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Abstract

Osteoporosis is a major health problem characterized by low bone mass and 

microarchitectural deterioration leading to enhanced bone fragility and increased fracture 

risk. In contrast, the high bone mass trait is characterized by increased bone mass and 

strength, with a significantly decreased fracture risk. Mechanical loading of bone has 

been shown to regulate bone formation in the skeleton. How these mechanical signals 

are transduced into bone forming signals is far from understood. Of the three main cell 

types in bone; osteoblasts, osteocytes, and osteoclasts, osteocytes are currently thought to 

be the mechanosensory cells in bone. The studies described here have further elucidated 

the mechanism of mechanotransduction in bone.

These studies were guided by two related hypotheses. The first hypothesis was 

mechanically induced fluid flow through the lacuno-canalicular system stimulates 

osteocytes by fluid shear stress. When stimulated, these osteocytes then activate adjacent 

osteoblasts. The magnitude of fluid shear stress to which bone cells are exposed, directly 

determines the bone forming response within the physiological range. The second 

hypothesis was of the three nitric oxide synthase isozymes, only the endothelial isozyme 

is mechanically regulated in osteogenic cells. This increase in expression is due to both 

increased transcription as well as increased stability by the action of ELAVL1.

Murine osteocytes (MLO-Y4) and osteoblasts (2T3) were subjected to pulsatile fluid 

flow to determine changes in mRNA levels of Ptgs2 (COX-2) and Nos3 (eNOS). The 

pattern of Ptgs2 expression in these cell types support the hypothesis that osteocytes are 

the mechanosensors in bone. The data further supports the mechanism of stimulation of 

bone cells is fluid shear stress and the osteogenic response of these cell types is biphasic 

in response to increasing magnitudes of fluid shear stress. In MLO-Y4 cells, expression 

of all three nitric oxide synthase isozymes were regulated by fluid shear stress, while 2T3 

cells only expressed Nos3. It is unclear what the relative contribution each of these 

isozymes plays in the responsiveness of osteocytes to mechanical stimulation. Both cell 

types demonstrated an initial NO-dependent decrease in mRNA stability that was



abrogated by gadolinium or methylene blue. Further studies showed that other 

mechanically induced genes are stabilized by the protein E lavil, but Nos3 is not, 

indicating that its decreased levels following stimulation is most likely due to activation 

of an unknown destabilizing protein.

The results of these experiments have helped to clarify the mechanism of 

mechanotransduction in bone and have shown mRNA stabilization to be important in cell 

signaling following mechanical stimulation.
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Osteoporosis is a Major Public Health Problem

Osteoporosis, a term which literally means ‘porous bone’, was first coined around 1820 

by the French pathologist Jean Georges Chretien Frederic Martin Lobstein ‘the Younger’ 

to describe deteriorated bone containing numerous enlarged cavities that was found in 

certain patients 111. As scientific progress in the areas of bone health and endocrine 

physiology has advanced, so too has the definition of the term. In 1993, the Consensus 

Development Conference on Osteoporosis in Hong Kong defined osteoporosis as a 

disease characterized by low bone mass and microarchitectural deterioration of bone 

tissue leading to enhanced bone fragility, with a consequent increase in fracture risk |2|. 

In 1994, the World Health Organization determined the clinical definition of osteoporosis 

to be a bone mineral density (BMD) value that lies 2.5 standard deviations (SD) or more 

below the average value in young healthy women (T score = -2.5 SD). BMD, the amount 

of bone in a given area, was used in this definition, as it highly correlates with both bone 

strength and stiffness. Women who had already suffered one or more fragility fractures 

were presumed to have osteoporosis and were diagnosed as severe or established 

osteoporosis. Finally, those patients with BMD T scores between -1 and -2.5 were 

diagnosed as having osteopenia (bone poverty) |3|. Between the ages of 50 and 84, the 

prevalence of osteoporosis in Western nations has been estimated to be as high as 21.2% 

in women and 6.3% in men |4|, with lifetime risks of osteoporotic fracture as high as 

39.7% and 13.1%, respectively |5|. The most common sites of osteoporotic fractures are 

the distal forearm (Colle’s fracture), the femoral neck, and the vertebral body. The first 

two of these are most often due to traumatic falls from standing height or less and the 

incidence is exacerbated by age-related decreases in mobility and vision. While recovery
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from forearm fractures is relatively high, there is significant morbidity and mortality 

related to hip fractures. Within one year of fracture, mortality rates are as high as 21% 

for women and 36% for men. Also within one year of fracture, 40% of patients are still 

unable to walk, 60% require some degree of assistance with daily activities (dressing, 

bathing, etc.), and 80% are unable to perform at least one instrumental activity of daily 

living (driving, shopping, etc.) |6|. Fracture of vertebral bodies occurs most often in the 

weight-bearing vertebrae (T-8 and below) and often in multiple sites, leading to dorsal 

kyphosis with exaggerated cervical lordosis (dowager’s hump). In addition to 

deformation of the skeleton, compression fractures can also compress nerve roots, 

causing chronic lumbar pain |7|. Unfortunately these statistics are expected to only get 

worse in the United States with the increasing age of the baby-boomer generation. 

Osteoporosis is expected to become a truly global problem in the next fifty years, as life 

expectancy in non-western regions of the world continues to increase. In 1990, there 

were approximately 1.66 million diagnosed hip fractures in people over the age of 35, 

over half occurring in western countries. By 2050, this number is expected to rise to 6.26 

million cases |81.

The Human Skeleton

Bone is a physiologically dynamic tissue whose primary functions are to provide 

structural support and muscle attachment sites for locomotion; protection of organs and 

tissues, generation of hematopoeitic cells; and storage of physiologically-essential 

minerals such as calcium and phosphate. It is a composite material, composed of cellular 

and acellular components.
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The Cellular Component of Bone

The cellular component of bone is comprised of four main cell types: osteoblasts, bone 

lining cells, osteocytes, and osteoclasts. The first three of these are derived from 

mesenchyme-derived stem cells (MDSC) |9|. During gastrulation, cells of the axial and 

lateral mesoderm segregate to form strips of tissue along the notochord called the 

presomitic mesoderm. Segmentation of the presomitic mesoderm occurs in a 

craniocaudal fashion, resulting in individual pairs of somites composed of epithelialized 

columnar cells surrounding spheres of mesenchymal cells. The cells on the ventral 

margin of the somites undergo an epithelial-to-mesenchymal transition as they move 

toward the notochord, forming the sclerotome. The ceils of each sclerotome invade and 

colonize the peri notochordal space, forming the vertebral bodies, while the lateral 

sclerotome forms the ribs, pedicle, and lamina of each segment. At the same time, some 

of the sclerotome cells travel dorsomedially to form the neural arches and the spinous 

processes. During the second month, cells from the lateral plate mesoderm begin to 

differentiate into mesenchymal cells and proliferate to form the limb buds, precursors of 

the extremities. In contrast to the axial skeleton (spine, sternum, and ribs) and the 

appendicular skeleton (the extremities), which are derived from the mesoderm, the skull 

is derived from cells of the neuroectoderm. Neural crest cells migrate from the 

rhombomeric neuroectoderm to the pharyngeal arches, where they proliferate as the 

ectomesenchyme, differentiating into the cartilage and bone of the skull 110|.

Interaction between these mesenchymal cells and adjacent epithelial cells stimulate their 

condensation, resulting in the formation of bone by one of two distinct processes | I I 131.
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Flat bones of the cranial vault, some facial bones, and parts of the mandible and clavicle 

develop through a process called intramembranous ossification, which is simply the 

differentiation of mesenchymal cells into osteoblasts. The bones of the axial and 

appendicular skeleton develop through a much more complex process called 

endochondral ossification, which utilizes a cartilaginous intermediate prior to bone 

formation. Following condensation, mesenchymal cells differentiate into chondroblasts, 

which produce hyaline cartilage. As the chondroblasts become embedded within the 

matrix, they further differentiate into chondrocytes and continue to proliferate. Up until 

this point, the hyaline cartilage structure is avascular, but capillaries soon begin to 

surround the perichondrium, stimulating the mesenchymal cells at the periphery to 

differentiate into osteoblasts and to begin laying down a collar of bone. Within the 

hyaline cartilage, the chondrocytes begin to hypertrophy and calcify the cartilage. Blood 

vessels from the periosteum begin to invade the calcified cartilage, bringing with them 

osteoblast precursors, which begin new bone formation on the mineralized cartilage 

matrix. While cartilage is removed underneath the bone collar, forming the diaphysis, 

cartilage remains at the ends of the bone, forming the growth plate. The growth of bones 

then occurs through the process of chondroblast proliferation, differentiation into 

chondrocytes, and hypertrophy, followed by cartilage resorption and replacement with 

bone 1141. For a thorough review of embryonic skeletogenesis, see Karaplis | 15 1.

Osteoblasts, as well as adipoblasts, chondroblasts, myoblasts, and fibroblasts, are 

produced from the proliferation and differentiation of MDSCs. In response to pro

osteoblast factors such as runt related transcription factor 2 (RUNX2), MDSCs
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differentiate into pre-osteoblasts and then mature osteoblasts, producing extracellular 

matrix proteins such as collagen type 1, bone gamma carboxyglutamate protein 1 

(BGLAP1), and secreted phosphoprotein 1 (SPP1), as well as alkaline phosphatase 1 

(AKP1) 19 1. Morphologically, osteoblasts appear as nondividing round or cuboidal cells 

on the bone surface 116|. Cell-cell adhesion is mediated by adherens junctions composed 

mainly of cadherin 2 (CDH2). Their nuclei are commonly eccentrically located far from 

the bone surface and their cytoplasm is deeply basophilic, due to the large amount of 

rough endoplasmic reticulum required for bone matrix synthesis. Functionally, 

osteoblasts are the bone forming cells responsible for both the synthesis and deposition of 

bone extracellular matrix (osteoid), as well as the mineralization of this matrix. Bone 

lining cells are flat, elongated, senescent cells that cover bone surfaces that are 

undergoing neither bone formation nor bone resorption |16|. These cells contain few 

cytoplasmic organelles and form either the endosteum separating the bone from the 

marrow space or they lie directly on the mineralized external bone surface, underlying the 

periosteum. Osteocytes, which comprise over 90% of all bone cells in the skeleton, are 

terminally differentiated osteoblasts that have become trapped within the bone matrix 

1171. A thin layer of unmineralized matrix surrounds each osteocyte, forming the walls 

of spaces called lacunae |18|. Unlike the cuboidal shape of osteoblasts, osteocytes 

develop a stellate or dendritic morphology, with numerous cell processes that connect to 

other osteocytes as well as surface osteoblasts and bone lining cells via gap junctions. 

These cell processes, contained within channels called canaliculi, form a syncytium that 

is thought to play a role in mechanosensation. Support for this theory is the fact that the 

total surface area of the bone matrix that is covered by osteocyte cell bodies and their cell
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processes exceeds the combined area covered by periosteal and endosteal cells by 

roughly two orders of magnitude. Osteocytes no longer produce alkaline phosphatase 

and contain less endoplasmic reticuli, as these cells are metabolically less active than 

osteoblasts 119, 201.

The final major cell type in bone is the osteoclast, a multinucleated giant cell responsible 

for bone resorption. In contrast to cells of the osteoblast lineage, osteoclasts are derived 

from the fusion of hematopoeitic cells of the monocyte-macrophage lineage. In areas of 

bone resorption, osteoclasts lie within enzymatically-etched depressions in the bone 

matrix called Howship’s lacunae. The basolateral surface of an osteoclast is folded into 

irregular projections called a ruffled border that facilitates both the secretion of large 

amounts of hydrolytic enzymes and hydrogen ions as well as absorption of large amounts 

of hydrolyzed matrix proteins and mineral. Surrounding the ruffled border, sealing the 

basaolateral surface to the bone surface, is the clear zone, composed of large amounts of 

integrins and microfilaments. Within the cell, between 5 and 50 nuclei are located near 

the apical surface of the cell, which also contains large amounts of Golgi, mitochondria, 

and lysozomal vesicles. When stimulated, osteoclasts attach to the bone surface, creating 

a microenvironment with low pH and high concentrations of collagenases, which dissolve 

both mineral and matrix 120, 211.

The Acellular Component of Bone

Bone possesses the unique property of being physiologically mineralized and comprises 

the largest portion of connective tissue mass in the human body. As such, the acellular
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component of bone can be separated into organic and mineral components. By far the 

largest share of organic matrix contents of bone is composed of type 1 collagen (90%), 

which is a triple helical molecule comprised of two (3 1 chains (COLIA1) and one (32 

chain (COLIA2). These chains contain a characteristic Gly-X-Y motif, where X is 

usually proline and Y is usually hydroxyproline. In addition to type I collagen, a small 

amount of type III, V, and FACIT collagens are also present in bone. Noncollagenous 

proteins comprise 10 to 15% of bone matrix and are comprised of four main categories of 

secreted proteins: proteoglycans, glycoproteins, cell attachment proteins, and gla- 

containing proteins. Proteoglycans, such as decorin (DCN) and biglycan (BGN), are 

thought to bind secreted transforming growth factor beta I (TGFB1) within the bone 

matrix, giving it a longer signaling half-life. Glycoproteins, like alkaline phosphatase I 

(AKP1) and secreted acidic cysteine rich glycoprotein (SPARC), facilitate the 

mineralization of the organic matrix. Cell attachment proteins, comprised of secreted 

phosphoprotein 1 (SPP1), dentin matrix protein I (DMP1), fibronectin (FNI-3), 

thrombospondins (THBS1-4), vitronectin (VTN), fibrillins (FBN 1-2), and osteomodulin 

(OMD), all contain RGD (Arginine-Glycine-Asparagine) sequences, which facilitate 

bone cell attachment. Finally, gamma-carboxyglutamate (gla) containing proteins, such 

as matrix gla protein (MGLAP), bone gla proteins (BGLAP1-2), and protein S (PROS1), 

are thought to regulate the mineralizing function of osteoblasts. In contrast to the large 

numbers of secreted matrix proteins, the mineral component of bone is almost 

exclusively composed of one substance, hydroxyapatite |Ca10(PO4)6(Oi l)2|. 

