osteoclast activity and stimulating osteoclast apoptosis.2,3 While 

bisphosphonates have been the gold standard in osteoporotic care for many years, reports 

have now linked long term bisphosphate use to an increase in atypical bone fragility 

fractures.4,5 While bisphosphonates help to restore the systemic balance of osteoclasts and 

osteoblasts they also inhibit a repair mechanism known as targeted bone remodeling. 

Inhibition of localized remodeling and repair allows for the accumulation of bone tissue 

microdamage and an increased risk in atypical bone fracture.6-8 

The extracellular signals that initiate targeted remodeling are still unknown.9,10 An 

understanding of the mechanism and cytokines initiating the process would allow for the 

formation of clinical assays to detected targeted remodeling biomarkers in osteoporotic 

patients. These biomarkers would provide clinicians with valuable diagnostic information 
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that could potentially alter patient treatment plans and therapy, in order to prevent 

atypical bone fracture and promote human health and wellness.11 

 

1.1 Bone Structure 

Bone is classified as supportive connective tissue. Mineralization of the bone 

matrix, in the form of hydroxyapatite (Ca5(PO4)3(OH)) crystals, adds strength to a tissue 

that assists with locomotion and protection. The extracellular matrix of bone consists also 

of type I and type V collagen as well as bone matrix glycoproteins and proteoglycans. 

Bone can be subdivided into one of four bone envelopes: periosteal, endocortical, 

trabecular, or cortical. The periosteal envelope is associated with the external bone 

surface, and is the principle site for bone formation in response to mechanical loading.12 

The periosteum consists of a superficial layer of fibrous connective tissue and a deep 

layer of osteoprogenitor cells. The endocortical and trabecular envelopes are associated 

with a thin endosteal layer of osteoprogenitor cells at the marrow interface. Endosteal 

surfaces act as the primary site of stochastic bone remodeling for the regulation of 

mineral homeostasis. The cortical envelope makes up the region between periosteal and 

endosteal surfaces, and consists of compact matrix that is neatly organized in concentric 

lamellae. Multiple layers of concentric lamellae define the functional unit of bone known 

as the osteon. The central (Haversian) canal of each osteon houses vasculature, and 

allows for the formation of anastomoses between adjacent osteons and the marrow cavity 

via perforating (Volkmann) canals. Compact bone is composed of multiple osteon units 

with interstitial lamellae filling the space between adjacent circular osteons, as well as 

layers of circumferential lamellae along the external and internal surfaces of the cortical 
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envelope. While rodent bone is composed of the same bone cells and mineralized matrix 

as human bone it contains little to no osteon organization. 

 

1.2 Bone Cells 

Bone cells are extremely dynamic in their ability to regulate mineral and tissue 

homeostasis. The three primary cellular components of bone are the osteoblast, the 

osteocyte, and the osteoclast. Each cell provides a specific function for proper bone 

maintenance. While these bone cells are derived from two distinctly different cellular 

lineages, the communication and coupling between cells is essential to the health and 

function of the tissue. 

 

1.2.1 Osteoblasts 

Osteoblasts originate from multipotent mesenchymal stem cells, and when 

activated by osteogenic factors differentiate from osteoprogenitor cells in order to 

produce new bone matrix.13-17 Osteoblast secretion of collagen, glycoproteins, and 

proteoglycans forms new bone matrix that is initially termed osteoid. The osteoid is then 

mineralized with calcium phosphate via alkaline phosphatase.18 Inactive osteoblasts 

remain on the bone surface in the form of squamous shaped bone lining cells that remain 

quiescent until further stimulation, or become apoptotic and die through a process of 

programmed cell death.19-21 
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1.2.2 Osteocytes 

Terminal differentiation of the osteoblast into the osteocyte occurs as the 

osteoblast is surrounded in osteoid, and eventually enclosed in the mineralized matrix of 

newly formed bone tissue. In order for osteocytes to function in mineralized matrix they 

are suspended via integrin connections in cortical spaces, known as lacunae.22 Extending 

from the lacunar spaces throughout the mineralized matrix small tunnels, known as 

canaliculi, form massive networks between adjacent lacunae and periosteal, endosteal, 

and vascular surfaces. The lacuna-canalicular network is filled with a nutritive, 

extracellular fluid (canalicular fluid) that bathes the osteocyte, and facilitates paracrine 

and endocrine signaling.23 Dendritic-like processes extend from osteocyte cell bodies out 

into the vast canalicular network forming gap junctions with neighboring osteocytes, as 

well as cells along bone surfaces. The osteocyte has been widely described as the 

mechanosensory cell of the skeletal system; using a primary cilium, stretch-activated 

calcium channels, Cx43 gap junctions, and a vast lacuna-canalicular network to 

communicate with its environment.24-30 

MLO-Y4 (murine long bone osteocyte Y4) osteocyte-like cells were established 

in order to provide efficient in vitro examination of the effects of mechanical loading on 

osteocytes and their extracellular signaling interactions.31 The fact that osteocytes are 

terminally derived from osteoblasts and that they reside in a mineralized matrix makes 

the study of the most abundant cell in bone tissue very difficult.32,33 The MLO-Y4 cell 

line was developed from transgenic mice overexpressing the SV40 large T-antigen 

oncogene driven by an osteocalcin promoter.34 Similar to primary osteocytes, MLO-Y4 

cells have a unique dendritic morphology and primary osteocyte markers such DMP1, 
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E11, and FGF23.35 In vitro loading of MLO-Y4 cells via fluid flow exposure has also 

been shown to stimulate calcium influx at the primary cilium, prostaglandin production, 

and increased gap junction formation.36-38 

 

1.2.3 Osteoclasts 

The differentiation of a multinucleated, bone resorbing osteoclast from a 

hematopoietic precursor cell has been shown to be influenced by multiple extracellular 

signals, including monocyte colony-stimulating factor (M-CSF) and receptor activator of 

nuclear factor kappa beta ligand (RANKL).39-42 The binding of RANKL to its receptor 

RANK on the osteoclast progenitor cell surface is essential for progenitor cell fusion and 

osteoclast maturation.43-45 This process is tightly regulated by the secretion of 

osteoprotegerin (OPG) which acts as a decoy receptor for RANKL, and is secreted from 

osteoblasts and osteocytes. The binding of OPG to RANKL prevents RANKL-RANK 

binding, and subsequently inhibits osteoclast formation and bone resorption.46,47 

Maintaining the balance of OPG to RANKL is crucial for proper bone remodeling, 

maintenance, and mineral regulation. 

Whether resorption is induced hormonally to regulate mineral homeostasis, or by 

local factors to repair old or damaged bone matrix; osteoclasts will share common 

characteristics. A ruffled border will be formed in order to increase the amount of 

resorbing surface exposed to bone. A tightly sealed clear zone will form between the 

perimeter of the osteoclast and the bone surface in order to maintain a highly acidic 

micro-environment. The actively resorbing osteoclast removes bone by secreting protons 

and the protease capthepsin K along the bone surface in order to demineralize and 
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degrade bone matrix.48-50 The removal of bone matrix results in the formation of 

osteoclast pits (Howship’s lacuna) along the bone surface. 

 

1.3 The Effects of Mechanical Loading on Bone Modeling 

Bone modeling is the uncoupled process of either bone formation or bone 

resorption. Osteoblasts and osteoclasts work independently from one another in response 

to events such as developmental bone growth, bone fracture healing, or mechanical 

loading. The work of Julius Wolff and Harold Frost first described and defined the theory 

that bone will adapt to increasing mechanical loads.51-53 Bone formation is required in 

order to support the newly applied load, and a minimum amount of load is required to 

maintain bone and prevent bone loss due to disuse.54 Mechanical loading results in the 

bending of bone and is described as bone deformation or strain (ε). Bone strain is the 

change in the length of the bone divided by its original length (ε=ΔL/L). Deformation of 

bone results in the movement of canalicular fluid throughout the lacuna-canalicular 

network resulting in osteocyte deformation, and the subsequent transduction of 

osteogenic factors such as Wnt and PGE2.
55-58 Studies have shown that osteocyte strain is 

amplified in the constricted space of its lacunae, thus allowing the osteocyte to detect 

minimal changes in whole bone deformation.59 

Wnt signaling has been shown to play a key role in the osteocytes response to 

mechanical loading. The application of load induces Wnt binding to co-receptors frizzled 

and LRP5/6 on the osteocyte cell surface. The binding of Wnt inhibits a β-catenin 

destruction complex consisting of Axin, APC, CK1, and GSK-3β. Accumulated β-catenin 
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translocates to the nucleus and activates transcription factors, TCF/LEF, that induce bone 

formation.58 

Inflammatory cytokine prostaglandin E2 (PGE2) has also been established as a 

mediator of bone formation in response to mechanical loading. PGE2 binds to E-type 

prostanoid receptors (EP2 or EP4) which also results in increased nuclear translocation of 

β-catenin via the inhibition of the β-catenin destruction complex .60 

 

1.4 Bone Remodeling 

Bone remodeling can be described as either stochastic or targeted remodeling.61 

Both stochastic and targeted remodeling require the coupled interaction of osteoclasts and 

osteoblasts for the removal and replacement of bone matrix. Bone remodeling is often 

described by a sequence of activation, resorption, and formation. The osteoclast is 

activated by the binding of RANKL to its receptor RANK that is located on the osteoclast 

progenitor cell surface. The activated osteoclast then resorbs bone matrix resulting in the 

formation of resorption pits. Finally, the osteoblast fills the resorption pits with newly 

formed bone matrix. While the overall goal of both stochastic and target remodeling is 

the removal and replacement of bone matrix, the initiation of stochastic and targeted 

modeling is quite different. 

Stochastic bone remodeling is a hormonally regulated, life long, random 

remodeling of primarily endosteal bone surfaces; in order to maintain calcium 

homeostasis. Hypocalcemia is detected by chief cells of the parathyroid gland which 

stimulates the release of parathyroid hormone (PTH). PTH binds to its receptor, 

parathyroid hormone receptor 1 (PTHR1), located on the surface of osteoblasts and 
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osteocytes, resulting in the increase in the ratio of RANKL to OPG. An increase in 

RANKL initiates osteoclast maturation and bone resorption.62-65 The resorption of bone 

matrix results in the release of calcium and phosphate from the mineralized matrix and 

the stabilization of serum calcium. 

Targeted bone remodeling is a localized remodeling and repair of bone tissue 

microdamage. In order to prevent accumulation of mechanically-induced microdamage, 

targeted bone remodeling removes and replaces damaged bone matrix via the coupled 

interaction of intra-cortical osteoclasts and osteoblasts.66-68 

Osteocyte apoptosis has been associated with the localized remodeling and repair 

of tissue microdamage.9,10 The increase in pro-apoptotic caspase-3 expression in 

osteocytes has been shown to occur within 24 hours after fatigue loading.69 Further 

investigation of the mechanisms controlling osteocyte apoptosis has shown that pro-

apoptotic Bax protein and anti-apoptotic Bcl-2 protein may be playing a role in the 

balance of osteocyte death or survival in response to fatigue loading. Osteocyte Bax and 

Bcl-2 are expressed as a function of the distance from tissue microdamage. Apoptotic 

signals are localized in areas of fatigue damage with protective anti-apoptotic signals 

expressed in areas not directly affected by the fatigue load.70 Physical cell stress and the 

disruption of the lacuna-canalicular system via microcrack formation has been suggested 

to initiate osteocyte apoptosis. The inhibition of necessary mechanical stimulation, 

trophic factors, and nutrient supply due to lacuna-canalicular disruption could affect 

osteocyte viability. While osteocyte apoptosis has been shown to occur in areas of 

microdamage, the extracellular signals that initiate intra-cortical osteoclasts, and the 

targeted remodeling process are still unknown. 
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1.5 Apoptosis 

Apoptosis is a form of programmed cell death that can occurs in response to a 

variety of physiologic events.71,72 Apoptosis can occur intrinsically whereby the cell kills 

itself in response to cell stress, or extrinsically whereby extracellular signals bind to death 

receptors and stimulate apoptosis. Intrinsic and extrinsic apoptosis occur via the 

activation of procaspases. Activation of “initiator” caspases (caspases 8 and 9) results in 

the activation of “executioner” caspases (caspases 3, 6, and 7) that internally degrade the 

apoptotic cell. Apoptosis is commonly referred to as a non-inflammatory event (unlike 

necrotic cell death that results in inflammatory signaling and the release of cellular 

contents into the extracellular environment) where the integrity of the cell membrane is 

maintained until it is phagocytosed.73,74 

The paradigm that apoptosis in completely unrelated to inflammatory signals is 

not completely true. Inflammatory signaling can regulate the initiation of cellular 

apoptosis. The binding of death factor, Fas ligand (a member of the pro-inflammatory 

TNF family), to its death receptor, Fas, activates “initiator” caspases and programmed 

cell death. While inflammatory signaling is not normally associated with apoptosis, in 

some cases a lack or delay in phagocytosis of an apoptotic cell can lead to secondary 

necrosis, resulting in the breakdown of the cell membrane and the release of cellular 

contents.75 

 

1.6 Helper T-Lymphocytes 

As their name would indicate, thymus-derived lymphocytes (T-cells) mature in 

the thymus. T-cells are derived from a hematopoietic cell lineage (similar to osteoclasts) 
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in the bone marrow. They are originally termed prothymocytes prior to their migration to 

the thymus. Upon reaching the thymus, thymocytes undergo a series of positive and 

negative selection processes that results in either cell death, or maturation of helper T-

lymphocytes (Th-cells) or cytotoxic T-lymphocytes. Mature thymocytes that survive the 

selection process leave the thymus and migrate to secondary lymphatic tissues. Mature 

Th-cells feature an antigen-specific, membrane bound T-cell receptor (TCR) along with 

cluster of differentiation 3 and 4 (CD3 and CD4) cell surface glycoproteins.76 

Th-cells are a crucial mediator of the adaptive immune system response. The 

presentation of a foreign antigen to a Th-cell via an antigen-presenting cell (APC) will 

ultimately stimulate the destruction of the foreign antigen. The differentiation of Th-cells 

is initiated by antigen presentation, and depending upon the associated cytokine profile 

will stimulate Th-cells to become either a Th1-cell or a Th2-cell.77 The general function 

of Th1-cells is the activation of phagocytic cells in order to fight off intracellular bacteria 

and viruses, while Th2-cells are activators of B cells that rid the body of extracellular 

pathogens. The paradigm of a two-cell lineage has recently been disproved. Recent 

studies have now described new subsets of Th-cells with distinct lineages, including 

Th17-cells that have been shown to play a role in inflammatory processes via their 

production and secretion of Interleukin-17 (IL-17).78-80 

 

1.7 Th17-cells and Interleukin-17 

Previous studies have determined the cytokine profile necessary for Th17-cell 

differentiation and stimulation. Th-cell activation in the presence of TGF-β1 and either 

IL-6 (murine model) or IL-1β (human model) results in Th17-cell differentiation.81-84 The 
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necessity of IL-23 in Th17-cell development and activity is controversial. Some reports 

state that IL-17 production is dependent upon the presences of IL-23. Other reports state 

that Th17-cellular proliferation is dependent upon the presence of IL-23, and in turn the 

lack of cellular proliferation limits IL-17 production.85 

Interleukin-17 is a disulfide linked dimer consisting of 155 amino acids, a 

predicted molecular mass of 31 kDa, and includes six family members (IL-17A-F).86-91 

The IL-17 family shares highly conserved cysteine residues resulting in a similar folding 

pattern and protein structure; however, one can generally assume that the use of the term 

IL-17 is referring to the IL-17A as it is the most studied and best understood family 

member.  

Studies have recently confirmed the role of IL-17 in the breakdown and 

destruction of joints and bone tissue. Th17-cells have been shown to induce osteoclast 

formation directly via the secretion of soluble RANKL, as well as indirectly through the 

secretion of IL-17. Interleukin-17 binds to interleukin-17 receptor (IL-17R), located on 

the surface of osteoblasts and osteocytes, and stimulates an increase in RANKL, 

osteoclast maturation, and bone resorption.92-95 

 

1.8 The Spleen 

The spleen is the largest lymphatic organ in the body. The encapsulated organ is 

composed of a meshwork of reticular tissue that forms large splenic sinuses, and 

lymphatic zones that allow for the filtration of circulating blood. A majority of the spleen 

is defined as splenic pulp and is divided into specific regions termed red pulp and white 

pulp. 
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The red pulp contains a large number of erythrocytes that are examined by splenic 

macrophages to ensure damaged erythrocytes are degraded and removed from the 

circulation. The white pulp consists primarily of lymphocytes aggregated into T-cell and 

B-cell specific regions. T-cell aggregation occurs in white pulp regions known as 

periarterial lymphatic sheaths (PALS) which form around central splenic arteries. Splenic 

lymphatic nodules are located adjacent to PALS regions and contain primarily B-cells. 

Splenic nodules are not directly associated with central splenic arteries.96 Both 

lymphocyte regions are crucial for the screening and filtering of blood borne antigens.
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2. Hypothesis and Specific Aims 

2.1 The Effect of Rat Ulnar Fatigue Loading on Inflammatory Cytokine Secretion 

Current bone and mineral literature presents a mechanistic gap in knowledge and 

understanding of the initiation of the targeted bone remodeling process. Current literature 

has associated osteocyte apoptosis with the localized remodeling of fatigue induced 

microdamage. Physical cell stress and the disruption of the lacuna-canalicular system via 

microcrack formation has been suggested to initiate osteocyte apoptosis; however, the 

extracellular signals that initiate intra-cortical osteoclast resorption are unknown.9,10,71,72 

Inflammatory cytokines have been shown to be mediators of the bone remodeling 

process.74,97 Inflammatory cytokine PGE2 was previously described in the introduction as 

a mediator of bone formation in response to mechanical loading; however, PGE2 has also 

been described as an initiator of bone remodeling. PGE2 has been shown to stimulate 

osteoclast resorption and the coupled formation of new bone matrix.98-100 

While apoptosis is commonly referred to as a non-inflammatory event, 

inflammatory cytokines have been shown to be mediators of the bone remodeling 

process. To my knowledge no one has examined inflammatory cytokines in relation to 

fatigue induced microdamage and the targeted bone remodeling process. The purpose of 

this study was to examine the effect of in vivo fatigue loading of rat ulna on 

inflammatory cytokines secretion, in order to identify cytokines that may contribute to 

the stimulation of the targeted bone remodeling process. 

Hypothesis: inflammatory cytokines increase with in vivo fatigue loading of rat 

ulna, and are mediators of intra-cortical osteoclast initiation for the targeted remodeling 
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of fatigue induced microdamage. The following aims were examined to test the 

hypothesis. 

 

1. Determine if fatigue loading of rat ulna to a 40% decrease in ulna stiffness results 

in bone tissue microdamage. 

 

2. Determine if fatigue loading of rat ulna to a 40% decrease in ulna stiffness results 

in increased RANKL expression and intra-cortical osteoclast formation. 

 

3. Identify and characterize inflammatory cytokines effected by of in vivo fatigue 

loading of rat ulna 

 

2.2 Mechanically-Induced Osteocyte-Th17-cell Signaling and Osteoclastogenesis 

Based upon the in vivo results and interpretation of the effects of rat ulnar fatigue 

loading on inflammatory cytokine secretion, a second study was performed to examine 

the in vitro response of mechanically loaded osteocytes, and the subsequent stimulation 

of both T-cells and osteoclasts. Analysis of fatigue-loaded rat ulna demonstrated an 

increase in multiple cytokines (IL-2, GRO/KC, MCP-1, VEGF) associated with T-cell 

and osteoclast stimulation and chemotaxis. The increase in multiple inflammatory 

cytokines along with an increase local RANKL expression and intra-cortical osteoclast 

formation suggests potential T-cell interactions in the initiation of targeted remodeling in 

response to fatigue loading. 

The Th17-cell lineage stimulates osteoclast formation and bone resorption 

directly through the secretion of RANKL.94 Th17-cells also stimulate osteoclasts 
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formation indirectly through the secretion of IL-17; making pro-inflammatory Th17-cells 

an excellent candidate for mediating localized osteoclast initiation and repair of fatigue-

induced microdamage.94-97 Hormones such as PTH and estrogen play a major role in bone 

remodeling, and have also been associated with Th17-cell induced osteoclastogenesis. 

Continuous PTH secretion and estrogen deficiency have been reported to induce 

osteoclastogenesis via Th17-cell stimulation and IL-17 secretion.101-103 While these 

studies demonstrate the ability of Th17-cells to induce stochastic bone remodeling, the 

present study was designed to examine how mechanical loading of bone may induce 

Th17-cells, and subsequent targeted bone remodeling and repair of damaged bone matrix. 

Hypothesis: In vitro FSS induces osteocyte stimulation of Th17-cells and the 

subsequent formation of osteoclasts (Fig.1). The following aims were examined to test 

the hypothesis: 

 

1. Determine if FSS induces MLO-Y4 osteocytes to secrete the cytokines (TGF-β1, 

IL-6, and IL-23) for Th17-cell stimulation. 

 

2. Determine if FSS MLO-Y4 medium from aim 1 induces greater Th17-cell 

proliferation and Th17-cell secretion of osteoclastogenic cytokines (IL-17 and 

RANKL) in T cell supportive cultures. 