Mineralization of the bone matrix begins 24 to 74 hours after its deposition. During this 

process, it is thought that bone mineral crystals are initially formed at discrete sites in the
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matrix within membrane-bound bodies called extracellular matrix vesicles. Once this

initial crystal formation occurs, the crystal is somehow attached to the organic matrix, 

where additional ions are incorporated, causing the crystals to grow and aggregate to 

form a mineralized surface (20, 22],

Bone mineral accounts for approximately 50 to 70% of the acellular component of bone 

and the organic matrix accounts for another 20 to 40%. The remaining 5 to 10% is 

interstitial fluid, located in the pericellular space that surrounds both the osteocyte cell 

processes and cell bodies within the lacuno-canalicular system. Of all of the components, 

probably the least amount of research has been performed on bone interstitial fluid, with 

the bulk of this work having been performed over 20 years ago. Most interstitial fluid 

within the human body contains high concentrations of sodium and calcium and low 

concentrations of potassium, allowing cells to maintain an intracellular ionic gradient. In 

contrast to this, bone interstitial fluid was shown by Neuman in 1969 to contain 

significantly higher concentrations of potassium, while having lower concentrations of 

calcium, magnesium, and sodium. Anion concentrations were essentially the same as 

blood plasma |23|. In addition, Neuman also found that the high potassium levels were 

unchanged even when serum levels were depleted, indicating the presence of a separate 

bone fluid compartment (241. Since these experiments, little progress has been made in 

this area, as the volume of bone interstitial fluid is exceedingly small and currently no 

technique has been elucidated to sample bone extracellular fluid without contamination 

by serum or cytoplasm.
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Bone Formation

Depending on the orientation of the collagen fibers, bone can be classified into two 

different categories. When bone is initially deposited, it contains small collagen fibrils 

that are randomly oriented, numerous osteocytes, and lower mineral content. This 

disorganized type of bone is called woven bone and occurs generally when bone is 

formed very rapidly (development, fracture healing, or tumors). Lamellar bone, on the 

other hand, is generated more slowly, producing organized layers of collagen fibrils that 

lie perpendicular to adjacent layers. Collagen fibrils extend between lamellae, thus 

increasing the bone’s strength. These lamellae can be stacked if deposited on a flat 

surface or concentric if surrounding a blood vessel. In concentric lamellae, the blood 

vessel travels through a central canal, called a Haversian canal. These blood vessels, 

called Haversian vessels, communicate with the endosteum and periosteum through 

Volkman’s canals that lie perpendicular to Haversian vessels. Canaliculi extend in a 

radial pattern outward from the Haversian vessel, providing fresh interstitial fluid for 

osteocytes, forming an osteon |20, 25, 261.

Bone is constantly modified through two distinct processes: remodeling and modeling. 

Remodeling is simply the site-specific removal of small amounts of bone and its 

subsequent replacement with new bone. This is accomplished by a basic multicellular 

unit (BMU) that is comprised of all of the cells previously described. Remodeling occurs 

through three steps: activation, resorption, and formation (ARF). When the initial bone 

forming activity ceases, inactive bone lining cells remain on the bone surface. In 

response to some hormonal or mechanical signals, the morphology of bone lining cells
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change from flattened epithelial-like cells to rounded cells, exposing parts of the bone 

surface. In addition, they begin to produce tumor necrosis factor superfamily member I I 

(TNFSF1 I), a factor that induces mononuclear cells of the monocyte-macrophage lineage 

to coalesce and mature into active osteoclasts (activation). These osteoclasts then attach 

to the exposed bone surface and begin to resorb the bone, first by dissolving the 

hydroxyapatite crystal and then by digesting the collagen matrix (resorption). When the 

leading edge of the resorption front reaches its appropriate depth, resorption ceases and a 

second cell of the monocyte-macrophage lineage deposits a cement-like substance that 

will bind the new bone to the old. At the same time, pre-osteoblasts begin to appear in 

the area and differentiate into mature osteoblasts. They begin bone formation, first by the 

deposition of organized collagen matrix, and then by its mineralization (formation). 

When the mineralization front reaches the edge of the matrix, the osteoblasts gradually 

flatten and become quiescent as the bone surface returns to its inactive state. Remodeling 

allows bone to adapt to changes in mechanical stress and to repair microdamage. Often, 

sites of woven bone formation are remodeled into more stable lamellar bone. The 

process of remodeling can last as long as four or five years at each discrete location, with 

approximately 20% of the cancellous bone surface is being remodeled at any given time. 

While remodeling occurs via the action of both osteoclasts and osteoblasts, modeling 

occurs through the independent action of either of these cell types. In response to steroid 

hormones or mechanical stimulation, osteoblasts or osteoclasts can be activated to 

independently form or resorb bone, respectively, to alter the shape of the bone [26, 271.



Post-menopausal osteoporosis is most often the result of aberrant stimulation of 

remodeling and modeling. At menopause, the loss of ovarian function causes a drastic 

decrease in the levels of circulating estrogen, thereby increasing the levels of cytokines 

such as interleukin 1 (1L1), tumor necrosis factor (TNF), colony stimulating factor 2: 

granulocyte-monocyte (CSF2), and interleukin 6 (1L6), resulting in increased recruitment, 

differentiation, and activation of osteoclasts 128, 291. At the same time, the number and 

activity of osteoblasts stimulated by this increased bone resorption decreases, producing 

disproportionate remodeling with a negative bone balance. Both of these processes 

normally occur at a rate that leads to age-related bone loss without pathogenicity. 

However, if there is an increase in the activity of osteoclasts or the individual was not 

able to reach a sufficient peak bone mass earlier in life, then this bone loss will become 

pathologic.

High Bone Mass

In 1997, Johnson et al. described a kindred possessing autosomal dominant high bone 

mass with linkage to human Chromosome 11 q 12-13 |30|. The affected members 

possessed spinal BMD Z scores of 5.54 ± 1.4 and reported negative fracture histories. 

Analysis of bone biopsies from affected members showed globally thickened cortices and 

trabeculae, with the most affected sites being the weight-bearing bones, principally the 

lumbar spine and proximal femur. While long bone diameter was slightly increased, all 

bones were free of radiographic lesions and serum markers of bone turnover were within 

normal limits. Based on this information, Recker et al. concluded that the mutation 

responsible for this phenotype was affecting the skeleton’s ability to sense mechanical
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loading, resulting in increased response to normal physiologic stress |31|. In 2002, the 

causative mutation for the high bone mass (HBM) trait was identified as a G to T 

transversion in exon 3 of the low-density lipoprotein-like protein 5 (LRP5) gene. This 

single base substitution resulted in a glycine to valine change at amino acid 171 (G171V) 

1321. In addition to being the cause of HBM, mutations in LRP5 have been implicated in 

a number of pathologic bone diseases causing both high bone mass (endosteal 

hyperostosis. Van Buchem disease, autosomal dominant osteosclerosis, and osteopetrosis 

type I [331) and low bone mass (osteoporosis pseudoglioma syndrome 1341).

LRP5, along with its close relative LRP6 and the Drosophila homologue Arrow, have 

been identified as co-receptors with the seven-transmembrane receptor frizzled (FRZI 

10) for WNT and are known to function in the canonical WNT signaling pathway [351. 

Upon binding with WNT, a conformational change occurs in the intracellular domain of 

LRP5/6, increasing its affinity for the scaffolding protein axin (AXIN) that normally 

binds the proteins glycogen synthase kinase 3 beta (GSK3B) and catenin beta (CATNB) 

[36|. Frizzled activates a protein called dishevelled (DVL1-3), that binds to GSK3B, 

preventing its phosphorylation of CATNB [371. In the absence of WNT signaling, 

cytosolic CATNB has a very short half-life because of its phosphorylation by GSK3B, 

resulting in multi-ubiquitinization and degradation of CATNB by the proteasome 

pathway |38|. Binding of AXIN to LRP5/6 results in the release of CATNB, allowing it 

to accumulate in the cytoplasm and translocate into the nucleus. Once in the nucleus, 

CATNB binds to the transcription factor 7, T-cell specific (TCF7) [391, inducing the 

expression of a number of genes important in osteogenic cell function, such as



prostaglandin-endoperoxide synthase 2 (.Ptgs2) 140, 411, gap junction membrane channel 

protein alpha 1 (Gjal) [42J, insulin like growth factor I (IGFl), and IL6 [431. In order to 

further study the effects of LRP5 on bone formation and loss, a transgenic mouse line 

was engineered that contains the G171V mutation [44|. These mice exhibit a high bone 

mass phenotype that is identical to the human phenotype, possessing increased BMD, 

bone strength, resistance to fracture, and trabecular number, connectivity, and thickness. 

Compared to their wild-type littermates, the HBM transgenic mice demonstrated greater 

periosteal and endosteal bone formation responses following mechanical loading as well 

as increased sensitivity to mechanical load [451.

Osteogenic Cell Mechanotransduction

While the above studies indicate that mutations in LRP5 modulate the osteogenic 

response of bone cells to mechanical stimulation, there is as yet no clear understanding of 

how these stimuli are detected. In order to better understand how mechanotransduction 

occurs in bone, I have examined the expression of two genes known to be induced both in 

vivo and in vitro in cells of the osteogenic lineage in response to mechanical stimulation. 

In Chapter 1, I assayed the expression of Ptgs2 as an osteogenic endpoint to answer three 

questions; Which osteogenic cell type is responsible for mechanotransduction?, What is 

the mechanism responsible for osteogenic cell stimulation?, and What is the relationship 

between the magnitude of the stimulus and the osteogenic response? In Chapter 2, 1 

assayed the expression of nitric oxide synthase 3 (Nos3) along with several other genes 

known to be important in its regulation to answer three questions; Which NOS isozymes 

are expressed in osteogenic cells?, What is the pattern of Nos3 expression in osteogenic
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cells in response to mechanical stimulation?, and How is the induction of Nos3 in

response to mechanical stimulation regulated?
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Chapter 1

Materials and Methods
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Cell Culture

All cell culture reagents were purchased from Life Technologies (Rockville, MD, USA) 

and all culture dishes and flasks were purchased from BD Biosciences (Bedford, MA, 

USA), unless otherwise stated. All cell culture was conducted in 5%C02/95% 

humidified air incubators maintained at 37°C.

Two clonal cell lines, representing different points of the osteoblast differentiation 

pathway were used in these experiments. The first cell line. 2T3, was isolated from the 

calvarium of a transgenic mouse expressing the simian virus 40 T antigen driven by a 2.9 

kilobase bone morphogenetic protein 2 (Bmp2) promoter fragment |46|. In culture, 2T3 

cells express alkaline phosphatase I (AKP1), collagen type I, bone gamma 

carboxyglutamate protein I (BGLAP1), and BMP2 in a similar fashion as primary 

preosteoblasts. The doubling time of these cells is approximately two days. When grown 

to confluence, these cells begin multilayering and bone nodule formation occurs within 6 

days. 2T3 cells were grown in (3 modified Minimum Essential Medium ((3-MEM) 

supplemented with 10% fetal bovine serum (FBS), certified (US), antibiotic/antimycotic 

(100 lU/ml penicillin G: 100 pg/ml streptomycin sulfate: 0.25 ug/ml amphotericin B), 

and L-alanyl-L-glutamine (2.0 pM).

The second cell line, MLO-Y4, was isolated from long bones of a transgenic mouse 

expressing the simian virus 40 T antigen driven by a 2.6-kilobase Bglapl promoter 

fragment |47, 481. In culture, MLO-Y4 cells exhibit a dendritic morphology, express 

high levels of BGLAPl, and express low levels of AKP1 and collagen type I. In
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addition, MLO-Y4 cells express an antigen called El 1 1491, which has been identified as 

an osteocyte-specific marker by immunohistochemistry |50|. The doubling time of these 

cells is approximately three days. MLO-Y4 cells are grown on rat-tail collagen type I (5 

pg/cnr; BD Biosciences) in (3-MEM supplemented with 5% FBS, 5% bovine calf serum, 

(US) defined/iron supplemented (Hyclone, Logan, UT, USA), antibiotic/antimycotic (100 

IU/ml penicillin G: 100 pg/mi streptomycin sulfate: 0.25 pg/ml amphotericin B), and L- 

alanyl-L-glutamine (2.0 pM).