 

3. Determine if FSS T-cell medium from aim 2 induces greater osteoclast formation 

in osteoclast supportive co-cultures. 
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Fig. 1. Diagram of proposed mechanically-induced osteocyte-Th17-cell signaling and 

osteoclastogenesis. In vitro FSS induces osteocyte-Th17-cell signaling (TGF-β1 and IL-6) and the 

secretion of Th17-cell osteoclastogenic cytokines (IL-17 and RANKL). 
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3. Materials and Methods 

3.1 The Effect of Rat Ulnar Fatigue Loading on Inflammatory Cytokine Secretion 

 I would like to acknowledge the work of Drs. M Akhter, B Hackfort, and G 

Alvarez and of J Danforth who completed the ulnar fatigue loading and tissue collection. 

Embedded bone samples were made available by Dr. D. Cullen. 

 

3.1.1 Rats 

Sprague Dawley female rats (5-6 months old) were randomly placed into one of 

three experimental groups. A total of 28 rats were subjected to in vivo fatigue loading: 

ulnar and serum protein analysis 24 hours after loading (N = 8), ulnar and serum protein 

analysis 48 hours after loading (N = 8), and histochemistry analysis 48 hours after 

loading (N = 12). An additional 8 rats were not exposed to fatigue loading, providing a 

non-loaded control. Animal protocols were approved by the Creighton University 

Institutional Animal Care and Use Committee. 

 

3.1.2 Fatigue Loading 

Multiple bone loading models result in soft tissue trauma, as the result of surgical 

pin implantation or periosteal pressure.104-107 The ulnar compression model was 

established as a noninvasive way to study in vivo mechanical loading bone and minimize 

the impact of soft tissue damage on data interpretation .108 The ulnar compression model 

has also been established as a method for inducing bone fatigue for the study of 

microdamage formation, osteocyte apoptosis, and intra-cortical remodeling in rat ulna.10, 

67,72 
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The right ulna of anesthetized rats was loaded in compression (Bose ELF-3200, 

MN) at 4 Hz with forces increasing from 15-20 N, achieving 3000 to 4000 µε of 

deformation. Loading continued until fatigue failure (40% decrease in ulna stiffness) was 

achieved (<20,000 cycles, < 2 hours). The left ulna served as a non-loaded contralateral 

control. The non-loaded control rats were not handled prior to euthanasia. 

 

3.1.3 Tissue Collection and Processing 

Right and left ulnae and blood from fatigue-loaded and non-loaded rats were 

collected 24 or 48 hours after loading for protein analysis. The collection of right and left 

ulna and blood from non-loaded rats was also collected for protein analysis. Bone was 

stripped of all soft tissue to minimize the impact potential soft tissue damage could have 

on data interpretation. The proximal and distal ends of each ulna were removed to 

eliminate the growth plates prior to being frozen in liquid nitrogen and stored. Blood was 

collected in serum separator tubes and centrifuged for serum collection. Serum was 

frozen in liquid nitrogen. Ulnar and serum samples were stored at -80oC. 

Additionally, right and left ulnae from fatigue-loaded rats were collected 48 hours 

after loading for histochemistry. All ulnae were cleaned of muscle, proximal and distal 

ends were removed to eliminate the growth plates, and fixed for 24 hours in 70% ethanol 

under vacuum. Four of the twelve rats were examined for the formation of microdamage. 

Prior to sectioning left and right paired whole bone samples were stained with basic 

fuchsin under vacuum for one week to label newly exposed collagen associated with 

fatigue induced microcracks.109,110 Ulnae were dehydrated, embedded in 
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methylmethacrylate, and sectioned at 60 µm (N = 4). The right and left ulnae of the 

remaining eight rats were processed for histomorphometry. Ulnae were then decalcified, 

paraffin embedded, and sectioned at 7µm (N = 8).  

 

RANKL Immunohistochemistry 

Two cross sections of right and left paired ulnae (48 hours post fatigue loading) 

from each rat were examined for percent RANKL-positive osteocytes. Cross sections 

were deparaffinized in Citrisolv, rehydrated in decreasing concentrations of ethanol, and 

blocked for 30 minutes in phosphate buffered saline with 0.1% tween (PBST) and 1% 

goat serum. Rabbit anti-rat, polyclonal RANKL (1:500, ABCAM, Cambridge, United 

Kingdom) primary antibody was applied for one hour at room temperature. Sections were 

washed with PBST. Goat anti-rabbit, polyclonal Alexa Fluor 594 (1:1000, Life 

Technologies, Waltham, MA) secondary antibody was then applied for 30 minutes at 

room temperature. Cells were washed with PBST. Sections were coverslipped with 

mounting medium containing 4',6-diamidino-2-phenylindole (DAPI, 1:1000, Life 

Technologies) in order to detect osteocyte nuclei. 

Sections were blind coded and imaged at 400X with a Nikon Ci series 

fluorescence microscope and Infinity Analyze V.6.4.1 software (Lumenera Corporation, 

Ottawa, ON). Three independent images were captured (lateral, ventral lateral, and dorsal 

lateral) on two cross sections for each ulna, for a total of six images per ulna. Volocity 

V.6.3.1 software (PerkinElmer, Waltham, MA) was used to semi-automatically quantify 

the percent of RANKL positive osteocytes per image. Cells were automatically identified 
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and manually verified to count only osteocyte nuclei and associated immunostaining with 

the assistance of Turturro, M and Billheimer, J (N = 8). 

 

Osteoclast TRAP Stain 

Two cross sections of right and left paired ulnae (48 hours after fatigue loading) 

from each rat were deparaffinized in Citrisolv and rehydrated in decreasing 

concentrations of ethanol. Sections were then stained for tartrate-resistant acid 

phosphatase (TRAP, Sigma, St. Louis, MO) per manufacturer’s instructions, and counter 

stained with hematoxylin to identify osteoclasts. 

Cross sections were blind coded and imaged with an Olympus BX60 light 

microscope. BIOQUANT Image Analysis V.7.20.10 software (BIOQUANT Image 

Analysis Corporation, Nashville, TN) was used for image quantification. Sections were 

imaged at 40X to quantify: periosteal and endocortical surface length (B.Pm), and 

cortical area (B.Ar). Cross sections were imaged at 400X to measure: periosteal, 

endocortical, and intra-cortical osteoclast number (OC). Osteoclasts were identified as 

multinucleated TRAP+ cells located on a bone surface: periosteal, endocortical, or 

cortical porosity {N = 8 (cortical and periosteal) and N = 4-5 (endocortical)}. 

 

Ulnar and Serum Protein Analysis 

Blood and right and left ulnae were shipped to Amgen for analysis. Right and left 

ulnae were chilled in liquid nitrogen and pulverized using Bessman tissue pulverizers. 

Ulnar protein extract and serum were assayed using Millipore’s pre-mixed rat 
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cytokine/chemokine magnetic bead panel (Merck Millipore, Billerica, MA) per 

manufacturer’s instructions (N = 8). 

 

Statistical Analysis 

Statistical analyses were performed with SPSS 2.3 software (IBM Corporation, 

Armonk, New York). For all data, P ≤ 0.05 were considered significant. 

Immunohistochemistry: General linear model repeat measures was used between 

repetitions and between groups (non-loaded contralateral and loaded). Data is represented 

as the percent of RANKL-positive osteocytes compared to total osteocytes. 

Trap Stain: Comparison of means was conducted using a one-way ANOVA 

between groups (non-loaded contralateral and loaded). Data are represented as the 

number of osteoclasts per mm of periosteal or endocortical surface or square mm of 

cortical area. 

Protein Analysis: Comparison of means was conducted using a one-way ANOVA 

with Tukey’s multiple comparison post hoc test between all groups (ulnar protein extract: 

non-loaded, non-loaded contralateral, and loaded; serum: non-loaded and loaded). Data 

were normalized to total protein. 

 

3.2 Mechanically-Induced Osteocyte-Th17-cell Signaling and Osteoclastogenesis 

Mechanically-induced osteocyte-Th17-cell signaling and osteoclastogenesis was 

examined via three sequential in vitro conditioned medium experiments. First, MLO-Y4 

osteocytes were exposed to static or FSS conditions. Second, T-cell cultures were 
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exposed to either static or FSS conditioned MLO-Y4 medium. Third, Osteoclast cultures 

were exposed to either static or FSS conditioned T-cell medium (Fig. 2). 

 

MLO-Y4 Cell Culture 

MLO-Y4 osteocyte-like cells were kindly provided by Dr. Lynda Bonewald 

(Indiana University School of Medicine, Indianapolis, IN). Cells were initiated (1x106 

cells) and cultured on 150 ml circular culture dishes coated with Type-I rat tail collagen 

in MLO-Y4 growth medium consisting of α-MEM (GIBCO) supplemented with 2.5% 

 

Conditioned Culture Medium Abbreviation 

1. MLO-Y4 medium, static conditioned 1. Static MLO-Y4 medium 

2. MLO-Y4 medium, FSS conditioned 2. FSS MLO-Y4 medium 

3. T-cell medium, MLO-Y4 static conditioned 3. Static T-cell medium 

4. T-cell medium, MLO-Y4 FSS conditioned 4. FSS T-cell medium 

5. Osteoclast medium, T-cell / MLO-Y4 static conditioned 5. Static Osteoclast medium 

6. Osteoclast medium, T-cell / MLO-Y4 FSS conditioned 6. FSS Osteoclast medium 

 

Fig. 2. Diagram of in vitro cell culture conditioned medium experiments and conditioned medium 

abbreviations. Mechanically-induced osteocyte-Th17-cell signaling and osteoclastogenesis was 

examined via three sequential in vitro conditioned medium experiments. MLO-Y4 osteocytes (OT) 

were exposed to static or FSS conditions. T-cell cultures (TC) were exposed to static (1.) or FSS (2.) 

MLO-Y4 medium. Osteoclast cultures (OC) were exposed to either static (3.) or FSS (4.) T-cell 

medium. 

 



Materials and Methods 

Travis L McCumber  23 
 

fetal bovine serum, 2.5% calf serum, and 1% penicillin and streptomycin. Cells were 

maintained in a humidified incubator at 37°C with 5% CO2 and subcultured every 72 

hours to.31 

 

MLO-Y4 Fluid Shear Stress 

The comparison of loading MLO-Y4 osteocytes in a two dimensional FSS 

chamber to an in vivo osteocyte within a three dimensional lacunae must be taken into 

consideration. As with all in vitro experiments, the interpretation of results is limited to 

the in vitro model. In vitro models use as many in vivo characteristics as possible in 

attempt to establish a system that compares to what is seen in vivo. The use of pulsating 

fluid flow is a well-established model for the in vitro examination of the osteocytes 

response to mechanical forces.38,60,111-113 MLO-Y4 osteocyte-like cells were established 

in order to provide efficient in vitro examination of the effects of mechanical loading on 

osteocytes and their extracellular signaling interactions. 

MLO-Y4 cells were prepared for FSS exposure by plating cells at 2 X 105 cells 

per glass slide coated with type I rat tail collagen. Slides were maintained in MLO-Y4 

growth medium in a humidified incubator at 37°C with 5% CO2 for 48 hours prior to 

exposure to FSS or static control conditions. A Masterflex L/S fluid flow pump (Cole-

Parmer, Vernon Hills, IL) was controlled and monitored via StreamSoft V2.2 Software 

(Flexcell International Corporation, Hillsborough, NC) to ensure culture medium was 

cyclically pulsed across the surface of MO-Y4 cells at either of two forces (7 ± 3 dynes 

or 10 ± 3 dynes, 1 Hz) for four exposure durations (15, 30, 60, or 180 minutes). Using a 

similar FSS apparatus, Klein-Nulend has reported 7 ± 3 dynes of FSS as an in vivo 
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physiological comparative for in vitro osteocyte loading. Based on previous loading 

studies with our lab, the upper limit for maintaining cell attachment during FSS exposure 

appeared to be 10 ± 3 dynes. The two experimental forces, 7 ± 3 or 10 ± 3 dynes, were 

examined for potential force differences between FSS and static control conditions, as 

well as differences between moderate (7 ± 3 dynes) and high (10 ± 3 dynes) force 

exposures. Six MLO-Y4 slides were run per force duration. For each of the eight fluid 

flow exposure durations concurrent static control slides and culture medium were placed 

in the same incubator for the same duration of time. Immediately upon each exposure 

completion MYO-Y4 cells were fixed in 70% ethanol. MLO-Y4 cells and conditioned 

culture medium from FSS or static cultures were collected and stored at -80oC for 

histochemistry and ELISA analysis. 

 

RANKL Immunohistochemistry 

MLO-Y4 FSS or static conditioned cells were examined for RANKL via 

immunohistochemistry. Fixed cells were rehydrated in decreasing concentrations of 

ethanol. Cells were blocked for 30 minutes in PBST with 1% goat serum. Rabbit anti-rat, 

polyclonal RANKL (1:500, ABCAM, Cambridge, United Kingdom) primary antibody 

was applied for one hour at room temperature. Cells were washed with PBST. Goat anti-

rabbit, polyclonal Alexa Fluor 594 (1:1000, Life Technologies, Waltham, MA) secondary 

antibody was then applied for 30 minutes at room temperature. Cells were washed with 

PBST. MLO-Y4 slides were coverslipped with mounting medium containing DAPI 

(1:1000, Life Technologies) in order to detect osteocyte nuclei. 
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Slides were blind coded and imaging was completed at 200X and 400X with the 

aid of a Nikon Ci series fluorescence microscope and Infinity Analyze V.6.4.1 software 

(Lumenera Corporation, Ottawa, ON), (N = 3). 

 

T-Cell Culture 

Three C57BL/6 mice (6-8 weeks old) were euthanized via CO2. Spleens were 

immediately collected and spleen cells were dissected away from the splenic capsule. 

Spleen cells from all three mice were pooled to minimize animal variation amongst 

repetitions. Red blood cells were lysed with RBC lysis solution (10X: 8.02 g NH4Cl, 0.84 

g NaHCO3, 0.37 g EDTA, 100 mL Sterile dH2O) and separated from the cell suspension 

by centrifuging and aspirating the lysate. Cells were then suspended in T-cell growth 

medium consisting of Roswell Park Memorial Institute 1640 Medium (RPMI) 

supplemented with 5% calf serum, 100 U/mL penicillin and streptomycin, 0.3 g/L L-

glutamine, and 3.5 µL/ml Complete 2-mercaptoethanol (6 µL 2-ME, 10 mL RPMI). 

Cultures were prepared by plating cells at 5 x 105 cells/ml on 48 well plates coated with a 

T-cell activator cytokine, CD3 (BD Biosciences, Franklin Lakes, NJ). 

To identify the optimal culture duration, T-cell cultures were examined for Th17-

cells and IL-17 at 0, 24, 48, 72, and 96 hours post-plating. Each treatment duration was 

cultured in 100% T-cell growth medium. T-cells were collected for flow cytometry 

analysis and conditioned culture medium was collected and stored at -80oC for ELISA 

analysis (N = 3). 

To identify the optimal addition of conditioned MLO-Y4 medium, T-cell cultures 

containing a range from 0% to 100% addition of MLO-Y4 growth medium were 
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examined 72 hours post-plating. Conditioned culture medium was collected and stored at 

-80oC for ELISA analysis (N = 3). 

Based on preliminary results, the optimal culture duration and addition of 

conditioned MLO-Y4 medium was determined to be between 48 and 96 hours and 25% 

conditioned MLO-Y4 medium. T-cell cultures consisted of medium containing 25% 

static or FSS MLO-Y4 medium and 75% T-cell growth medium. Treated cultures were 

compared to T-cell cultures consisting of 100% T-cell growth medium. T-cell cultures for 

flow cytometry analysis were cultured and collect 48, 72, or 96 hours post plating. T-cell 

cultures for ELISA analysis were cultured for 72 hours and stored at -80oC for ELISA 

analysis. All T-cell cultures were maintained in a humidified incubator at 37°C with 5% 

CO2. Each cell culture treatment was calculated as an average of three replicates and six 

trials were run per treatment (N = 6). 

 

Flow Cytometry 

Three hours prior to the T-cell collection Monensin Solution (eBioscience, Santa 

Clara, CA) was added to each treatment well (1:1000) to prevent the secretion of 

intracellular IL-17. Cells were then collected and suspended in flow cytometry staining 

buffer (eBioscience) at a cell concentration of 2 x 107 cells/ml. Rat anti-mouse, 

polyclonal CD4 APC 780 (1:800, eBioscience) was applied for one hour at room 

temperature. Cells were washed with PBST, fixed for 30 minutes, and permeated with 

eBioscience’s Fixation and Permeabilization Buffer Kit (eBioscience). Rat anti-mouse, 

polyclonal IL-17 PE (1:100, eBioscience) was applied for one hour at room temperature. 

Cells were washed with PBST and suspended in fixation buffer. Flow cytometry and data 
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analysis was completed with the aid of the Creighton University School of Medicine 

Flow Cytometry Core Facility and FLOWJO single cell analysis software (FlowJo LLC, 

Ashland, Oregon), (N = 6). 

 

Osteoclast Cell Culture 

MLO-Y4 cells were prepared for osteoclast supportive co-cultures by plating cells 

at 2 x 103 cells/ml on 48-well plates in MLO-Y4 growth medium and maintained in a 

humidified incubator at 37°C with 5% CO2 for 24 hours prior to the addition of murine 

spleen cells. Spleen cell suspensions were collected and prepared as previously described 

and co-cultured at 5 x 105 cells/ml in osteoclast growth medium consisting of α-MEM 

supplemented with 10% fetal bovine serum and 1% penicillin and streptomycin.114 

To identify the optimal addition of conditioned T-cell medium, osteoclast cultures 

containing a range from 0% to 100% addition of T-cell growth medium were examined. 

(N = 3). Based on preliminary results, the optimal addition of conditioned T-cell medium 

was determined to be 25% conditioned T-cell medium. Osteoclast cultures consisted of 

medium containing 25% static or FSS T-cell medium and 75% osteoclast growth 

medium. (N = 6). 

The effect of IL-17 and FSS T-cell medium on osteoclastogenesis was examined 

with the addition of IL-17 agonists and antagonists (N = 6). For agonists experiments, 

osteoclast culture medium consisted of 100% osteoclast growth medium with and without 

the addition of 100 pg/ml of mouse IL-17 (6.45 x 10-12 mol/L, R&D Systems, 

Minneapolis, MN), or 25% FSS T-cell medium and 75% osteoclast growth medium. For 

antagonist experiments, osteoclast culture medium consisted of 25% FSS T-cell medium 
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and 75% osteoclast growth medium with or without the addition of 0.1 µg/ml of mouse 

IL-17 antibody or anti-mouse IgG (6.25 x 10-10 mol/L, R&D Systems).115  

Treated cultures were compared to osteoclast cultures consisting of 100% 

osteoclast growth medium. Each treatment was cultured for 10 days with half of the 

medium replaced every other day. Cells were fixed in 70% ethanol for TRAP stain 

analysis and conditioned culture medium was collected and stored at -80oC for ELISA. 

All osteoclast cultures were maintained in a humidified incubator at 37°C with 5% CO2. 

Each cell culture treatment was calculated as an average of three replicates and six trials 

were run per treatment. 

 

Osteoclast TRAP Stain 

Osteoclast supportive co-cultures were stained for TRAP (Sigma) per 

manufacturer’s instructions, and counterstained with hematoxylin to examine the 

presence of osteoclasts. Visualization and imaging were completed with the aid of a 

Nikon Eclipse TS100 light microscope and DXM1200 digital camera. BIOQUANT 

Image Analysis V.7.20.10 software (BIOQUANT Image Analysis Corporation) was used 

for image quantifications.  Treatment groups were blind coded and quantification of 

osteoclasts was performed by manually counting multinucleated TRAP positive cells. 

Four images per trial sample were counted and averaged. Data is reported as osteoclasts 

per square mm (N = 6). 
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Immunoassays 

ELISA assays for TGF-β1, IL-6, IL-23, IL-17 (eBioscience), and RANKL (R&D 

Systems) were performed per manufacturer’s instructions. Cytokine concentration was 

measured directly from MLO-Y4, T-cell, and osteoclast conditioned medium, with each 

sample run in triplicate to limit intra-well variation. The provided ELISA controls were 

run in triplicate to establish immunoassay standard curves (N = 6). 

  

Statistical Analysis 

Data analysis were performed using SPSS version 23. Statistics were conducted 

via general linear model, univariate analysis of variance of force (0, 7 ± 3, 10 ± 3 dynes), 

and duration (0, 15, 30, 60, 180 minutes); and one-way ANOVA with Tukey’s multiple 

comparison post-hoc test. Data from individual repetitions that were two standard 

deviations from the mean were considered outliers and excluded from data analysis. For 

all data, P ≤0.05 were considered significant.  
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4. Results 

4.1 The Effect of Rat Ulnar Fatigue Loading on Inflammatory Cytokine Secretion 

4.1.1 Fatigue Loading 

Fatigue loading of rat ulna to a 40% decrease in ulnar stiffness caused bone tissue 

microdamage. Numerous microcracks were detected in fatigue-loaded rat ulna, and 

minimal microdamage was seen in the non-loaded contralateral control rats (Fig. 3) 

 

(A)  

 (B)  

Fig. 3. Microdamage after in vivo fatigue-loading of rat ulna. (A) No microdamage in the bone matrix of non-

loaded control ulna. (B) Microdamage in the bone matrix of fatigue-loaded rat ulna. N = 4. 
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4.1.2 RANKL 

Fatigue loading resulted in an increase in serum OPG, a decrease in serum 

RANKL, and a greater ratio of serum OPG/RANKL in fatigue-loaded rats 24 hours after 

loading compared to non-loaded controls, and fatigue-loaded rats 48 hours after loading 

(p ≤ 0.05). No difference in the ratio of serum OPG/RANKL of fatigue-loaded rats was 

detected 48 hours after loading compared to non-loaded controls (Fig. 4). 