Cryopreserved stocks of 2T3 (passage 22) and MLO-Y4 (passage 27) cells were 

maintained in liquid nitrogen. Several days in advance of each experiment, 2T3 or MLO- 

Y4 cells were thawed from frozen stocks and plated in T-175 culture flasks. Three days 

before each experiment, these cells were trypsinized from culture flasks and plated on 

nine 25 mm X 75 mm X 1 mm collagen-coated culture slides (Flexcell International, 

Hillsborough, NC, USA) at a density of 5 X 104 cells per slide and allowed to grow to 

semi-confluence (75-85%). Slides were maintained in sets of three in 100 mm X 100 mm 

square culture dishes containing 20 ml of medium.

Plating of Co-Cultures

Co-cultures of varying ratios of 2T3 and MLO-Y4 cells were performed to determine the 

mechanosensitivity of each cell line. The ratios used were 100% 2T3;

90%2T3/10%MLO-Y4; 50%2T3/50%MLO-Y4; 10%2T3/90%MLO-Y4; 100%MLO-Y4. 

Because of the different doubling times of the two cell lines, MLO-Y4 cells were plated 

at one half the intended concentration three days in advance of each experiment. The
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next clay, one half of the intended concentration of 2T3 cells was plated with fresh 

medium.

Bone Interstitial Fluid Medium

In an attempt to better mimic the conditions to which bone cells are exposed in vivo, a 

cell culture medium was prepared that contained the ionic concentrations in bone 

interstitial fluid reported by Neuman. (3-MEM was used as a guide for general medium 

content, although final concentrations of potassium, sodium, and calcium were tightly 

controlled. This medium was then filtered through a sterile 10 pm filter before the 

addition of FBS. Following Sterilization, the pH was adjusted to 7.33 and the osmolality 

was adjusted to 343 mosM using mannitol (Table 1.1).

Pharmacologic Agents

Gadolinium (III) chloride hexahydrate at a concentration of 10 pM was used to inhibit 

stretch-activated calcium channels (Sigma Chemical Company, St. Fouis, MO, USA). 

Sodium nitroprusside dihydrate at a concentration of 1 mM was used as an NO donor 

(Sigma Chemical Company). N)S-Nitro-F-arginine methyl ester hydrochloride (F- 

NAME) at a concentration of 1 mM was used as an inhibitor of nitric oxide synthase 3 

(NOS3) (Sigma Chemical Company). 5-(4-fluorophenyi)-l-|4-(methylsuIfoniy)phenyl|- 

3-(trifluoromethyl)-1 H-pyrazole (SC-58125) at a concentration of 11.3 pM was used as a 

prostaglandin-endoperoxide synthase 2 (PTGS2)-specific inhibitor (Cayman Chemical 

Company, Ann Arbor, MI, USA). Methylene blue at a concentration of 10 pM was used 

as an inhibitor of soluble guanylyl cyclase (Sigma Chemical Company). In all
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Tabic 1.1 Formulation of Bone Interstitial Fluid Cell Culture Medium
In an effort to better mimic the in vivo conditions to which osteogenic cells are exposed, cell culture medium was developed that 
contains the ionic concentrations described by Neuman 124].
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3 08 .3 3 0 .8 1.0 0.1 1 .40 0 .1 4 0 .1 4
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O
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<
o
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experiments where pharmacologic agents were used, cells were pretreated in static 

culture for ten minutes prior to fluid flow and throughout the fluid flow regimen.

Pulsatile Fluid Flow

Fluid flow experiments were performed using the Streamer Shear Stress Device (Flexcell 

International). Fluid-induced shear stress from laminar flow is calculated using the 

following formula: P = hjiQ/bh2, where P is the shear stress in dynes/cm2, |i  is the 

viscosity of the fluid in dyne.s/cm2, Q is the flow rate in ml/min, b is the width of the 

flow channel in cm, and h is the height of the flow channel in cm. The Streamer Shear 

Stress Device consists of a computer-controlled peristaltic pump, a cell culture medium 

reservoir, two pulse dampeners, and a six-chamber laminar flow device, all connected by 

silicone tubing. All but the computer are maintained at 37°C in a 5%C02/95% 

humidified air incubator. This apparatus is capable of subjecting cells plated on the six 

25 mm X 75 mm X 1 mm collagen-coated culture slides to fluid shear stress by laminar 

flow at one time, providing an experimental area of 18.74 cm2 per slide and 1 12.5 cm2 per 

experiment. For each experiment, 500 ml of cell culture medium was cycled through the 

closed loop for a period of 120 minutes. All fluid flow regimens began with a 20 second 

ramp-up period, allowing the fluid shear stress to gradually increase. After this initial 

period, all regimens consisted of a base fluid shear stress (2.0 to 32.0 dynes/cm2) with 

additional cyclic pulses (± 0.6 dynes/cm2) at a frequency of 5 Hz. This frequency was 

chosen, as recent evidence has shown that in vivo mechanical loading is most effective at 

10 Hz, with no additional bone formation above this frequency. In order to be able to 

detect load-induced changes between different regimens, 5 Hz was selected to keep from
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saturating the stimulatory response of bone cells to pulsatile fluid flow. Three static 

control slides for each experiment were transferred to a new culture dish with fresh 

medium for the 120-minute experiment. At the end of the loading regimen, cells were 

either immediately lysed for RNA extraction or transferred to new culture dishes with 20 

ml of medium from the Streamer apparatus reservoir and returned to the incubator.

RNA Extraction

Total RNA was extracted using TRIzol reagent according to the manufacturers 

instructions (Life Technologies). Briefly, 0.5 ml of TRIzol reagent was added to each 

slide. The slide was then scraped to remove the lysate, which was transferred to 1.5 ml 

RNase-free tubes (Ambion, Inc, Austin, TX, USA). One hundred microliters of 

chloroform (Sigma) was added to each sample and agitated for 15 seconds, followed by 

centrifugation at 12,000 X g for 15 minutes at 4°C. The aqueous layer was transferred to 

new RNase-free tubes and the RNA was precipitated out by the addition of 40 pi of 5 M 

sodium chloride and 250 pi isopropanol (Sigma), incubation at -80°C for 10 minutes, and 

centrifugation at 12,000 X g for 10 minutes at 4°C. Finally, the RNA was washed by the 

removal of the supernatant and the addition of 0.5 ml of 75% ethanol (Sigma). The RNA 

pellet was vortexed briefly and re-centrifuged at 7,500 X g for five minutes at 4°C. After 

the removal of the supernatant, RNA pellets were re-hydrated in 30 pi of RNA storage 

solution (1 mM sodium citrate pH 6.4, Ambion), incubated in a 60°C water bath for 10 

minutes, and quantitated using a DU-64 spectrophotometer at 260 nm (Beckman Coulter, 

Inc., Fullerton, CA, USA).
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Reverse Transcription

Reverse transcription (RT) of one microgram RNA aliquots of each sample was 

performed using reagents from the GeneAmp RNA PCR Kit following the 

manufacturer’s recommendations (Applied Biosystems. Foster City, CA, USA). Final 

concentrations of the reagents for the 20 pi reaction are as follows: Murine Leukemia 

Virus (MuLV) Reverse Transcriptase (2.5 U/pl), recombinant human placental RNase 

Inhibitor (1 U/pl), MgCI2 (5 mM), PCR Buffer (50 mM KCI. 10 mM Tris-HCI pH 8.3), 

oligo d(T)lft (2.5 pM), and dNTP (4 mM). RT-PCR reactions were performed on a 

GeneAmp PCR System 9600 thermocycler (Applied Biosystems) using the following 

conditions: 42°C for 60 minutes, 95°C for five minutes, and 4°C for 5 minutes. In order 

to reduce variability between replicate reactions, all replicate RT reactions were pooled 

and aliquotted. The resultant cDNA aliquots were stored at -20°C until Real-Time PCR 

could be accomplished.

Quantitative Real-Time Polymerase Chain Reaction

Quantitative real-time polymerase chain reaction (qRT-PCR) was performed in triplicate 

on the cDNA samples isolated from fluid flow reactions using the ABI Prism 7000 

Sequence Detection System (Applied Biosystems). Final concentrations of the reagents 

used in the 50 pi duplex reaction are as follows: TaqMan Universal Master Mix, no 

AmpErase UNG (IX), forward primer (0.9 pM), reverse primer (0.9 pM), probe (0.35 

pM), rodent glyceraldehyde-3-phosphate dehydrogenase (Gapd) forward primer (0.1 

pM), rodent Gapd reverse primer (0.1 pM), rodent Gapd probe (0.2 pM), and RT 

reaction (5 ng/pl). Reactions were performed using the following thermocycling
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conditions: 95°C for 10 minutes (Taq Polymerase activation) followed by 40 cycles of 

95°C for 15 seconds (denaturation), and 60°C for one minute (annealing and extension). 

In order to reduce variability among replicate reactions, one cocktail mix was made 

minus cDNA samples for all reactions and pipetted at 3X volume into the first well of 

each experiment along with a 3X volume of cDNA. Aliquots of 50 pi were then pipetted 

from the first well into the two replicate wells. All primers and probes used in these 

experiments are listed in Table 1.2. The concentrations of reagents contained in TaqMan 

Universal Master Mix are proprietary to Applied Biosystems, therefore all concentration 

information for reactions are represented as ratios of X. Gapd was selected as the 

reference gene instead of other “housekeeping genes” such as I8S rRNA (RnISs) or 

cytoplasmic beta actin (Actb), as both of these genes were shown to change significantly 

in the differentiation of preadipocytes to adipocytes 151 |. Since osteoblasts, osteocytes, 

and adipocytes are all derived from mesenchymal precursors, it was decided that Gapd, a 

gene that did not change significantly in differentiation or hormonal stimulation in 

adipocytes, would be a better endogenous control.

Data Analysis

Data generated from qRT-PCR experiments is based on measurements of the 

fluorescence signal of unquenched 6-FAM or VIC fluorophores plotted versus PCR cycle 

number. During PCR, fluorescence intensity increases in an exponential manner with 

each cycle and any attempt to infer the starting copy number of cDNA must account for 

this when using these fluorescence measurements |52). The following formula describes 

this behavior, where X„ is the number of target molecules at cycle n, X0 is the initial
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Table 1.2 Quantitative Real-Time PCR Primer / Probe Sets
Quantitation of gene expression was accomplished through the use of two types of assays for real-time PCR. Messenger RNA 
sequences were analyzed for exon-exon junctions and these sequences were submitted to the Applied Biosystems Assay by Design 
Service for the synthesis of compatible primer / probes sets. When assays could not be developed that encompassed exon-exon 
junctions, assays were designed to target the 3’ half of the message, so as to maintain accuracy. These sequences are known and 
reported below. The other assay type was purchased from the Applied Biosystems Assays on Demand Service, which only provides 
adjacent sequences for each assay. Assay product numbers are provided for these primer / probes sets. All primer / probe sets used 
primer concentrations of 0.9 pM and probe concentrations of 0.35uM.

G e n e F o rw a rd  P r im e r  S e q u e n c e R e v e rs e  P r im e r  S e q u e n c e P ro b e  S e q u e n c e R e p o r te r Q u e n c h e r
A c c e s s io n

N u m b e r
E x o n B a s e s

M o u s e
C h r o m o s o m e

F o s G C A T G G G C T C T C C T G T C A A  G G C A C T A G A G A C G G A C A G A T C C A C A C A G G A C T T T T G C 6 -F A M M G B N F Q N M _ 0 1 0 2 3 4 1 - 2 116 - 174 12

G a p d T C A A C G G G A A G C C C A T C A C  G C C T C A C C C C A T T T G A T G T T A G T T C G C T C C T G G A A G A T G V IC M G B N F Q N M _ 0 0 8 0 8 4 4 2 4 6  - 3 09 19

N o s 3 G C T G G G C C C T C T G C A C T A C  C T G G A T C T C C C G C C T T G A G C C A C G T G G A T G A G C 6 -F A M M G B N F Q N M _ 0 0 8 7 1 3 22 2 9 0 5  - 2 9 6 9 5

P tg s 2
T G T T G A G T C A T T C A C C A G A
C A G A T T G T G T A C A G C A A T T G G C A C A T T T C T T C C C C A G C A A C C C G G C C A G 6 -F A M M G B N F Q N M _ 0 1 1198 8 - 9 1348  - 1416 1

G e n e
A s s a y s  o n  D e m a n d  P r o d u c t  

N u m b e r
A p p ro x im a te  L o c a t io n  o f  A s s a y R e p o r te r  Q u e n c h e r

A c c e s s io n
N u m b e r

E x o n s
M o u s e

C h r o m o s o m e

C a tn b M m 0 0 4 8 3 0 3 3 _ m 1 T T G T A G A A G C T G G T G G G A T G C A G G
C

6 -F A M M G B N F Q N M _ 0 0 7 6 1 4 7 - 8 9

E la v i l M m 0 0 5 1 6 0 1 1 _ m 1 A T C A G A C C A C A G G T T T G T C C A G A G
G

6 -F A M M G B N F Q N M _ 0 1 0 4 8 5 3 - 4 8

F o s M m 0 0 4 8 7 4 2 5 _ m 1 T  G T  C A A C A C A C A G G A C T T T T G C G C A 6 -F A M M G B N F Q N M _ 0 1 0 2 3 4 1 - 2 12

N o s 1 M m 0 0 4 4 0 4 8 5 _ m 1 G G C C A C A T  C G G  A T T T  C A C T T G C  A A G 6 -F A M M G B N F Q N M _ 0 1 0 9 2 7 4 - 5 11

N o s 2 M m 0 0 4 3 5 1 7 5 _ m 1 C A A A G G G A A C C T C A G G T C G G C C A T
C 6 -F A M M G B N F Q N M _ 0 0 8 7 1 2 6 - 7 5

P itx 2 M m 0 0 4 4 0 8 2 6 _ m 1 T  C C A G C C C T  G A A G T C G C A G A G A A A  
G 6 -F A M M G B N F Q N M _ 0 1 1 0 9 8 2 - 3 3

V c l M m 0 0 4 4 7 7 4 5 _ m 1 C T C A C T C C C C A G G T C A T C T C C G C T G 6 -F A M M G B N F Q N M _ 0 0 9 5 0 2 14 - 15 14

V e g fa M m 0 0 4 3 7 3 0 4 _ m 1 C C A C C A T G C C A A G T G G T C C C A G G C
T 6 -F A M M G B N F Q N M _ 0 0 9 5 0 5 1 - 2 17



number of target molecules, Ex is the efficiency of target amplification, and n is the

number of cycles:

x„ = x,/1 + Evr

In order to determine changes in gene expression between experimental and control 

samples, the Comparative Threshold Cycle (CT) method of data analysis was used. 