 

RANKL percent-positive osteocytes were 40% greater in the cortical area of 

fatigue-loaded rat ulna compared to non-loaded contralateral controls 48 hours after 

loading (p ≤ 0.05, Fig. 5.). Osteocyte density was consistent between non-loaded 

contralateral controls (45 ± 3 osteocytes) and fatigue-loaded (42 ± 2 osteocytes) rat ulna. 

 

 

Fig. 4. Ratio of serum OPG/RANKL of non-loaded and fatigue-loaded rats 24 and 48 hours after fatigue 

loading. Serum OPG/RANKL was greater in fatigue-loaded rats 24 hours post loading compared to non-loaded 

rats and loaded rats 48 hours post loading. N = 8, Mean ± SEM, *p ≤ 0.05. 
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(A)  

(B)  

 
Fig. 5. RANKL percent-positive osteocytes in rat ulna 48 hours after fatigue loading. (A) Rows 

represent minus RANKL antibody (CTRL), non-loaded contralateral control (CL CTRL), and fatigue-

loaded rat ulna (LOADED). Columns represent (DAPI), (RANKL), and DAPI/RANKL merged images 

(MERGE). The percent of RANKL positive osteocytes was greater in fatigue-loaded rat ulna compared 

to non-loaded contralateral controls 48 hours post loading. (B) Row represents DAPI/RANKL merged 

image (MERGE) of non-loaded contralateral control (CL CTRL) and fatigue-loaded rat ulna 

(LOADED).  N = 8, Mean ± SEM, *p ≤ 0.05. 

 

 

 

 

 

 

 

 

 

 



Results 
 

Travis L. McCumber  33 

 

4.1.3 Osteoclasts 

Osteoclasts were detected in bone porosities of the ulnar cortex. Fatigue loading 

resulted in greater than a six-fold increase in intra-cortical osteoclasts per square 

millimeter of cortical bone compared to non-loaded contralateral controls 48 hours after 

loading (p ≤ 0.05). Fatigue loading resulted in no difference in osteoclast number per 

millimeter of periosteal or endocortical surface between loaded and non-loaded 

contralateral controls 48 hours after loading (Fig. 6). The minimal amount of marrow 

space/endocortical surface in rat ulna resulted in highly variable endocortical 

measurements with large standard error for both loaded and non-loaded contralateral 

controls. Cortical area, periosteal length, and endocortical length examined was 

consistent between non-loaded contralateral controls (1.0 ± 0.1 mm2, 4.5 ± 0.3 mm, and 

0.2 ± 0.1 mm) and fatigue-loaded (1.0 ± 0.1 mm2, 4.6 ± 0.3 mm, and 0.1 ± 0.05 mm) rat 

ulna. 

 

Fig. 6. Osteoclasts per bone area or bone surface 48 hours after fatigue loading. The number of intra-

cortical osteoclasts was greater in fatigue-loaded ulna compared to non-loaded contralateral controls 48 

hours after loading. No difference in osteoclast number per millimeter of periosteal or endocortical 

surface was detected between fatigue-loaded and non-loaded contralateral controls 48 hours after 

loading. N = 8 (cortical & periosteal), N = 4-5 (endocortical), Mean ± SEM, *p ≤ 0.05. 
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4.1.4 Ulnar and Serum Protein Analysis 

Levels of inflammatory cytokines related to the stimulation and chemotaxis of 

both T-cells and osteoclasts were greater in the bone protein extract of fatigue-loaded 

ulna compared to non-loaded contralateral controls, and systemically greater in the serum 

of fatigue-loaded rats compared to non-loaded controls. Interleukin-2 (IL-2) levels were 

greater in the bone protein extract of both fatigue-loaded ulnae and non-loaded 

contralateral controls 24 and 48 hours after loading compared to non-loaded rats. 

Interleukin-2 was greater in the bone protein extract of fatigue-loaded ulnae compared to 

non-loaded contralateral controls 24 hours after loading. Serum IL-2 was greater in 

fatigue-loaded rats 48 hours after loading compared to loaded rats 24 hours after loading, 

(p ≤ 0.05 Fig.7). 

GRO/KC was greater in the bone protein extract of fatigue-loaded ulnae 24 and 

48 hours after loading compared to non-loaded rats and non-loaded contralateral controls. 

GRO/KC was greater in the bone protein extract of fatigue-loaded ulnae 24 hours after 

loading compared to loaded ulnae 48 hours after loading, (p ≤ 0.05, Fig. 8). A similar 

trend was seen in the comparison of serum GRO/KC between non-loaded and fatigue-

loaded rats 24 and 48 hours after fatigue loading. 

No difference in the level of monocyte chemoattractant protein-1 (MCP-1) was 

detected in the bone protein extracts from non-loaded and fatigue-loaded rats 24 or 48 

hours after loading; however, serum MCP-1 was greater in fatigue-loaded rats 24 and 48 

hours after loading compared to non-loaded rats, (p ≤ 0.05, Fig. 9). 

Less vascular endothelial growth factor (VEGF) was detected in the protein 

extract of fatigue-loaded ulnae and paired non-loaded contralateral controls compared to 
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non-loaded rats at 24 hours after loading; however, by 48 hours after loading VEGF was 

greater in the protein extract of fatigue-loaded ulna compared to loaded ulna 24 hours 

after loading. Serum VEGF was greater in fatigue-loaded rats compared to non-loaded 

rats 24 hours after loading, (p ≤ 0.05, Fig. 10). 

 

 

 

 

 

       
(A)       (B) 

 

Fig. 7. Ulnar and serum IL-2 of non-loaded and loaded rats 24 and 48 hours after fatigue loading. (A) 

IL-2 was greater in the bone protein extract of both fatigue-loaded and non-loaded contralateral 

controls 24 and 48 hours after loading compared to non-loaded rats. IL-2 was greater in the bone 

protein extract of fatigue-loaded ulna compared to non-loaded contralateral controls 24 hours after 

loading. (B) IL-2 was greater in the serum of fatigue-loaded rats 48 hours after loading compared to 

loaded rats 24 hours post loading. Values were normalized to total protein, N = 8, Mean ± SEM, *p ≤ 

0.05. 

 

    400X 

400X 
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(A)       (B) 

 

Fig. 8. Ulnar and serum GRO/KC of non-loaded and loaded rats 24 and 48 hours after fatigue loading. 

(A) GRO/KC was greater in the bone protein extract of fatigue-loaded ulnae 24 and 48 hours after 

loading compared to ulna from non-loaded rats, and paired non-loaded contralateral controls. GRO/KC 

was greater in bone protein extract of fatigue-loaded ulnae 24 hours after loading compared to loaded 

ulna 48 hours after loading. (B) A similar trend was seen in the comparison of serum GRO/KC between 

non-loaded and fatigue-loaded rats 24 and 48 hours after loading. Values were normalized to total 

protein, N = 8, Mean ± SEM, *p ≤ 0.05. 

 

 

 

 

 

           
(A)        (B) 
 

Fig. 9. Ulnar and serum MCP-1 of non-loaded and loaded rats 24 and 48 hours after fatigue loading. 

(A) No local MCP-1 difference were detected in the bone protein extract of non-loaded or fatigue-

loaded rats 24 or 48 hours after loading. (B) Serum MCP-1 was greater in fatigue-loaded rats 24 and 48 

hours after loading compared to non-loaded rats. Values were normalized to total protein, N = 8, Mean 

± SEM, *p ≤ 0.05. 
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4.2 Mechanically-Induced Osteocyte-Th17-cell Signaling and Osteoclastogenesis 

4.2.1 MLO-Y4 Fluid Shear Stress 

ELISA analysis tested the effect of static and FSS exposure on TGF-β1, IL-6, and 

IL-23 secretion. TGF-β1 levels were greater in high FSS MLO-Y4 medium (10 ± 3 

dynes) compared to moderate FSS MLO-Y4 medium (7 ± 3 dynes) or static MLO-Y4 

medium (P ≤ 0.05). No duration differences occurred in treatments (Fig. 11). IL-6 levels 

were greater in high FSS MLO-Y4 medium compared to moderate FSS MLO-Y4 

medium or static MLO-Y4 medium (P ≤ 0.05). A trend (P < 0.1) in higher IL-6 levels 

were detected in moderate FSS MLO-Y4 medium compared to static MLO-Y4 medium 

(P = 0.06). No duration differences occurred in treatments (Fig. 12). Minimal IL-23 was 

detected in MLO-Y4 cultures, and no IL-23 differences were detected between any 

 

                  

(A)           (B) 

 

Fig. 10. Ulnar and serum VEGF of non-loaded and loaded rats 24 and 48 hours after fatigue loading. 

(A) VEGF was less in the ulnar protein extract of fatigue-loaded and paired contralateral controls 

compared to non-loaded rats 24 hours after loading. VEGF was greater in protein extract of fatigue-

loaded ulna 48 after loading compared to loaded ulna 24 hours after loading. (B) VEGF was greater in 

fatigue-loaded rats 24 hours after loading compared to non-loaded rats. Values were normalized to total 

protein, N = 8, Mean ± SEM, *p ≤ 0.05. 
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MLO-Y4 treatment force or exposure duration (Fig. 13). Interleukin-23 was detected 

only at the lowest limit of the assays standard curve, and is consistent with no known 

reports of IL-23 production by osteoblasts or osteocytes. 

ELISA and immunohistochemistry analysis tested the effect of static and FSS 

exposure on RANKL secretion and MLO-Y4 association. Less RANKL was detected in 

moderate and high FSS MLO-Y4 medium compared to static MLO-Y4 medium (P ≤ 

0.05). No duration differences occurred in treatments (Fig. 14). Analysis via 

Immunofluorescence also revealed less RANKL associated with FSS MLO-Y4 cells 

compared to static MLO-Y4 cells (Fig. 15). 

 

 

 
Fig. 11. TGF-β1 levels in static, moderate FSS, or high FSS MLO-Y4 medium. Greater TGF-β1 was 

detected in high FSS MLO-Y4 medium compared to moderate FSS MLO-Y4 medium or static MLO-

Y4 medium. No duration differences occurred in treatments. Static controls are represented as an 

average of static MLO-Y4 medium exposures. N = 6, Mean ± SEM, *p ≤ 0.05. 
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Fig. 12. IL-6 levels in static, moderate FSS, or high FSS MLO-Y4 medium. Greater IL-6 was detected 

in high FSS MLO-Y4 medium compared to moderate FSS MLO-Y4 medium or static MLO-Y4 

medium. A trend in higher IL-6 was detected in moderate FSS MLO-Y4 medium compared to static 

MLO-Y4 medium. No duration differences occurred in treatments. Static controls are represented as an 

average of static MLO-Y4 medium exposures. N = 6, Mean ± SEM, *p ≤ 0.05. 