Briefly, amplification plots for the PCR reactions were examined to determine if the 

threshold setting selected by the ABI 7000 SDS software was appropriate or it needed to 

be adjusted to either remove background noise or increase sensitivity at the geometric 

(exponential) phase of PCR. Once this was accomplished, the software re-analyzed the 

data and it was exported to a Microsoft Excel workbook for further data analysis. In the 

Excel workbook, data was arranged into sample identity, target gene identity, target gene 

threshold cycle, reference gene identity, and reference gene threshold cycle. From this 

data, the delta threshold cycle (|3CX), a unitless number, was calculated for each PCR 

reaction using the following formula:

(target CT) -  (reference Cx) = (|3CX)

Once each sample was assigned a delta threshold cycle, the three replicates for each 

sample were averaged to give a mean delta threshold cycle (mean |3CX). Along with this, 

a single average for all controls in each experiment was calculated, the mean control delta 

threshold cycle. The mean control delta threshold cycle in each experiment was then
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subtracted from mean experimental delta threshold cycle values, including control 

samples to give the delta delta threshold cycle (|3|3CT). The formula for this is:

(mean experimental (3CX) -  (mean control |3Cr) = ((3(3CX)

Finally, the delta delta threshold cycle values were converted to linear values for 

statistical analysis using the following formula:

2 |!|,< 1 = fold difference from control

The fold difference values were then combined in a table and analyzed using one way 

analysis of variance (ANOVA) followed by Bonferroni T tests with the statistical 

software package SPSS (SPSS Inc., Chicago, IL, USA) to determine statistically 

significant changes in gene expression.

Nitrite and Nitrate Quantitation

As stated previously, NO has a very short half life both in vivo and in vitro, due to its 

rapid conversion to nitrite and nitrate. In cell culture conditions, nitrite has been shown 

to be the predominant end product of NO (531, while in vivo, interaction with hemoglobin 

and NO metabolites result in nitrate being the major product [541. In order to get a total 

picture of NO production in cell culture medium, both products were measured |55|. 

Culture medium samples taken from pulsatile fluid flow experiments were analyzed for
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total nitrate and nitrite using the Nitrate/Nitrite Colorimetric Assay Kit (Cayman) 

according to the manufacturer’s recommendations. Briefly, 80 pi of each media sample 

as well as standard curve samples was added in triplicate to wells of 96-well microtiter 

plates. Conversion of media nitrate to nitrite was accomplished by the addition of 10 pi 

of nitrate reductase solution and 10 pi of enzyme cofactor solution and incubation at 

room temperature for one hour. Conversion of media nitrite into a deep purple azo 

compound was accomplished by the addition of 50 pi of both Greiss Reagent 1 and 

Greiss Reagent 2 and incubation at room temperature for 10 minutes. Plates were read at 

540 nm on an automated plate reader and exported in a comma-delimited file. This data 

was manually entered into the freeware program Titri, version 5.04 (written by Gestur 

Vidarsson) for analysis.

Prostaglandin E, Quantitation

Samples of cell culture medium were taken directly from the outlet port of the flow 

chamber and immediately frozen. When flow experiments were complete, these samples 

were thawed and assayed for PGE-, content using the Prostaglandin E2 EIA Kit (Cayman) 

according to the manufacturer’s recommendations. Briefly, 50 pi of each culture 

medium sample was added in triplicate to wells of 96-well microtiter plates. Each well 

was coated in goat polyclonal anti-mouse lgG antibodies. In separate wells, samples 

containing known concentrations of PGE2 were pipetted in triplicate to produce a 

standard curve. Next, 50 pi of PGE2 tracer, which is PGE2 linked to electric eel 

acetylcholinesterase (AChE), and 50 pi of goat monoclonal anti-mouse IgG antibody 

were added. Microtiter plates were incubated at 4°C for 18 hours. The plates were
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developed by first washing with wash buffer five times and then adding 200 pi of 

Ellman’s Reagent to each well. Ellman’s Reagent contains two components: 

acetylthiocholine and 5,5’-dithio-b/5-(2-nitrobenzoic acid). Hydrolysis of 

acetylthiocholine by AchE produces acetone and thiolcholine. Thiolcholine reacts 

nonenzymatically with 5,5’-dithio-6/x-(2-nitrobenzoic acid) to produce 5-thio-2- 

nitrobenzoic acid, which has a strong absorbance at 412 nm. The plates were incubated 

in the dark at room temperature for 90 minutes and then read at 412 nm on an automated 

plate reader. The intensity of the yellow color was inversely proportional to the 

concentration of free PGE2 in each sample. This resultant data was exported in a comma- 

delimited file and was manually entered into the above-mentioned freeware program Titri 

for analysis.

NO and PGE, Assay Data Analysis

In order to relate changes in NO or PGE2 in fluid flow experiments, which use six slides 

in 500 ml of culture medium, to changes in static cultures or post-flow cultures, which 

use three slides in 20 ml culture medium, concentrations of NO or PGE2 in each sample 

were multiplied by the volume of culture medium in the experiment at the time of 

sampling, and then divided by the number of slides. This normalized all samples to a 

common variable: amount of NO or PGEo produced per slide.
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Chapter 2

Patterns of Prostaglandin-Endoperoxide Synthase 2 
Expression in Osteogenic Cells Following Mechanical

Stimulation
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BACKGROUND

Bone Adaptation Theory

The mammalian skeleton has evolved to be exquisitely suited to function in structural

support for muscles, in protection of internal organs, and as a reservoir for mineral

homeostasis. It is capable of detecting changes in mechanical loading and adapting to

these changes to maintain the most structurally efficient bone mass. Three hundred years

ago, Galileo Galilei first recognized this when he wrote:

It would be impossible to fashion skeletons for men, 
horses, or other animals which could exist and carry out 
their functions proportionately when such animals were 
increased to immense height -  unless the bones were made 
of much harder and more resistant material than the usual, 
or were deformed by disproportionate thickening |56|.

Galileo was saying increased bone size alone is not sufficient to respond to increased 

load, but rather a better bone must be fashioned to perform under additional strain. This 

would include thickened cortices and a more dense material. It would take another 200 

years for this mechanism to be elucidated. In his study of the proximal end of the femur, 

Julius Wolff identified that the internal architecture of bone, the trabeculae, could be used 

to map tension and compression trajectories. With this information, he was able to come 

to the following conclusions:

Bone shape cannot be explained by the elasticity, 
compressibility, and extensibility of bony tissue.
The shape of bone is determined only by the static stressing 
for which bone is pre-programmed or, in other words, by its 
function.
Only static usefulness and necessity or static superfluity 
determine the existence and location of every bony element 
and, consequently, of the overall shape of the bone. 
Apposition, interposition, shrinking, atrophy, expansion, 
and resorption -  everything which can alter the shape of
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bone -  are only different particular processes which all 
express the activity and capacity of adaption of the bone at 
different ages and in different areas in normal conditions 
and after pathological alterations of the static stressing 1571.

Wolff’s Law says form follows function: the shape and size of a bone is the result of 

strains applied by muscles at insertion sites and other static forces acting over time. For 

the next hundred years very little attention was paid to mechanical loading. Instead 

attention was focused on the effector cells of bone: osteoblasts, osteoclasts, chondrocytes, 

fibroblasts, and odontoblasts 1581. However, in 1965, bone biologists started meeting at 

the University of Utah for an annual multidisciplinary Hard Tissue Workshop where a 

collection of observations and theories were generated that were later called the Utah 

Paradigm. The most important of these was the Mechanostat Theory put forth by Harold 

Frost 1591, which states:

Bone mass fits the typical mechanical usage of healthy 
skeletons in a special sense: the mass can be over adequate 
but never inadequate. That implies some mechanism(s) 
monitors the mechanical usage of bone and makes its 
biologic mechanisms correct serious misfits between that 
mass and its mechanical usage |60|.

During normal physical activity the application of force to bone results in deformation. 

Due to the viscoelastic properties of bone, when the force is removed, the bone returns to 

its normal shape. The change in bone length during deformation divided by the original 

bone length is defined as the strain (|3), where a 1% change in length is equal to 10,000 

microstrains (p|3). Frost proposed that during skeletogenesis, bone is built to a sufficient 

mass so as to withstand repeated mechanical strains in the range of 100 to 1,000 p|3 

without the need for adaptation, which he called the adapted window (AW). When the
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mechanosensing mechanism in bone detects strains above the range of 1,000 to 1,500 p|3, 

which he called the minimum effective strain (MES), remodeling is inhibited and 

lamellar bone formation begins. This response occurs at magnitudes of strain up to 

approximately 3,000 p|3, which Frost called the mild overload window (MOW). From 

3,000 p|3 to approximately 25,000 p(3, the point of gross bone fracture, bone begins to 

accumulate microdamage and woven bone formation predominates, as the need for rapid 

bone formation is critical to prevent gross fracture. Frost called this range the pathologic 

overload window (POW). In both the MOW and POW, initial bone formation is rapid, 

but subsides as the amount of detectable strain returns to the acceptable limits of the AW. 

In a similar pattern, when peak detectable strains are less than 100 p(3, which Frost called 

the disuse window (DW), bone remodeling with a negative bone balance is stimulated 

until detectable strain levels fall within the AW. The end result is skeletal architecture 

that possesses the least bone necessary to resist mechanical strain 1611 (Figure 2.1).

In recent years, a series of papers by Turner et al. have helped to elucidate the mechanism 

of mechanotransduction [62, 631. According to Turner, mechanotransduction occurs 

through four steps: mechanocoupling, biochemical coupling, signal transmission, and 

effector cell response. The first of these steps, mechanocoupling, is the physical 

transduction of inorganic mineralized matrix deformation to a form that can be detected 

by bone cells. The second step, biomechanical coupling, is the conversion of mechanical 

stimuli to intracellular signaling, and ultimately, changes in gene expression and protein 

synthesis. The third step, signal transmission, is the conduction of biochemical signals 

from mechanoreceptive cells to effector cells. The final step, effector cell response, is
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Figure 2.1 Physiologic ranges of strain that determine bone modeling and remodeling
Chronic mechanical loading between 0 and 100 pa called the disuse window (DW). results in bone remodeling with a negative bone 
balance. Mechanical loading between 100 and 1.000 pa called the adapted window (AW) results in bone remodeling with a neutral 
bone balance. Mechanical loading between 1,000 and 3,000 pa  called the mild overload window (MOW), results in bone remodeling 
with a positive bone balance with independent modeling that takes the form of lamellar bone formation. Mechanical loads between 
3,000 and 25,000 pa when bone fractures (FX), fall into the pathologic overload window (POW), where woven bone formation 
predominates and remodeling halts. Adapted from Frost [611.



either the synthesis of new mineralized matrix by osteoblasts or the resorption of bone by 

osteoclasts.

Bone Adapts to Mechanical Loading ( In V ivo  Studies)

Humans

Examples of bone’s responsiveness to mechanical strain in normal human activities are 

numerous and quite varied. In 1969, King et al. demonstrated increased cortical 

thickness in the distal humeri and diminished olecranon fossae volume in the throwing 

arms of 50 major- and minor-league professional baseball pitchers 1641. Since then, there 

have been many numerous studies looking at changes in bone density in athletes of 

varying sports. Similar to baseball pitchers, tennis players also exhibit unilateral humeral 

and radial hypertrophy in their dominant arms, showing increases in cortical thickness as 

high as 38% and BMD as high as 25% 165-691. Figure skaters exhibited increased 

femoral (5.5%) and pelvic (11%) BMD |70|. Professional ballet dancers were found to 

have increased BMD in the lower extremities of females and the hips of males |7I|. 

Several studies examined differences in BMD between top athletes from different sports. 

Two studies found that weight lifters possess the highest BMD in female athletes [72-74|, 

while rugby players were found to have the highest BMD in male athletes |75|. Male 

powerlifters have been the subject of several papers, demonstrating up to 20% increases 

in spine BMD (L2-L4), which are retained well through the sixth decade of life, 

regardless of whether the activity is maintained |76-78|. One of the most interesting 

papers looked at the spine BMD of the current world record holder for the squat lift. The 

subject was able to lift 469 kg, which subjected his lumbar spine to a compressive force
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of 36,191 Newtons (N), the result of which was a BMD of 1.973 g/cnr and a T-score of 

+7.87 1791.

Vertebrate Animals

While the above observations in humans have shown that bone is responsive to loading, 

they have been difficult to repeat due to genetic and physical differences between 

individuals. In addition, it is very difficult to maintain subjects on very vigorous exercise 

schedules for long periods of time. In order to remove these confounding factors, a large 

portion of current mechanical loading research utilizes laboratory animals. The first such 

study in 1969 involved subjecting rats to bipedal running for 2,000 meters per day for 10 

to 50 days, resulting in increased femoral bone volume and resistance to fracture (801. 

Since this first study, in vivo mechanical loading methods have become significantly 

more complex, and have evolved into two main methods. The first of these two methods 

is axial loading, most commonly of the ulna, but other long bones such as the radius and 

tibia have been used as well. In axial loading, compression is directed along the long axis 

of the bone, mimicking normal anatomical loading. In order to accomplish this, either 

the bone is isolated by parallel osteotomies at the proximal and distal ends and 

compression is applied directly to the ends of the bone 181-871 or mechanical load is 

applied through the skin to the flexed carpus and the olecranon process 188-931. Rubin 

and Lanyon were able to show that the peak longitudinal strain applied to rooster ulnae 

during wing flapping was 1,900 p(3. Following parallel osteotomies, they subjected the 

ulnae to four 0.5 Hz cycles of 2,050 p|3 per day for 42 days, which was enough to 

maintain bone mineral content. Application of this same amount of strain for 36, 360, or
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1,800 cycles per day produced a woven bone response by day 28 and lamellar bone by 

day 35. At day 42, there was an approximately 40% increase in bone mineral content, 

while unloaded bones lost 12% [81 |. In a different study Rubin and Lanyon found that 

turkey ulnae were routinely subjected to 3,000 p|3during wing flapping. They subjected 

these ulnae to 100 cycles of strain at a frequency of I Hz for eight weeks and discovered 

that applied strains of 1,000 p|3 or less resulted in increased bone remodeling and bone 

loss. Strains greater than 1,000 u(3 up to 4,000 p|3 resulted in periosteal bone formation 

1821. A later study by Rubin et al. looked at the response of turkey ulnae to axial and 

torsional loading. They found that application o f-1,000 p|3of axial or torsional strain for 

500 cycles at 0.4 Hz maintained bone mass, while unloading again resulted in a 12% loss 

of bone mass [831. Lanyon and colleagues showed that axial loading of rat fibulae 

stimulates the activity of glucose 6-phosphate dehydrogenase (G6PDX) and alkaline 

phosphatase 1 (AKPI) in periosteal osteoblasts and G6PDX in osteocytes |88|. When 

they dropped rats from a height of 30 cm, they detected ulna strains of 2,500 p|3. They 

then subjected rat ulnae to strains of 500 to 4,000 p|3 at a frequency of 2 Hz for 1,200 

loading cycles per day on days 1-5 and 8-12 inclusive. In response to these stimuli, there 

was a net decrease in periosteal bone formation at 500, 1,000, and 2,000 p|3 and an 

increase in periosteal lamellar bone formation at 3,000 and 4,000 p|3 191 |. Using these 

same conditions, Noble and colleagues showed in a later paper that these upper strains 

reduce the number of apoptotic osteocytes in the cortex, while osteocytes exposed to 

lower levels as well as those exposed to supraphysiologic levels of strain (8,000 p(3) 

showed increased osteocyte apoptosis [89], Robling and Turner subjected mouse ulnae 

of three different inbred mouse strains to mechanical loads of 0.95 to 3.3 N. One of the

37



mouse strains, C3H/He, did not produce an osteogenic response below 2,392 p|3 and

continued to respond with lamellar bone formation at over 4,000 p|3|92|.

The other main method of in vivo mechanical loading, four-point bending, involves the 

application of load perpendicular to the long axis of the bone, inducing lateral bending 

194-991. Using this method, Turner et al. showed the endosteal lower threshold of 

lamellar bone formation to be around 1,050 p|3 in rat tibiae. Above this threshold, 

lamellar bone formation increased in a linear fashion with increased applied load 

magnitude. In addition, they found that there was a significant woven bone response at 

the periosteum at all levels of strain, possibly due to the direct pressure of the bending 

device 1941. Forwoood et al. applied loads of 31 to 65 N for 36 or 360 cycles at a 

frequency of 2 Hz for a single loading period to monitor the time course of bone 

formation in response to mechanical loading. They found that loads over 52 N 

significantly increased endosteal and periosteal lamellar bone formation compared to 

lower loads and that loading duration had no effect [951. In a subsequent study, they 

subjected rats to 33 to 64 N of load at a frequency of 2 Hz for 36 cycles per day for 15 

days. They found that there was no difference in endosteal bone formation at or below 

40 N (1,804 p[3at the periosteum) from nonloaded controls, while above 40 N, endosteal 

lamellar bone formation increased in a linear fashion with load up to 60 N (2,664 p|3 at 

the periosteum). In addition, there was a significant woven bone response above 40 N as 

well [961. Akhter et al. performed four-point bending on mouse tibiae from two inbred 

strains of mice: C57BL/6J, which possesses low bone mass and C3H/HeJ, which 

possesses high bone mass. Both were subjected to 9.3 N for 36 cycles per day, at a
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frequency of 2 Hz for two weeks. Identical loads resulted in different amounts of strain 

due to the differences in bone mass: the C57BL/6J mice were subjected to 3,988 p|3, 

while the C3H/HeJ mice were subjected to 5.121 p[3. At these magnitudes of strain, 

woven bone accounted for almost all of the bone formation on the periosteal surface. On 

the endocortical surface, only the C57BL/6J strain demonstrated an increase in lamellar 

bone formation [991.

Modulators of Mechanotransduction

While the mechanosensitivity of bone is clearly demonstrated in these examples, it is not 

absolute. Frost’s theory states that the responsiveness of bone to mechanical loading is 

modulated by a number of additional factors, some of which are hormonal status, 

exposure to microgravity, and genetic predisposition.

Hormonal Status

Following ovariectomy, rats have demonstrated increased osteoclast activation and bone 

resorption on the endosteal surface of load bearing bones. At the same time, bone 

formation was stimulated on the periosteal surface, resulting in no net change in cortical 

bone mass, but a general widening of the long bones [ 100|. Trabecular bone in the long 

bones and vertebrae is also actively resorbed following ovariectomy, but subsequent bone 

formation at these sites is significantly less than the amount removed, producing a 

negative bone balance [ 1011. This negative bone balance is seen within 14 days 

following ovariectomy and stabilizes by 100 days |102J. Pharmacologically induced 

menopause with the drug buserelin produced similar results in rats by four weeks, but this
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bone loss was reversed within four weeks after withdrawal of the drug 11031. The 

mechanism by which estrogen deficiency results in bone loss has not been fully 

elucidated, but it is known that estrogen inhibits osteoclastogenesis and osteoclast 

function. In the absence of estrogen, unopposed circulating cytokines stimulate 

osteoclastogenesis, leading to bone loss 11041. Slemenda et at. showed that serum 

estrogen levels in pre- and post menopausal women correlated well with rates of bone 

loss 11051. An interesting corollary to this is that load-bearing exercise has been shown to 

help prevent postmenopausal bone loss. In one study, postmenopausal women who 

engaged in one hour of walking or jogging three times per week for nine months 

increased their lumbar vertebral bone mineral content (BMC) by 5.2% while sedentary 

controls lost 1.4%. BMC continued to increase when exercise was continued (6.1% 

increase after 22 months), but was lost if exercise was discontinued 11061. Another study 

found that femoral neck and lumbar spine BMD increased 0.9% and 1.0%, respectively, 

and whole body BMC remained the same when postmenopausal women participated in a 

52 week high-intensity strength training regimen | 107], Exercise, however, is not always 

beneficial to the skeleton. A situation similar to postmenopausal bone loss can occur in 

female athletes who suffer from amenorrhea secondary to intense exercise. Compared to 

eumenorrheic athletes, amenorrheic athletes were shown to have significantly lower bone 

density in the lumbar vertebrae |108|. A similar study found that while eumenorrheic 

athletes possessed lumbar bone density 10% higher than age-matched controls from the 

Lunar database, the bone density of amenorrheic athletes was even lower than sedentary 

controls 11091. A follow-up study of amenorrheic athletes found that 15.5 months later,
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those athletes that had regained menses increased their vertebral BMD by 6.3%, while 

those athletes who remained amenorrheic continued to lose bone (-3.4%) | I 101.

Microgravity

The effect of unloading on normally load-bearing bones is rapid bone loss, both in long

term bed rest and in microgravity. When healthy men were subjected to 17 weeks of 

constant horizontal bed rest, they demonstrated statistically significant losses in BMD at 

the lumbar spine, greater trochanter of the femur, femoral neck, and tibia, with the 

greatest loss in the calcaneus (10.4%). While returning to load-bearing exercise led to 

the recovery of BMD, all of these sites were still decreased compared to baseline six 

months later. One site that did not show bone loss, but instead demonstrated gains in 

BMD was the skull (+3.2%) and tlid not return to baseline levels with reambulation 

11 I I |. In space, bone loss has been shown to be even more severe. Astronauts of the 

Gemini IV, V, and VII orbital spaceflights, lasting 4, 8. and 14 days, respectively, 

demonstrated statistically significant losses in bone mass in both the calcaneus of the left 

foot and the distal phalanx of the fifth digit of the left hand 11 121. As spaceflight 

duration increases, so does the extent of bone loss. Astronauts of the three manned 

Sky lab missions demonstrated a dose-response relationship between the length of the 

period of weightlessness and bone demineralization in the calcaneus when compared to 

back-up crew members who did not fly. After five years, this bone loss had not 

recovered, but had instead continued to decline 11 131. Similar results were observed in 

Soviet cosmonauts of the Salyut-6 missions, which lasted from 75 to 184 days. In these 

experiments, bone losses of -0.9% to -19.8% were found, in a dose-response pattern as
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well 11 14]. Two cosmonauts of the EUROMIR 94 mission who spent one and six 

months in space demonstrated losses of -2.27% and -4.5%, respectively, in trabecular 

bone of the tibia and -7.74% and -13.2%, respectively, in the calcaneus, suggesting that 

bone loss is greater in load-bearing bones than non load-bearing bones [115, I 161. 

Flights of 8.9 and 14.7 days in duration aboard the space shuttle resulted in 2.5% to 3.5% 

losses in BMD in the lumbar spine. In addition, both of these astronauts demonstrated 

increases in skull BMD |l 171. Finally, eighteen cosmonauts were evaluated following 

spaceflights of 4 -  14.4 months for changes in BMD using DEXA. Bone losses of 

greater than 1% per month in space were identified in the spine, greater trochanter of the 

femur, femoral neck, and pelvis. Most interesting of this was the fact that the two 

cosmonauts who spent the longest time in space (31 I and 438 days) had significantly 

lower rates of bone loss in the spine than the rest of the subjects, indicating a decreasing 

rate of loss | 1 18, I 191, as predicted by Frost. Further confirmation of this pattern of bone 

loss was provided by Zehnder et al., who studied bone loss in men following spinal cord 

injury (SCI) 11201. They found that trabecular bone loss in the femoral neck and distal 

tibial epiphyses increased in a logarithmic fashion during the first three years following 

SCI, but then leveled off. They also found that slow cortical bone loss continued past the 

first decade following SCI.

A series of unmanned spaceflight experiments in the late 1970’s and early 1980’s 

allowed further study of the effects of microgravity on young growing rats. These 

experiments found reduced trabecular bone mass, periosteal bone formation, and 

osteoblasts in tibial and humeral metaphyses and diaphyses [121, 122]. Several methods
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have been used to attempt to recreate the unloading conditions of spaceflight in terrestrial 

in vivo experiments. Among the most common are one leg immobilization and hind limb 

suspension. One study utilizing one leg immobilization by taping the leg to the body 

demonstrated 13%, 18%. and 15% losses in bone mineral density in the distal femur at 

10, 18, and 26 weeks of immobilization. In addition a negative bone balance of 13% was 

detected at two weeks that progresses to 56% at 18 weeks and 57% by 26 weeks |123|. 

Similar bone losses have been shown with the hind limb suspension technique, where 

orthopaedic traction tape is wrapped around the proximal tail and the rat is suspended by 

this tape such that its hind limbs cannot touch the surface, but its front legs are still 

weight-bearing 11241. Using a variation of this method, LeBlanc et al. showed a 9% loss 

of bone mineral content in the femur at 60 days of suspension 11251.