 

 

 

 
Fig. 13. IL-23 levels in static, moderate FSS, or high FSS MLO-Y4 medium. Minimal IL-23 was 

detected in MLO-Y4 cultures. No IL-23 differences occurred between any MLO-Y4 treatment force or 

exposure duration. Static controls are represented as an average of static MLO-Y4 medium exposures. 

N = 3, Mean ± SEM, *p ≤ 0.05. 
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Fig. 14. RANKL levels in static, moderate FSS, or high FSS MLO-Y4 medium. Less RANKL was 

detected in moderate and high FSS MLO-Y4 medium compared to static MLO-Y4 medium. No 

duration differences occurred in treatments. Static controls are represented as an average of static MLO-

Y4 medium exposures. N = 6, Mean ± SEM, *p ≤ 0.05. 

 
 

(A)  

(B)  

 
Fig. 15. RANKL-associated MLO-Y4 cells after static or high FSS exposure. All images represent 

merged RANKL and DAPI immunostaining. (A) Negative RANKL antibody control (-CTRL), static 

MLO-Y4 exposure, and high FSS MLO-Y4 exposure, 15-180 minutes. (B) static MLO-Y4 exposure 

and high FSS MLO-Y4 exposure, 180 minutes. Less RANKL associated with FSS MLO-Y4 cells 

compared to static MLO-Y4 cells. N = 3. 

50µm

50µm
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4.2.2 T-Cell Stimulation 

Flow cytometry and ELISA analysis demonstrated that Th-17 cells comprise 

approximately 0.4% of isolated murine spleen cells at the time of plating (t=0). The 

percentage of Th17-cells increased to about 1%, 48 hours after plating on CD3 coated 

wells containing 100% T-cell growth medium. The increase in Th17-cell percent 

plateaued from 48 to 96 hours post plating. The concentration of Interleukin-17 in T-cell 

culture medium increased to a peak at 72 hours post plating under control conditions 

(Fig. 16). 

ELISA analysis demonstrated that diluting T-cell growth medium with 1 – 30% 

MLO-Y4 growth medium had no effect on IL-17 secretion in T-compared to control 

conditions 72 hours after plating (Fig. 17). Addition of 100% MLO-Y4 growth medium 

resulted in Minimal IL-17 detection at the lowest limit of the assays standard curve. 

Minimal IL-17 was detected in T-cell and MLO-Y4 growth medium, and was only 

detected at the lowest limit of the assays standard curve. 

Flow cytometry analysis tested the effect of static and FSS MLO-Y4 medium on 

Th17-cell proliferation. T-cell cultures treated with static, moderate FSS, or high FSS 

MLO-Y4 medium resulted in no change in Th17-cell percent 48, 72, or 96 hours post 

plating compared to T-cells culture in 100% T-cell growth medium (Fig. 18; Tables 1, 2, 

& 3). 

ELISA analysis tested the effect of static and FSS MLO-Y4 medium on IL-17, 

IL-23, and RANKL secretion. Interleukin-17 levels were greater in T-cell cultures treated 

with high FSS MLO-Y4 medium compared to T-cell cultures treated with static MLO-Y4 

medium (P ≤ 0.01). No duration differences occurred in treatments (Fig. 19). No IL-23 
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differences were detected in T-cell cultures treated with static, moderate FSS, or high 

FSS MLO-Y4 medium compared to control conditions. No duration differences occurred 

in treatments (Fig. 20). No RANKL differences were detected in T-cell cultures treated 

with static, moderate FSS, or high FSS MLO-Y4 medium compared to control 

conditions. No duration differences occurred in treatments (Fig. 21). 

 
Fig. 16. Th17 cell and IL-17 time course under T-cell control conditions. The percentage of Th17 cells 

increased to about 1.0% by 48 post plating and plateaued to 96 hours post plating. IL-17 detection 

peaked 72 hours post plating under control conditions. N = 3, Mean ± SEM. 

 

 
Fig. 17. IL-17 levels in T-cell cultures treated with MLO-Y4 growth medium. Addition of MLO-Y4 

growth medium from 1 to 30% resulted in no change in IL-17 in T-cell cultures compared to T-cell 

cultures consisting of 100% T-cell growth medium. Addition of 100% MLO-Y4 growth medium 

resulted in minimal IL-17 detection at the lowest limit of the assays standard curve. Minimal IL-17 was 

detected in T-cell and MLO-Y4 growth medium, and was only detected at the lowest limit of the assays 

standard curve. N = 3, Mean ± SEM, *p ≤ 0.05.  

 

* *
*
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Fig. 18. Flow cytometry identifying percent Th17-cells in T-cell cultures treated with static MLO-Y4 medium 

and high FSS MLO-Y4 medium. X-axis represents IL-17 and Y-axis represents CD4. No difference in Th17-cell 

percent was detected between T-cell cultures treated with static, moderate FSS, or high FSS MLO-Y4 medium 

compared to T-cell control conditions. 

 

 
 

Table 1. Percent Th17-cells in T-cell cultures treated with static, moderate FSS, or high FSS MLO-Y4 medium 

48 hours post plating 

 

Table 2. Percent Th17-cells in T-cell cultures treated with static, moderate FSS, or high FSS MLO-Y4 medium 

72 hours post plating 

 

Table 3. Percent Th17-cells in T-cell cultures treated with static, moderate FSS, or high FSS MLO-Y4 medium 

96 hours post plating 

 

No difference in percent Th17-cells were detected between T-cell cultures treated with static, moderate FSS, or 

high FSS MLO-Y4 medium compared to T-cell control conditions 48, 72, or 96 hours post plating. N = 6, Mean 

± SEM, *p ≤ 0.05. 
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Fig. 19. IL-17 levels in static, moderate FSS, or high FSS T-cell medium. IL-17 levels were greater in 

high FSS T-cell medium compared to static T-cell medium. No duration differences occurred in 

treatments. Static T-cell medium is represented as an average of T-cell medium exposures. N = 6, Mean ± 

SEM, *p ≤ 0.05. 

 

 
Fig. 20. IL-23 levels in static, moderate FSS, or high FSS T-cell medium. No IL-23 differences occurred 

between any T-cell treatment. Static T-cell medium is represented as an average of static T-cell medium 

exposures. N = 6, Mean ± SEM, *p ≤ 0.05. 

 

 
Fig. 21. RANKL levels in static, moderate FSS, or high FSS T-cell medium. No RANKL differences 

occurred between any T-cell treatment. Static T-cell medium is represented as an average of static T-cell 

medium exposures. N = 6, Mean ± SEM, *p ≤ 0.05. 
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4.2.3 Osteoclasts 

TRAP stain analysis demonstrated that diluting osteoclast growth medium with 1 

– 30% T-cell growth medium had no effect on osteoclast formation compared to control 

conditions 10 days after plating (Fig. 22). A non-significant number of osteoclasts were 

detected in MLO-Y4 cultures lacking spleen cells and in osteoclast cultures consisting of 

100% T-cell growth medium. The detection of osteoclasts in these cultures can be 

contributed to error in manual quantification of blind coded osteoclasts cultures. 

ELISA and TRAP stain analysis tested the effect of static and FSS T-cell medium 

on RANKL secretion and osteoclastogenesis. RANKL levels were greater in osteoclast 

cultures treated with high FSS T-cell medium compared to osteoclast cultures treated 

with moderate FSS T-cell or static T-cell medium (P ≤ 0.05). No duration differences 

occurred in treatments (Fig. 23). Osteoclast formation increased almost two-fold when 

treated with high FSS T-cell medium compared to osteoclast cultures treated with static 

T-cell medium (P ≤ 0.05). A trend in higher osteoclast formation was detected with 

treatment of moderate T-cell medium compared to static MLO-Y4 medium (P = 0.06). 

No duration differences occurred in treatments (Fig. 24). Total cell density was consistent 

per square mm amongst trials and treatments (CTRL 123 ± 24, static 109 ± 17, FSS 105 

± 17). 

TRAP stain analysis demonstrated osteoclast formation increased almost two-fold 

when treated with either 100 pg IL-17/ml or high FSS T-cell medium compared to 

osteoclast cultures treated with static T-cell medium (P ≤ 0.05, Fig. 25). The increase in 

osteoclast formation induced by high FSS T-cell medium was prevented when treated 
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with 0.1 ug/ml of anti-mouse IL-17 (P ≤ 0.05), while the addition of anti-mouse IgG 

resulted in no prevention of osteoclast formation (Fig. 25).  

 
Fig. 22. Osteoclast formation in osteoclast cultures treated with T-cell growth medium. Addition of T-

cell growth medium from 1 to 30% resulted in no change in osteoclast formation compared to osteoclast 

cultures consisting of 100% osteoclast growth medium. A non-significant number of osteoclasts were 

detected in MLO-Y4 cultures lacking spleen cells and in osteoclast cultures consisting of 100% T-cell 

growth medium. The detection of osteoclasts in these cultures can be contributed to error in manual 

quantification of blind coded osteoclast cultures. N = 3, Mean ± SEM, *p ≤ 0.05.  

 

 

 

 
 
Fig. 23. RANKL levels in static, moderate FSS, or high FSS osteoclast medium. Greater RANKL levels 

were detected in osteoclast cultures treated with high FSS T-cell medium compared to osteoclast 

cultures treated with moderate FSS T-cell medium or static T-cell medium. No duration differences 

occurred in treatments. Static osteoclast medium is represented as an average of static osteoclast 

medium exposures. N = 6, Mean ± SEM, *p ≤ 0.05. 
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(A) (B)  

Fig. 24. Osteoclast formation in static, moderate FSS, and high FSS T-cell treated cultures. (A) Osteoclast 

formation was greater in osteoclasts cultures when treated with high FSS T-cell medium compared to osteoclast 

cultures treated with static T-cell medium. A trend in greater osteoclast formation was detected in osteoclast 

cultures treated with moderate T-cell medium compared to osteoclast cultures treated with static T-cell medium. 

No duration differences occurred in treatments. Static osteoclast cultures are represented as an average of static 

osteoclast medium exposures. Mean ± SEM, *p ≤ 0.05. (B) Multinucleated, TRAP+, osteoclast. 

 

 

 

 

 
Fig. 25. Osteoclast formation in control, moderate FSS, and high FSS T-cell treated cultures with or without the 

addition of IL-17, anti-mouse IgG, or anti IL-17 antibody. Osteoclast formation was greater in osteoclasts 

cultures when treated with either 100pg/ml of IL-17 or high FSS T-cell medium compared to control conditions. 

Osteoclast formation induced by high FSS T-cell medium was prevented with the addition of 0.1ug/ml of anti-

mouse IL-17, but not by the addition of anti-mouse IgG. N = 6, Mean ± SEM, *p ≤ 0.05. 
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5. Discussion 

Mechanical loading stimulates bone modeling and increases bone formation. 