Genetics

In addition to mechanical loading and unloading, a person's genetic predisposition has 

been shown to significantly affect their peak bone mass. Analysis of 250 pairs of female 

postmenopausal twins showed a strong genetic component at all skeletal sites examined, 

with estimates of heritabiIity (the proportion of bone density variance attributable to 

genetic predisposition) ranging from 0.46 to 0.84 depending on the site 11261. hi 

addition, this study found that other measures of bone such as broadband ultrasound 

attenuation of the calcaneus and hip axis length, which are associated with hip fracture, 

were also significantly affected by inheritance. When compared to a control population, 

premenopausal daughters of mothers with fractures secondary to postmenopausal 

osteoporosis were found to have significantly lower BMD at the lumbar spine, femoral
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neck, and femoral midshaft by 33%, 24%, and 15%, respectively 11271. A similar study 

found that both male and female asymptomatic relatives of patients with osteoporotic 

fractures had lower bone density than age and sex matched controls 11281. A model 

based on data collected from 129 nuclear families containing premenopausal mothers 

showed that residual variance is greater than heritability at age 8.5, but decreases until 

age 26.5, when heritability accounts for up to 84% of bone density variation. From this 

data it is clear that genetic predisposition is very important in the attainment of peak bone 

mass, a major factor in osteoporotic fracture risk 11291. While it has not been proven, it 

is not unreasonable that this variation is due to changes in bone’s mechanosensitivity or 

its responsiveness to mechanical load. In an attempt to clarify this, Akhter and 

colleagues subjected two inbred mouse strains to four-point bending to ascertain if their 

responses to mechanical loading were different from each other |99|. The two strains of 

mice represented the far spectra of bone density as the C57BL/6J strain possesses larger 

bones accompanied by larger marrow spaces, giving them low bone density and the 

C3H/HeJ strain possesses smaller bones with accompanying smaller marrow cavities, 

giving them high bone density. Contrary to their hypothesis that the C57BL/6J mice 

would be more responsive to mechanical stimulation than the C3H/HeJ mice, the low 

bone density mice were much more responsive to mechanical loading, exhibiting higher 

periosteal and endocortical bone formation as well as mineral apposition rates. Robling 

and Turner performed a similar experiment using axial loading on the previous two 

inbred mouse strains along with a third strain, DBA/2, which possesses bone mineral 

density between the first two strains. They also found the C3H/HeJ strain to be much 

less mechanosensitive than the other two strains [921.
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In attempting to elucidate the specific genes that contribute to bone, two basic approaches 

have been employed. The first approach has been to study bone as a multifactorial 

quantitative trait using linkage and association studies. Essentially many genes as well as 

environmental factors contribute to produce a skeleton that can be measured by a number 

of linear variables. In the case of skeletal biology, the traits of interest are often risk 

factors for osteoporotic fracture (BMD, bone size, ultrasound attenuation, etc). In linkage 

studies, large populations of essentially normal subjects are assessed for these traits in 

order to account for genetic heterogeneity among individuals. Large numbers of 

polymorphic markers, typically spread 5 to 10 centiMorgans (cM) apart throughout the 

genome are analyzed for each subject and the inheritance of marker alleles is then 

correlated with phenotypic information. Association studies use a similar approach, 

although the number of markers is significantly less, since the investigator chooses 

candidate genes a priori which are then compared to the phenotype 11301. This approach 

has been used extensively and many studies have shown linkage or association to specific 

regions of the genome, generating an exhaustive list of genes that potentially contribute 

to bone density [ 131J. Unfortunately, very few of the same regions or genes have been 

identified in multiple studies. Rather, each study seems to identify loci that are unique to 

the population studied 11321. Recently, however, Klein et al. narrowed the QTL interval 

on mouse chromosome 11 that linked to peak bone mass to the gene arachidonate 15- 

lipoxygenase (AIoxl5) [ 1331. This gene, which encodes an enzyme responsible for the 

conversion of arachadonic and linoleic acids to into endogenous ligands for the 

peroxisome proliferators activated receptor gamma (PPARG), was demonstrated to be 

down-regulated in mice exhibiting lower peak bone mass. Activation of this pathway in
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marrow-derived mesenchymal progenitors has previously been shown to stimulate 

adipogenesis and inhibit osteoblastogenesis 11341.

The second approach, the study of monogenic bone disease genes, has yielded 

significantly more information about both which genes contribute to bone as well as their 

function in bone |135|. For a comprehensive description of genetic diseases of the 

skeleton, see the review article by Kornak and Mundlos 11361. By far the majority of 

these diseases can be roughly grouped into three categories, although there is significant 

overlap. These categories are: diseases of mineral homeostasis, diseases of skeletal 

development, and dysfunction of bone effector cells. Endocrine regulation of serum 

calcium, phosphate, and magnesium ensures that bone modeling and remodeling can 

proceed as needed in response to mechanical loading as well as other stimuli. A disease 

of mineral homeostasis is hypocalcemia (OMIM 601 198), which can residt in 

hypercalciuria, nephrocalcinosis, and renal impairment as well as rickets. This phenotype 

can residt from mutations in either the parathyroid hormone gene (PTH) \ 137] or the G 

protein-coupled receptor, family C, group 2, member A (GPRC2A) |138|. A disease of 

skeletal development is campomelic dysplasia (OMIM I 14290), characterized by 

prenatal bowing and angulation of the long bones, hypoplasia of the scapula and pelvis, 

abnormalities of the vertebral column and ribs, and craniofacial abnormalities |139|. 

This disorder is caused by haploinsufficiency of the sex determining region Y box 9 

(SOX9) gene, which encodes a transcription factor necessary for condensation of 

mesenchymal chondrocyte precursors as well as transition of chondrocytes to 

hypertrophic chondrocytes 11401. Finally, dysfunction of bone effector cells is
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demonstrated in osteopetrosis (OMIM 259700, 166600, and 259730), which is

characterized by dense bones without a regular marrow cavity, bone-within-bone 

appearance, an increased fracture rate, hepatosplenomegaly, and cranial-nerve- 

compression that can lead to blindness and deafness 11411. In contrast to campomelic 

dysplasia, osteopetrosis results from mutations in a number of different genes, all 

resulting in defective osteoclast function. Among these genes are T-cell immune 

regulator 1 (TCIRGI) 1142, 1431, chloride channel 7 (CLCN7) 1144|, and carbonic 

anhydrase 2 (CAR2) 11451.

As these three modulating factors are described, it becomes clear that the loss of bone in 

response to microgravity is merely an attempt to maintain an efficient skeleton for its 

environment. In the case of postmenopausal osteoporosis, estrogen deficiency raises the 

adapted window setpoint, initially causing a rapid bone loss that later tapers off as the 

detectable strain approaches the AVV. In both of these conditions, there is increased 

activation of remodeling, increased bone resorption, and a negative bone balance, leading 

to a net loss of bone mass 1146J. In these examples, the mechanostat itself is functioning 

appropriately, but in the case of postmenopausal osteoporosis, the setpoint of the 

mechanostat has been changed. However in the case of the genetic conditions described 

above, this is not the case. Instead, the ability of the mechanostat to adapt the skeleton to 

its environment is inhibited. It is not that the mechanostat in the osteopetrotic skeleton 

senses the need to build a stronger skeleton, but instead, it cannot remove bone that is 

already present. Frost theorized that genetics could modulate the mechanostat, thus 

affecting bone density, but until recently, all monogenic bone disease genes lacked a
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direct correlation with the mechanostat. In 1997, Johnson et al. described a kindred

possessing an autosomal dominant inherited high bone mass phenotype (OMIM 601884) 

where the affected members possessed lumbar spine BMD Z-scores (standard deviations 

from the average BMD for age and sex-matched controls) of 5.54 ± 1.14 [301. Most 

interesting about the affected individuals was that their bones were anatomically and 

histologically normal, undergoing normal bone remodeling. In addition, their serum 

markers of bone turnover were normal as well |31|, indicating that the cause of this 

mutation was not altering effector cell function, but was modulating the mechanostat. In 

2001, Gong et al. showed that mutations in the low density lipoprotein receptor-related 

protein 5 (LRP5) gene were responsible for the autosomal recessive disorder 

osteoporosis-pseudoglioma (OPPG) (OMIM 259770), a disease characterized by 

normally shaped bones with very low bone mass and an increased propensity to fracture 

|34|. Soon after, Johnson and colleagues showed that another mutation in this same gene 

was responsible for the high bone mass phenotype as well [32). Clearly, these two 

conditions represent the far ends of the spectrum of genetic modulation of the 

mechanostat. The resorption and formation of bone by osteoclasts and osteoblasts, 

respectively, still occurs and their activity is still synchronized in ARF cycles, but the 

magnitude of strain required to activate modeling or remodeling has been changed. The 

HBM skeleton is the result of the AW being set lower than normal, while the OPPG 

skeleton is the result of it being set too high.
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I n  Vi t r o  Mechanical Loading Techniques

While the above studies have clearly shown that increased mechanical loading results in 

increased bone mass and decreased mechanical loading produces decreased bone mass, 

the mechanism by which this occurs is still unknown. Part of the problem in elucidating 

the mechanism is that bone itself is a very complex structure and identification of cellular 

mechanisms is exceedingly difficult to observe in vivo. To this end, several methods 

have been developed in the last sixty years to allow direct observation of the response of 

bone organ cultures and bone cell cultures to mechanical loading.

Organ Culture

The first in vitro experiments studying mechanosensation utilized bone organ cultures 

and were performed by Gliicksmann in 1939. These rather ingenious experiments 

utilized embryonic chick femora, tibiae, and metatarsals that were implanted between a 

pair of explained embryonic ribs on top of the attached intercostal muscles in culture 

medium. Over a period of days, the ribs compressed the bone cultures as the intercostal 

muscles degenerated, pulling the ribs together. In addition, he plated embryonic chick 

long bone rudiments in different configurations such that as they grew in culture, they 

would induce compressive forces on each other, allowing him to observe changes in 

cartilage and bone formation 1147, 1481. Bassett and Herrmann subsequently examined 

the effects of bending embryonic chick bone cultures around silicone rods in varying 

oxygen concentrations to observe both mechanical and electrical stimulation 11491. 

While these novel studies allowed direct observation of bone formation in response to
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mechanical strain, the magnitude and duration of these strains were not calculable and 

therefore, could not be compared to in vivo data.

Subsequent experiments have utilized known mechanical forces to stimulate organ 

cultures and have been much more descriptive in their responses. Rodan el al. utilized 

16-day old embryonic chick tibiae that he exposed to 60 g/cnr for fifteen minutes (which 

he called physiological magnitude) to show that bone cells of the epiphyses decrease 

intracellular adenosine 3’,5’ cyclic monophosphate (cAMP) and guanosine 3’,5’-cycIic 

monophosphate (cGMP) concentrations in response to mechanical loading 1130]. Meikle 

et al. developed a method of applying a mechanical stress of 30 grams to cranial suture 

explants of rabbit pups, stimulating protein synthesis 11511. Copray et al. applied 

continuous or intermittent (0.7 Hz) compression at magnitudes of three (continuous) to 

eight (intermittent) grams to 4-day old rat mandibular condyles for five days and 

observed increased matrix production and AKP1 activity in response to intermittent 

compression, and decreased matrix production and AKPI activity in response to 

continuous compression 1152-1541. Using 16-day old mouse metatarsal rudiments, 

calvariae, and long bone rudiments, Klein-Nulend et al. were able to show that 

intermittent (0.3 Hz) compression of 13 kPa for five days resulted in increased matrix 

mineralization, AKPI activity, 4\)a  incorporation into bone mineral, and sulfation of 

cartilage matrix proteoglycans [ 155-1571. Most recently, El Haj et al. used adult canine 

distal femur cancellous core biopsies to examine the effects of mechanical loading. 

While being maintained in circulating culture medium, the biopsies were subjected to an
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intermittent (1 Hz) compression of 5,000 p(3 for 15 minutes, resulting in increased 

G6PDX in bone lining cells and increased RNA synthesis in osteocytes 11581.

The advantage that bone organ cultures offer is that the three-dimensional nature of bone 

is maintained in an in vitro system. When bone is subjected to mechanical load, the cells 

within interact not only with each other, but also with the extracellular matrix, mineral, 

and fluid. In fact, it is the acellular component of bone that actually carries the 

mechanical stimulus to the cells. Unfortunately, this benefit is also a significant 

hindrance to our understanding of mechanosensation. In addition to osteoblasts, 

osteocytes, osteoclasts, bone lining cells, and chondrocytes, these explants also contain 

hematopoeitic, nerve, and vascular cells, making the analysis of cellular responses to 

mechanical stimulation difficult to interpret.

Hydrostatic Compression

In a similar manner as they performed with tibiae explants, Bourret and Rodan subjected, 

resting, proliferative, and hypertrophied chondrocytes isolated from 16-day old chick 

embryonic tibiae epiphyses to continuous or intermittent hydrostatic compression of 6 

kPa for 15 minutes. The result of this study showed that accumulation of cAMP within 

proliferative chondrocytes was decreased while cGMP levels were increased and that the 

levels of cAMP did not change in hypertrophic chondrocytes while their cGMP levels 

were decreased. In addition, this response could be mimicked by the addition of the 

calcium ionophore A23187 11591. Similar studies were performed by Veldhuijzen et al., 

who showed that intermittent (0.3 Hz) compression of the gas above the cell culture
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medium to 13 kPa increased cAMP levels and matrix synthesis, while decreasing 

ornithine decarboxylase (ODC) activity and DNA synthesis in chick embryonic tibiae 

epiphyseal proliferative chondrocytes 1160, 1611. Hydrostatic compression was initially 

used with organ cultures and was later used to stimulate isolated bone and cartilage cells. 

Unfortunately, there is no clear evidence that there is a correlation between those stimuli 

felt by cells in vivo and those utilized in this method. Also, it is very difficult to relate 

hydrostatic compressive forces on the cell membrane to either the strain of the 

extracellular matrix or the shear force of the bone fluid.

Substrate Deformation

As discussed above. Frost’s mechanostat theory predicted that strains between 100 and

1,000 pP provide sufficient stimulation to maintain bone mass. Stimuli producing strains 

less than 100 pP would be expected to result in bone loss while strains above 1.000 up 

would result in increases in bone mass [61 ]. As osteoblasts and osteoclasts on the bone 

surface and osteocytes within the bone are attached to the extracellular matrix by 

adhesive proteins, these strains are thought to be transmitted to these cells, resulting in 

cellular deformation and ultimately, mechanotransduction. In an effort to mimic this 

effect in vitro, a number of techniques have been developed that subject cultured cells to 

mechanical strain by deformation of their substrata.

The first of these techniques was developed by Harell and colleagues who subjected ten- 

day old embryonic rat periosteal bone cell cultures to static strains of 5,000 to 10,000 pP 

for periods of 60 to 90 minutes. This was accomplished by applying an orthodontic
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screw device attached to two acrylic pieces to the bottom of plastic Petri dishes. By 

turning the screw 180°, the growth surface of the dish was geometrically deformed. 

Using this technique, they were able to show a five fold increase in prostaglandin E2 

(PGE2) secretion within 20 minutes and a four-fold increase in intracellular cAMP within 

15 minutes of stimulation 1162-1641. In a similar fashion, Murray and Rushton plated 

four-day old mouse calvarial cells on tissue culture-treated permanox or gold-coated 

polycarbonate slides. The slides were subjected to intermittent tension strains of 3,000 to

41,000 pf> at a rate of 10,000 irfVs for 1.5 hours for permanox and 5 hours for 

polycarbonate. A biphasic dose-response was observed between strain magnitude and 

PGE2 secretion. The first peak in PGE2 was observed at 7,000 u(3, which was followed 

by a trough at 14,000 p|3and a second peak at 28,000 u|3and above. Within 12 hours of 

the end of stimulation, PGE2 release had returned to control values and no difference was 

noted between different strain frequencies 11651. In a follow-up study, they demonstrated 

an apparatus capable of subjecting six of the permanox or polycarbonate slides to tension 

strain magnitudes of 1,000 to 6,000 u|3. Using this new apparatus, they showed the 

stimulation of proliferation at 1,600 p|3and PGE, secretion at 4,000 p(3 in primary human 

osteoblast cells, although these responses were variable between human donors of 

different sexes and ages 11661.

Since four-point bending is used in vivo to mimic physiologic levels of mechanical load, 

a few groups have used this same technique to stimulate cultured bone cells. To do this, 

cells are plated on either plastic strips or plastic Petri dishes and the substrates are 

subjected to four-point bending, resulting in strain. Pitsillides et al. subjected embryonic
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chick osteocytes and rat long bone-derived osteoblasts plated on plastic strips to 3,800 p(3 

at a frequency of I Hz for ten minutes. In response, they found that the osteoblasts 

demonstrated a four fold increase in medium nitrite that returned to control levels by 40 

minutes post-strain. The osteocytes, on the other hand, showed a 12 fold increase in 

medium nitrite that returned to normal immediately after the cessation of mechanical 

strain | I67|. They later showed that this production of NO was the result of nitric oxide 

synthase 3 (NOS3) activity in both cell types |93|. Further studies from this group using 

the same method demonstrated increased PGE production and G6PDX activity 

immediately following mechanical strain and increased expression of insulin-like growth 

factors I (Igfl) and 2 (Igf2) eight hours later in rat long bone-derived osteoblasts 11681. 

Owan et al. plated MC3T3-E1 clonal osteoblast-like cells on collagen-coated vinyl plates 

within Petri dishes and applied four-point bending to the dishes, resulting in compression 

strains of 1,390 to 5,640 p|3, inducing the expression of secreted phosphoprotein 1 (Sppl) 

1169J. A later paper by the same group showed that strain-induced PGE2 production was 

potentiated by concomitant treatment with PTH and that this response was mediated by 

increases in intracellular calcium, as it was prevented by treatment with gadolinium 

1170|.

Probably the most common method of substrate deformation used to stimulate cultured 

bone cells has been through the use of flexible bottom plates, which allows for 

significantly higher strain magnitudes. The earliest of these studies was performed by 

Hasegawa et al., who used 50 mm Petriperm culture dishes placed over a curved platen, 

similar to an overturned watch glass. By placing weights on top of the dish’s lid, they
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were able to induce stretching of the flexible surface, producing a strain magnitude of

20,000 pjl In response to two hours of strain, they showed that rat calvarial cells 

increased proliferation, | T11 proline and leucine incorporation, and noncollagenous 

protein synthesis |171|. Using this same method, Sandy et al. were able to show 

increased production of two unidentified bone resorption-signaling factors |172] as well 

as increased intracellular concentrations of cAMP and inositol 1,4,5-trisphosphate (IP3) in 

mouse calvarial cells and UMR-106 rat osteosarcoma cells 11731 following strain 

application. As recently as 2002, this same method has been used to demonstrate the 

increased expression of FBJ osteosarcoma oncogene (FOS) and jun oncogene (JUN) 

following mechanical stimulation in human periodontal ligament osteoblastic cells 11741. 

While this method has been used in several experiments, the inability to vary control of 

strain magnitudes is a major drawback and as such, the majority of experiments using 

flexible bottom plates have used the Flexcell system designed by Banes et al. in 1985 

[ 175|. This system consists of six-well plates with flexible bottoms that are placed on a 

computer-controlled vacuum manifold that stretches the substrate downward, thus 

imparting strain to the cell monolayer. Using this system, Mikuni-Takagaki et al. were 

able to subject rat calvarial cells to 4,000 pi[3 at a frequency of 0.017 Hz for 24 hours. In 

response they found increased levels of cAMP, 1GF1, bone gamma carboxyglutamate 

protein 1 (BGLAP1), and mineralization |176|. Follow-up studies by this group showed 

increased Fos, prostaglandin-endoperoxide synthase 2 (Ptgs2), Igf'l, and BglapI mRNA 

concentrations 11771, as well as the potentiation of calcium-modulated Igfl induction by 

PTH in rat calvarial osteocytes and chick osteocytes 11781, respectively, following 

mechanical stimulation at 2,000 and 4,000 u|l In response to mechanical strains as high
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as 50,000 p[3for two or 24 hours, ROS 17/2.8 and UMR-106 clonal osteoblast-like cells

showed increased dye coupling via gap junctions through the modulation of intracellular 

gap junction membrane channel protein alpha I (GJAI) localization 11791. When 

primary human bone marrow stromal cells were subjected to 70,000 p(3at a frequency of 

0.05 Hz for 48 hours, they formed irregular plaques of integrins alpha v (ITGAV) and 

beta 3 (ITGB3) at the cell surface. In addition, co-localization of transglutaminase 

(TGM) at these plaques facilitated focal increases in mineralization through the action of 

secreted SPPI 11801. Human fetal osteoblast cells subjected to mechanical strain 

displayed a differentiation-dependent response of apoptosis, regardless of strain 

magnitude (4,000, 9,000, and 25,000 p|3). Early osteoblasts (7-day cultures) showed 

increased apoptosis, while more mature osteoblasts (II-14-day cultures) showed no 

change in apoptosis and mature osteoblasts (over 14-day-cultures) actually showed 

increased proliferation 11811.

Finally, a number of other techniques that do not fall into one of these categories have 

been used to demonstrate the sensitivity of bone cells to mechanical strain. One such 

study subjected embryonic chick epiphyseal chondrocytes to mechanical strain. What 

was interesting about this was that there was no substrate to stretch. Rather, the cells 

were grown until they formed a multilayered culture five to eight cells thick connected by 

extracellular matrix secreted by the cells. The cells were then directly stretched between 

two clamps, producing a strain of 55,000 p(3 at a frequency of 0.2 Hz for a period of 24 

hours, resulting in increased incorporation of, [ Tl| thymidine, 35S04, and l4C-glucosamine 

(GNE), as well as increased intracellular cAMP | 1821. A similar approach was used by
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Yell and Rodan, who plated fetal rat calvarial cells on 45 pm thick collagen ribbons. 

These ribbons were subjected to 50,000 to 100,000 p(3 eight times over two hours, 

resulting in a 3.5-fold increase in PGE2 secretion 11831. Another method involved the 

use of increased nitrogen gas pressure within flexible bottom culture dishes. This method 

was shown to induce strains from 15 to 3,500 p|3. Using this method, Salter et al. were 

able to show that different frequencies of mechanical strain activate different signaling 

pathways 11841. In a follow-up study, they demonstrated that 3,500 p(3 at a frequency of 

0.33 Hz resulted in the activation of stretch-activated ion channels, resulting in the 

tyrosine kinase-mediated phosphorylation of protein tyrosine kinase 2 (PTK2), catenin 

beta (CATNB), and paxillin (PXN) in human articular chondrocytes 11851.

As with all in vitro experiments, there are serious deficiencies in using two-dimensional 

stretch to simulate mechanical strain in bone. Probably the largest criticism regarding 

these techniques has been the fact that strain magnitudes sufficient to induce a cellular 

response are significantly larger than strain magnitudes recorded in vivo during vigorous 

activity. Analysis of devitalized cadaveric bone samples has shown that the yield strain, 

the strain magnitude where microcracks in the hydroxyapatite begin to form and collagen 

fibrils are disrupted, is around 6,800 p|3 11861. Ultimate strain of bone, the strain 

magnitude where gross fracture and deformity occurs, is between 15,700 to 25,000 p(3, 

depending on bone geometry. One population of humans that are known to routinely 

suffer from stress fractures in response to mechanical loading is military recruits. In an 

effort to ascertain the magnitude of strain to which the long bones of military recruits are 

routinely subjected, Burr et al. attached two rosette strain gauges to the medial tibial
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cortices of two humans and measured strain levels during a number of military field 

training conditions. The highest compression strain magnitude o f -1,226 pP and shear 

strain magnitude of 1,966 up were recorded during zigzag running uphill in light infantry 

boots (1871. In a separate study by Lanyon et al., running on a treadmill produced 

compression strains as high as -578 p.p and tension strains as high as 847 pP, while 

walking produced strains as high as -425 up [ 1881. In animals, strains of significantly 

higher magnitudes have been recorded during even modest activity. In sheep, walking at 

a speed of I m/s produced strains in the cranial and caudal surfaces of the radius of 602 

and -1284 pP, respectively 11891. Biewener et al. measured strain in the metacarpi and 

radii of three small horses during modest activity. They found that at walk, slow trot, fast 

trot, and canter, the horses experienced calculated strain magnitudes of 923, 972, 1,170, 

and 1,175 pP in the metacarpus and 1,164, 1,901, 1,983, and 1,588 pP in the radius 1190). 

When rosette strain gauges were attached to the mid-dorsolateral surface of the third 

metacarpal bones of five thoroughbred racehorses, compression strain magnitudes as high 

as -5,670 pP were detected at full gallop 1191, 1921. In mice, the previously described 

experiments of Lee et al. demonstrated peak strains of 1,676 and -1,559 pp during 

locomotion and 2,620 pP following a fall from a height of 20 cm | 1931. During wing 

flapping, turkey ulnae were shown to routinely receive strains as high as 3,000 pp. When 

these in vivo values of physiologic strain are compared to in vitro experiments, it is clear 

that most of these experiments are subjecting cells to supraphysiologic to pathologic 

levels of strain in order to elicit a response.

58



Fluid Flow

In vitro experiments have shown bone cells to be exquisitely sensitive to fluid flow, for 

which several methods have been developed, including steady fluid flow, pulsatile fluid 

flow, and oscillating fluid flow. The first of these experiments was performed by Reich 

et al., who subjected neonatal rat calvarial cells to steady fluid shear stresses of 0 .1 to 35 

dynes/cirr for a period of 15 minutes. In response, there was a biphasic increase in 

intracellular cAMP concentrations, reaching the first peak around 5 dynes/cnr, a 

subsequent trough at 9 dynes/cnr, and the second peak at 35 dynes/cnr. Treatment with 

the nonspecific PTGS inhibitor ibuprofen completely abolished the flow-induced cAMP 

production, suggesting that flow-induced prostaglandin synthesis mediates this response 

11941. Subsequent work by Pavalko et al. determined that in MC3T3-EI osteoblast-like 

cells, steady fluid shear stress of 12 dynes/cnr for 60 minutes induced the expression or 

Fos and Ptgs2 through a mechanism that is dependent on the actin cytoskeleton. 

Disruption of the cytoskeleton with cytochalasin D, a dominant negative Rho GTPase, or 

degradation products of (3-actinin prevented the flow-induced gene expression in these 

cells 11951. They were later able to determine that this response to fluid flow is also 

dependent on the rapid increase in cytoplasmic calcium concentration 11961, but is not 

dependent on either intermediate filaments or microtubules |197|. Other studies have 

used fluid shear stresses as low as 0.14 to as high as 70 dynes/cnr in attempts to further 

elucidate the signaling pathway responsible for flow-induced Ptgs2 expression 1198-2031.