However, repetitive mechanical loading can result in tissue damage in the form of 

microcracks in the mineralized bone matrix.66-68 Accumulation of microdamage results in 

an increased risk of bone fracture. Targeted bone remodeling stimulates intra-cortical 

osteoclasts, the removal of tissue microdamage, and the coupled replacement of new 

bone matrix. 

Osteocyte apoptosis has been associated with the targeted remodeling of fatigue-

induced microdamage; however, the extracellular signals that initiate intra-cortical 

osteoclast resorption are unknown.9,10,71,72 While apoptosis is commonly referred to as a 

non-inflammatory event, inflammatory cytokines have been shown to be mediators of the 

bone remodeling process. This study examined the effect of in vivo fatigue loading of rat 

ulnae on inflammatory cytokine secretion and targeted bone remodeling, and used an in 

vitro model to examine mechanically-induced osteocyte-Th17-cell signaling and 

osteoclastogenesis. 

 

5.1 The Effect of Rat Ulnar Fatigue Loading on Inflammatory Cytokine Secretion 

The ulnar compression model was established as a noninvasive way to study in 

vivo mechanical loading and minimize the impact of soft tissue damage on data 

interpretation. The ulnar compression model immobilizes the limb at the wrist and elbow, 

and applies the mechanical load along the length of the bone. After fatigue loading, rats 

are mobile with no visual limping; however, one cannot rule out potential soft tissue 

damaged at the sites of immobilization.  
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The Stiffness of a material can be defined as the extent to which it resists 

deformation in response to an applied force. Repetitive mechanical loading of bone can 

result in tissue microdamage. Accumulation of microdamage within the bone matrix 

results in a decrease in bone stiffness and an increase in bone deformation with applied 

loads. Repetitive ulnar compression to a 40% loss in ulnar stiffness proved to be an 

effective way of inducing fatigue damage in vivo. Basic fuchsin staining revealed 

numerous microcracks in fatigue-loaded rat ulna with minimal microdamage in non-

loaded contralateral controls. 

The increase in the ratio of serum OPG/RANKL 24 hours after fatigue loading is 

consistent with the “mechanostat” theory.51-53 Mechanical loading stimulates bone 

formation in order to support the newly applied load. In such conditions, an increase in 

OPG leads to a decrease in RANKL with a decrease in osteoclastogenesis and bone 

resorption.46,47 The increase in OPG/RANKL would be consistent with a shift toward 

bone formation in fatigue-loaded ulna. However, an increase in RANKL and intra-

cortical osteoclasts was detected in fatigue-loaded rat ulna 48 hours after loading. This 

response is consistent with previous studies that have reported osteocyte apoptosis and 

targeted bone remodeling in association with fatigue-induced microdamage.9,10 

The examination of both bone protein extract and serum protein revealed an 

increase in inflammatory cytokines related to the stimulation and chemotaxis of both T-

cells and osteoclasts. The increase in IL-2 in association with fatigue loading is a novel 

finding suggesting a relationship between bone fatigue, and the stimulation of T-cells of 

the adaptive immune system. More than three decades ago studies showed that T-cells 

secrete IL-2, a T-cell growth factor essential for T-cell proliferation and T-cell-dependent 
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responses.116-118 Simulation of T-cells with IL-2 has been shown to stimulate VEGF 

secretion, and result in inhibition of anti-inflammatory cytokines, further stimulating pro-

inflammatory signaling.119,120 IL-2 is not known to be produced or secreted by osteocytes 

or osteoblasts greater implicating an association between fatigue loading of bone and T-

cell stimulation. 

The chemotaxis of both T-cells and osteoclast precursors has been shown to be 

effected by the presence of GRO/KC. Multiple studies have reported GRO/KC 

functioning in the recruitment and stimulation of leukocytes, and has been shown to be 

secreted from immune cells to control T-cell and neutrophil function.121,122 GRO/KC is 

induced in osteoblast culture systems in response to osteoclastogenic signals, and is 

described as an osteoclast chemoattractant.123 While neutrophil infiltration is not 

observed in fatigue-loaded bone, the increase in ulnar GRO/KC at 24 and 48 hours after 

loading suggests a role for pro-inflammatory cytokines and T-cells in the skeletal 

response to fatigue loading. 

Similarly, MCP-1 has been shown to effect the chemotaxis of both T-cells and 

osteoclast precursors. Multiple studies have shown this pro-inflammatory cytokine to 

function as a potent chemoattractant for cells of the hematopoietic lineage, effecting both 

T lymphocyte and osteoclast migration. MCP-1 has also been directly associated with 

inflammatory bone resorption.124-127 The MCP-1 receptor is expressed on the surface of 

osteoclast precursor cells, and the binding of MCP-1 has been shown to effect osteoclast 

presence and subsequent bone resorption.128 Greater serum MCP-1 was detected 24 and 

48 hours after fatigue loading. 
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VEGF is a key regulator of angiogenesis, and while it is primarily known to be 

secreted by endothelial cells, it has also been shown to be secreted by both osteoblasts 

and T-cells. Osteoblast-derived VEGF has been reported to play a critical role in bone 

repair through the stimulation of angiogenesis and osteoclast chemotaxis.129 Greater 

VEGF was detected in both the serum and bone protein extract 24 and 48 hours after 

fatigue loading. 

The results of this study support the conclusions that inflammatory cytokines are 

part of the bone response to fatigue-loading. Twenty-four hours after fatigue loading, an 

increase in the T-cell growth factor, IL-2, as well as the T-cell and osteoclast chemotactic 

factor, GRO/KC, were increased in fatigue-loaded rat ulna. An increase in serum T-cell 

and osteoclast chemotactic factors, MCP-1 and VEGF, were also detected in fatigue-

loaded rats 24 hours after loading. Forty-eight hours after loading further increases in T-

cell and osteoclast chemotactic factors, GRO/KC and VEGF, were detected in fatigue-

loaded rat ulna. An increase in serum IL-2 and MCP-1, were also detected in fatigue-

loaded rats 48 hours after loading. The increase in multiple T-cell and osteoclast 

stimulatory and chemotactic cytokines is suggestive of a potential role for T-cells in the 

local recruitment of osteoclast precursors to areas of fatigue damage. 

In order to determine how inflammatory cytokines and T-cells mediate intra-

cortical osteoclast initiation for the targeted remodeling of fatigue induced microdamage; 

further studies were designed to identify potential mechanisms for how mechanically-

induced bone cells might interact with T-cells to induce osteoclast formation. 
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 5.2 Mechanically-Induced Osteocyte-Th17-cell Signaling and Osteoclastogenesis 

Previous studies have reported an increase in TGF-β1, IL-6, and IL-1β in 

osteoblast cultures in response to mechanical stimulation.130-132 These cytokines have 

been established as the key mediators of Th17-cell stimulation in both human and murine 

models83-85 The potential for in vivo T-cell mediate intra-cortical osteoclast initiation 

that was described in the previous study, along with the ability of Th17-cells to stimulate 

bone resorption lead to the examination of a mechanically-induced osteocyte-Th17-cell 

signaling and osteoclastogenesis. 

The application of two experimental forces revealed that high FSS stimulated an 

increase in osteocyte secretion of TGFβ-1 and IL-6, while moderate FSS did not. These 

results are consistent with previous reports that showed the amount of TGFβ-1 and IL-6 

secreted from osteoblasts was dependent upon the amount of applied force.130-132 An 

increase in cytokine secretion was expected with increased exposure duration at both 

moderate and high force treatments; however, no differences were observed. It did appear 

that exposure to high FSS resulted in an MLO-Y4 cytokine response in minutes, whereas 

exposure to moderate FSS resulted in an MLO-Y4 response only after hours FSS 

exposure (Fig. 11 and Fig. 12). 

High FSS induced greater MLO-Y4 secretion of TGF-β1 and IL-6, and high FSS 

T-cell medium contained greater IL-17. However, TGF-β1 and IL-6 antagonists (anti-

TGF-β1 and IL-6 antibodies) were not used to definitively establish TGF-β1 and IL-6 as 

the essential mediators of Th17-cell stimulation within in vitro T-cell cultures (Fig. 26). 
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RANKL levels were decreased in both moderate and high FSS MLO-Y4 medium, 

as was MLO-Y4 cell associated RANKL. This is consistent with the effect of in vivo 

fatigue loading on RANKL 24 hours after loading. Mechanical loading stimulates bone 

formation by inhibiting RANKL, osteoclast formation, and bone resorption.46-47 While 

the initial skeletal response to mechanical loading is an increase in OPG/RANKL, 

examination of in vivo fatigue-loaded bone 48 hours after loading demonstrated that 

fatigue loads at high bone stress and repetition resulted in an increase in RANKL and 

intra-cortical osteoclast formation in response to tissue microdamage. 

MLO-Y4 cells were fixed immediately after static or FSS exposures. Maintaining 

MLO-Y4 cell cultures 24 to 48 hours after loading would have allowed for the 

comparison of MLO-Y4 cells and osteocytes of in vivo fatigue loading rat ulna. While in 

vitro loading does not allow for the visualization of microcracks to establish fatigue-

induced microdamage, it does allow for the examination of MLO-Y4 apoptosis and 

 
 

Fig. 26. Diagram demonstrating the mechanism of increased TGF-β1 and IL-6 secretion as a result of 

mechanically-induced osteocyte-Th17-cell signaling 
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cytokines associated with bone fatigue. In vivo apoptosis has been detected 48 to 72 

hours after fatigue loading, while caspase-3 expression has been detected 24 hours after 

fatigue loading.10,71,72 Apoptosis and caspase-3 analysis of FSS MLO-Y4 cells 48 to 72 

hours post loading would provide additional support for FSS as a model for inducing 

osteocyte fatigue in vitro. 

In vitro activation of T-cell cultures was induced via plating murine spleen cells 

on CD3 coating wells. The use of CD3 in vitro stimulates the T-cell CD3 complex 

portion of the T-cell receptor in order to induce T-cell activation. While this method is 

useful for generating active in vitro T-cell cultures, it fails to identify what antigen would 

be activating the mechanically induced Th17-cells in vivo. In vivo, the activation and 

differentiation of Th-cells is determined by antigen presentation and the associated 

cytokine profile. Additional, in vivo examination of the intra-cortical osteoclast response 

in relation to mechanically induced osteocyte-Th17-cell signaling should include the 

examination of bone matrix glycoproteins and proteoglycans as potential antigens for 

Th17-cell activation, along with the examination of major histocompatibility complex 

upregulation in fatigue loaded bone. 

As hypothesized, treatment of T-cell cultures with FSS MLO-Y4 medium resulted 

in greater IL-17 secretion (Fig. 27). However, only high FSS MLO-Y4 medium produced 

a significant change in IL-17 in T-cell cultures. Moderate FSS MLO-Y4 FSS medium 

resulted in only a trend in increasing IL-17 levels. Neither static or moderate FSS MLO-

Y4 medium provided sufficient TGFβ-1 and IL-6 to stimulate increased IL-17 secretion 

in T-cell cultures. Interestingly, the trend in increasing IL-17 secretion in moderate FSS T 

cell medium was similar to the trend in increasing IL-6 in moderate FSS MLO-Y4 
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medium (Fig. 12 and Fig. 19). This similarity provides support for the effect of IL-6 on 

increased IL-17 secretion within the vitro culture systems. Consistent with a lack of 

exposure duration differences seen between TGFβ-1 and IL-6 levels in FSS MLO-Y4 

medium, no significant differences between duration treatments were observed in FSS T-

cell medium. 

The function of IL-23 in Th17-cell development is controversial. Studies have 

reported that IL-17 production is dependent upon the presences of IL-23; while others 

have reported that Th17-cellular proliferation is dependent upon the presence of IL-23, 

and in turn the lack of cellular proliferation limits IL-17 production.85 My results suggest 

that Th17-cellular proliferation, not IL-17 production, is dependent upon the presence of 

IL-23. (Fig. 28) While IL-17 levels were increased in high FSS T-cell medium, flow 

cytometry analysis revealed no change in the percentage of Th17-cells with any static or 

FSS MLO-Y4 medium treatment. Neither static or FSS MLO-Y4 medium provided 

 
 

Fig. 27. Diagram demonstrating the mechanism of increased IL-17 secretion as a result of 

mechanically-induced osteocyte-Th17-cell signaling 
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additional IL-23 to the cytokine profile, and IL-23 in T-cell cultures did not fluctuate 

with MLO-Y4 medium treatment. 

 

Flow cytometry analysis showed that Th17-cells (IL-17+ and CD4+) were the 

predominant IL-17 positive cell in the T-cell culture system. The flow cytometry contour 

of IL-17 positive cells was also predominately CD4 positive. Th-cells acquire CD4 cell 

surface glycoprotein during T-cell maturation.78 No cell contour of IL-17 positive cells 

was detected in the CD4 negative region of analysis. This suggests that the primary IL-17 

secreting cells in the T-cell culture system are IL-17 positive-CD4 positive Th17-cells, 

and not IL-17 positive macrophages or γδ T-cells that are not known to express CD4. 

The Th17-cell has been described as having both a direct and indirect effect on 

osteoclast formation. Th17-cells can directly stimulate osteoclast formation through the 

secretion of RANKL. Th17-cells can also stimulate osteoclast formation by secretion of 

IL-17, that binds to its receptor IL-17R on osteoblasts and increases RANKL. No 

difference in RANKL was detected in T-cell cultures treated with static, moderate, or 

high FSS MLO-Y4 medium. Because FSS T-cell medium would not be providing 

additional RANKL to the cytokine profile, the effects of FSS T-cell medium on 

 
 

Fig. 28. Interleukin-23 effects Th17-cell Proliferation. While the necessity of IL-23 in Th17-cell 

development and activity is controversial. In vitro cultures suggest IL-23 directly effects Th17-cell 

proliferation, while indirectly effecting IL-17 levels. TGF-β1 and IL-6 directly affect Th17-cell 

secretion of IL-17. 
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osteoclastogenesis would suggest indirect stimulation of osteoclast formation via Th17-

cell derived IL-17. 

As hypothesized, treatment of osteoclast supportive cultures with FSS T-cell 

medium resulted in greater RANKL secretion and osteoclast formation (Fig. 29). 

However, only high FSS T-cell medium produced a significant change in RANKL levels 

and osteoclastogenesis. Moderate FSS T-cell medium resulted in only a trend in 

increasing osteoclast formation. Neither static or moderate FSS T-cell medium provided 

sufficient IL-17 to stimulate a significant increase in osteoclast formation. These results 

are consistent with previous studies that have described the indirect function of IL-17 in 

the formation of osteoclasts, and suggests that IL-17 is indirectly increasing RANKL and 

osteoclast formation by binding to IL-17R on the osteocyte cell surface.92 

 

 

 

 
 

Fig. 29. Diagram demonstrating the mechanism of increased RANKL and osteoclast formation as a 

result of mechanically-induced osteocyte-Th17-cell signaling. 
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IL-17 was responsible for the increase in osteoclast formation. The addition of IL-

17 to control conditions provided a positive control showing that the indirect mechanism 

of IL-17 was capable of increasing osteoclast formation. Addition of 100 pg/mL of IL-17 

resulted in increased osteoclast formation compared to control conditions, similar to the 

increase seen with high FSS T-cell medium treatment. Greater osteoclast formation with 

the addition of high FSS T-cell medium was inhibited by the addition of anti-mouse IL-

17. These results demonstrate the osteoclastogenic effects of IL-17 in high FSS T-cell 

medium. 

The results of this study support the conclusions that in vitro FSS induces 

osteocyte stimulation of Th17-cells, and the subsequent formation of osteoclasts. In vitro 

FSS induced MLO-Y4 osteocytes to secrete the necessary cytokines (TGF-β1 and IL-6) 

for the stimulation of Th17-cell activity (IL-17), and subsequently increased osteoclast 

formation. These results support my hypothesis. However, the amount of force needed to 

induce MLO-Y4-Th17-cell signaling, and osteoclast formation must be taken into 

consideration.  

In vivo fatigue loading demonstrated the effect of high stress loading on the 

secretion of inflammatory cytokines associated with T-cells and osteoclast stimulation 

and chemotaxis. In vitro, MLO-Y4 osteocyte like cells exposed to high FSS induced IL-

17 secretion in T-cell cultures and subsequently induced osteoclast formation. With high, 

repetitive force needed for in vitro stimulation; there is potential for mechanically-

induced osteocyte-Th17-cell signaling, and the subsequent activation of intra-cortical 

osteoclasts in in vivo fatigue-loaded bone. 
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Rat serum and ulnar protein extract were collected 24 and 48 hours post in vivo 

fatigue loading. An increase in local RANKL and intra-cortical osteoclasts were detected 

48 hours after fatigue loading. The in vitro examination of mechanically-induced 

osteocyte-Th17-cell signaling revealed a cytokine response within minutes of high FSS 

exposure. The inflammatory signaling interactions involved in Th17-cell induced 

osteoclast formation may have been excluded due to protein examination occurring 24 to 

48 hours after fatigue loading. The collection and analysis of protein during the first 24 

hours after fatigue loading would provide valuable information for the comparison of in 

vivo and in vitro studies. Future in vivo fatigue loading studies examining the intra-

cortical osteoclast response in relation to the described osteocyte-Th17-cell signaling 

mechanism could provide new understanding of the targeted bone remodeling process in 

response to fatigue loading. 

 

5.3 Summary 

The initiation of the targeted bone remodeling process is not completely understood. In 

vivo fatigue loading of rat ulna induced microdamage and increased osteoclastogenesis and 

secreted inflammatory cytokines associated with T-cell and osteoclast stimulation and 

chemotaxis. These results suggest potential T-cell mediated targeted osteoclast formation and 

activation. In vitro FSS exposure induced greater TGF-β1 and IL-6 secretion from MLO-Y4 

osteocyte-like cells. These findings parallel reports that TGF-β1 and IL-6 are release in response 

to bone loading in murine models. In this study, T-cell exposure to FSS MLO-Y4 medium 

resulted in greater Th17-cell secretion of known osteoclastogenic IL-17. Exposure of osteoclast 

precursors to FSS T-cell medium enhanced osteoclast formation that was blocked by IL-17 

antibody. Taken together, the in vivo and in vitro results strongly suggests a Th17 cell-mediated 
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response to fatigue loading that initiates targeted osteoclast formation and activation for localized 

remodel and bone repair 

The future of this research should use a combination of these in vivo and in vitro 

results along with the list of experimental limitations to develop an in vivo study for the 

examination of the intra-cortical osteoclast response in relation to the described 

osteocyte-Th17-cell signaling mechanism. Future studies should make use of in vivo 

fatigue loading of rat ulna to 40% loss of ulnar stiffness to inducing bone tissue 

microdamage and an intra-cortical osteoclast response. Collection of blood and ulna 

along a time course in the first 24 hours after fatigue loading would provide samples for 

protein and histochemistry analysis of Th17-cell stimulatory factors, TGFβ1 and IL-6, as 

well as IL-17. Collection of rat spleen for flow cytometry analysis after fatigue loading 

could be potentially beneficial for T-cell proliferation analysis. The collection of blood 

and ulnar samples along with corresponding non-loaded controls would also allow for the 

continued examination of IL-17R on the osteocyte cell surface. 

An understanding of the mechanism and associated cytokines required to initiate 

the targeted bone modeling process would allow for the formation of new clinical assays, 

and provide a new paradigm for the study and understanding of the targeted bone 

remodeling process. The development of clinical assays for the detection of targeted bone 

remodeling would provide clinicians valuable diagnostic information that could 

potentially alter patient treatment plans and therapy in order to prevent atypical bone 

fracture and promote human health and wellness. Additionally, it is important that 

research continues to expand from single system interactions to multi-system 

interactions. The continuation of this study would provide a valuable addition of 
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understanding to both the bone and mineral and immunological basic and clinical 

sciences.
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Appendix: Abbreviations 

 

αMEM    Alpha minimum essential medium 

γ    Gamma 

δ    Delta 

Δ    Change (delta) 

ε    Strain (epsilon) 

µg    Microgram 

µm    Micrometer 

µε    Microstrain 

B.Ar    Bone area 

B.Pm    Bone perimeter 

CD3    Cluster of differentiation 3 

CD4    Cluster of differentiation 4 

DAPI    4',6-diamidino-2-phenylindole 

ELISA    Enzyme-linked immunosorbent assay 

FSS    Fluid shear stress 

GRO/KC   Chemokine (C-X-C motif) ligand 1 (CXCL1) 

Hz    Hertz 

IL-1β    Interleukin 1β 

IL-17    Interleukin-17 

IL-2    Interleukin 2 

IL-23    Interleukin 23 

IL-6    Interleukin 6 

MCP-1    Monocyte chemoattractant protein-1 

MLO-Y4   Murine long bone osteocyte Y4 

ml    Milliliter 

mm    Millimeter 
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OB    Osteoblast 

OC    Osteoclast 

OT    Osteocyte 

OPG    Osteoprotegerin 

PBST    Phosphate buffered saline with tween 

pg    pictogram 

PGE2    Prostaglandin E2 

RANK    Receptor activator of nuclear factor Κβ 

RANKL   Receptor activator of nuclear factor Κβ Ligand 

RPMI    Roswell Park Memorial Institute 1640 Media 

T-cell    Thymus-derived lymphocyte 

TGF-β1   Transforming Growth Factor Beta 1 

Th-cell    Helper T lymphocyte 

Th17-cell   Helper T 17 lymphocyte 

TRAP    Tartrate-resistant acid phosphatase 

VEGF    Vascular endothelial growth factor 
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