In an attempt to more closely simulate in vivo conditions, Klein-Nulend et al. began 

subjecting bone cells to pulsatile fluid flow in 1995. They found that application of fluid
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shear stress of 5.0 dynes/cm2 with pulses of 0.2 dynes/cm2 at a frequency of 5 Hz to 

purified chick osteocytes for one hour resulted in a nearly eight fold increase in PGE2 

secretion into the culture medium 12041. In follow-up studies using pulsatile fluid flow, 

this lab has since changed the magnitude of fluid shear stress they use to 7.0 dynes/cnr 

with pulses of 0.3 dynes/cm2. Using this magnitude, they have also shown the induction 

of PTGS2 expression, as well as demonstrating the differences in mechanosensitivity of 

different bone cell types 1205-212 1. Other studies have been conducted using pulsatile 

fluid flow magnitudes of 6.0 to 16.0 dynes/cm2 to examine the production of nitric oxide 

(NO) 12 13, 2141, changes in mineralization 12151, and regulation of gap junctions 12161. 

Another modification of this technique was performed by, Jacobs et al. by using 

oscillating flow 12171. Using this method, they also showed increased PGE2 secretion 

1218, 219|, intracellular calcium concentrations 1220, 2211, and intracellular signaling 

12221.

In  V ivo  Interstitial Fluid Flow in Bone

As described above, bone is a porous medium, consisting of marrow spaces, Haversian 

canals, lacunae, and canaliculi. Between osteocyte cell processes and the unmineralized 

matrix of the lacunae and canaliculi, bone interstitial fluid acts as a transport mechanism 

from the Haversian vessels to the osteocytes, providing nutrients and removing waste. 

This transport was elucidated by Seliger in 1970 by the injection of colloidal thorium 

dioxide into the tibial marrow spaces of cats. Histological examination of the fixed bone 

samples showed a continuous trail of thorium from the Haversian canals into the 

canaliculi and lacunae of the osteon, ending in the peripheral lacunae [2231. As bones are
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subject to compression and tension from normal activity, mechanical loading of bone was 

speculated to modulate this fluid transport 1224, 2251. As advances in imaging 

techniques have improved the ability to resolve fine structures within the lacuno- 

canalicular system, a number of computer-generated models have been proposed to 

simulate load-generated movement of bone interstitial fluid through this system 1226- 

2371. All of these models are based on Biot’s theory of poroelastic solids, which says 

compression deforms the solid matrix of a porous material, increasing the fluid pressure 

within the pores. Disparate pressures between the interior and exterior of a porous solid 

cause a net flow of fluid. In turn, fluid flow out of the porous solid causes the solid 

matrix around the pores to relax. Concomitant to matrix relaxation around the pores, 

fluid pressure within the pores decreases until it equilibrates with the surface pressure of 

the solid, at which point there is no pressure gradient to drive fluid flow. Removal of 

load results in a pressure gradient as well, moving fluid back into the sample until the 

pressure gradient reduces to zero once again 1238]. In other words, bone acts like a stiff, 

dense, fluid-filled sponge. Validation of these theories, however, has only occurred 

within the last few years. As described above, hindlimb suspension has been shown to 

result in loss of bone over relatively short periods of time. Ligation of the femoral veins 

in hindlimb suspended rats resulted in increased BMC, femoral length and distal width, 

and trabecular density compared to sham femurs. These results agreed with previous 

observations where bone formation increased in the skulls and decreased in the weight

bearing bones of astronauts exposed to microgravity 11 I 11. This increase in bone 

formation resulted from increased intramedullary fluid pressures that subsequently 

increased the interstitial fluid flow through the bone (239, 240J. Knothe Tate et al. were
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able to directly visualize this mechanism using an explanted sheep forelimb that was 

perfused with tracer while the metacarpus was subjected to axial loading. It was found 

that the concentration of the tracer in the middiaphysis of the cortex was higher in the 

loaded limb, thus confirming that mechanical loading significantly enhances molecular 

transport through the lacuno-canalicular system 1241, 2421. In a follow-up study, they 

subjected rat tibiae to four-point bending following systemic injection of procion red or 

microperoxidase. They found that mechanical loading increased the number of 

periosteocytic spaces positive for tracer compared to unloaded contralateral tibiae. In 

addition, they were able to compare distribution of tracer to strain maps and sites of 

subsequent bone formation [243, 244|.

The mechanism by which interstitial fluid movement through the lacuno-canalicular 

system stimulates bone formation is still unknown, though a limited number of 

possibilities exist. The most accepted model of osteocyte stimulation is fluid shear stress. 

Fluid rushing past the cellular surface exerts a small amount of force parallel to the 

surface due to the friction between fluid particles and the cellular membrane. This force 

is directly proportional to the viscosity of the fluid. If one assumes that this is occurring 

during laminar flow, this force can be calculated as the following formula: P = 6(iQ/l)Ir, 

where P is the shear stress in dynes/cm2, |i is the viscosity of the fluid in dyne.s/cm2, Q is 

the flow rate in ml/min, b is the width of the flow channel in cm, and h is the height of 

the flow channel in cm. Another possible mechanism of cell stimulation is streaming 

potentials. A streaming potential is an electrical voltage generated across a region of 

porous material when fluid flows through the pores in the structure, transporting the
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mobile portion of an electrical double layer located at the boundary between the solid and 

fluid [245). This mechanism has been demonstrated both in vivo (in canine tibiae) and in 

vitro (with bone strips bathed in Hank’s balanced salt solution), although the magnitude 

of streaming potentials generated in vivo were significantly smaller 12461. A third 

possible mechanism of stimulation is the simple transport of signaling molecules.

Hone Cells are Most Sensitive to Pulsatile Fluid Flow

In vitro experiments comparing different methods of fluid flow, as well as mechanical 

strain have helped to clarify the mechanism by which in vivo loading stimulates bone 

cells. A study by Owan et al. examined the response of MC3T3-EI osteoblast like cells 

to mechanical strain. In response to an intermittent strain of 4,230 u|3 for 24 hours, the 

cells exhibited a four fold increase in SppI expression. However, when the rate of 

displacement of the dish was decreased but the magnitude of strain remained unchanged, 

no increase in expression was noted. Finally, they modified the magnitude and the 

displacement rates independently in the dish and found that neither strain magnitude nor 

strain rate had an effect on Sppl expression. Their conclusions from this experiment 

were that the increases in Sppl expression were due entirely to the fluid forces generated 

by the movement of the substrate, as both fluid pressure and flow velocity are 

proportional to the displacement rate of the culture plate 11691. Smalt et al. performed 

separate strain and fluid flow experiments to determine which method of stimulation was 

more effective. Using an apparatus that allowed minimal medium agitation, they 

subjected a number of bone cells including primary rat calvarial and long bone cells as 

well as clonal osteoblast like cells (ROS 17/2.8, UMR 106, and MC3T3-E1) to strain
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magnitudes of 500 to 5,000 p|3 at a frequency of 1 Hz for 20 minutes. In response, they 

found no change in either PGE, or NO production. In contrast to this, when cells were 

exposed to fluid shear stress, they found rapid increases in PGE2 and NO secretion that 

were dose-dependent [247).

Klein-Nulend et al. compared pulsatile fluid flow to intermittent hydrostatic compression 

to determine the effectiveness of each. They found that purified chick osteocytes 

responded to pulsatile shear stresses as low as 5 dynes/cnr with increased PGE2 

production, but not 130 kilodynes of hydrostatic compression. In addition, they found 

that osteocytes bound by magnetic beads coupled to the osteocyte-specific antibody OB 

7.3 produced even higher amounts of PGE2 in response to fluid shear forces than those 

not bound by beads. They interpreted these results as evidence that shear stress is the 

mechanism of stimulation in PGE, secretion, as the presence of beads would increase the 

shear stress felt by the cultured osteocytes. Streaming potentials, however, would not be 

modified by the presence of beads, as they are directly dependent on fluid velocity, which 

did not change 12041. As described above, Reich et al. showed increased intracellular 

cAMP levels in rat calvarial cells subjected to fluid shear stress. To distinguish 

streaming potential effects from shear stress effects, they increased the viscosity of their 

fluid flow medium five-fold by the addition of neutral dextran. Shear stress with the 

normal medium and the dextran-supplemented medium was 2.15 dynes/cm2 and 10.8 

dynes/cnr, respectively. The intracellular level of cAMP was increased over static 

controls in both cases, but the medium with elevated viscosity caused a significantly 

higher concentration of cAMP levels in the cells. They concluded, as Klein-Nulend did.
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that fluid shear stress and not steaming potential or transport is the stimulus responsible 

for bone cell activation | 1941. Finally, Jacobs et al. compared steady, pulsatile, and 

oscillatory fluid flow methods in the stimulation of human fetal osteoblasts. They found 

that at the same magnitude of shear stress, pulsatile fluid flow was over six times more 

effective at stimulating intracellular calcium concentrations than oscillatory fluid flow 

and three times more effective than steady fluid flow 12171.

In addition to the technique used to stimulate bone cells, a number of other variables have 

been shown to be important in mechanical stimulation as well. Among them are rate 186, 

98. 221,244, 248-250], magnitude 182, 91, 221,251, 252], cycle number |81 ,252], strain 

distribution 185, 189, 253], peak strain energy density 1249], strain gradient 1254]. strain 

history 1255-257], and the age of the cell donor 1211, 221 |.

Physiologic Range of Mechanical Stimulation

Although load induced movement of interstitial fluid has been confirmed within the 

lacuno-canalicular system of bone, no one has yet been able to directly measure the fluid 

shear forces generated by this mechanism. As such, the physiologic range of fluid shear 

forces is unknown. However, Zeng et al., using a computer-generated model of a single 

osteon subjected to mechanical strain, was able to estimate that osteocytes within the 

lacuno-canalicular system are exposed to fluid shear stresses of 6 to 30 dynes/cm2 [258], 

In vitro experiments have demonstrated bone cells respond to fluid shear stresses from 

0.14 to 70 dynes/cm2, supporting this model 1198, 2031. Unfortunately, the general 

responsiveness of bone cells to mechanical stimulation has consistently been shown to be
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a poor indicator of physiologically meaningful ranges of stimuli. In the case of substrate 

deformation studies, bone cells have been shown to respond to strains from 400 to

240.000 p|3 [259, 2601, even though gross bone fracture occurs between 15,700 and

25.000 p|3. Even within the range of physiologically relevant strain, different bone- 

forming responses occur based on strain magnitudes. According to Frost, bone modeling 

in response to mechanical load will take one of two forms, based on the intensity of the 

causative stimulus. Mild mechanical load (approximately 1,500 to 3,000 p(3) results in 

the deposition of additional layers of lamellar bone, while pathologic or supraphysiologic 

mechanical load (> 3,000 p|3) inhibits normal lamellar bone formation in favor of rapid 

deposition of unorganized woven bone 125 11. While woven bone synthesis takes less 

time and allows the rapid formation of large amounts of bone to buttress existing bone 

and prevent further damage, it is structurally less stable or resistant to load [20J.

Woven bone formation in response to supraphysiologic load has been demonstrated in a 

number of in vivo experiments. Lanyon et al. showed that sheep receiving ulnar 

osteotomies produced large amounts of periosteal woven bone on the radius of the 

affected limb. Six to 12 months later, the total amount of newly formed bone equaled the 

area of the bone removed from the ulna and had undergone significant remodeling with 

secondary osteons 11891. Rubin and Lanyon performed similar experiments with rooster 

ulnae. Unilateral proximal and distal osteotomies were performed on rooster ulnae to 

determine if the application of axial load would result in bone formation. They found a 

significant woven bone response when the ulnae were subjected to 36 cycles of 2,050 p(3 

per day, but not four cycles per day, indicating that the woven bone response was not due
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to the surgical procedure 1811. In a follow-up study, Rubin et al. showed that 100 cycles 

per day of axial strain at 2,000 u.($ for 16 weeks, produced a large woven bone response in 

turkey ulnae. At four weeks, the response was predominantly woven, at eight weeks, the 

response was composed of fewer woven fronds and increasing lamellae, and by 16 

weeks, the response was lamellar, with remodeling of the woven bone into secondary 

osteons 12611. Burr et al. also performed ulnar osteotomies, only on canines, to 

determine if the woven bone response was due to the increased mechanical load or the 

combination of load and surgery. In order to accomplish this, they used control animals 

that received osteotomies, but the proximal and distal ends of the ulnae were connected 

with metal plates, thus maintaining the normal load on the radii. In animals with the 

implanted plates, no woven bone formation was observed, but a significant woven bone 

response was seen in those receiving osteotomies, but no plates [2621.

Four-point bending of rat tibiae has also shown woven bone formation in response to 

supraphysiologic strain. In response to as few as four cycles of between 1,600 and 3,500 

p(3 per day for 12 days, Turner et al. saw a robust woven bone response at sites of 

greatest strain magnitude with a lamellar response at the neutral axis of load [263]. When 

the mechanical load was reduced to 1,200 p(3 for 36 cycles per day for three weeks, a 

significant lamellar bone formation was noted, but no woven bone [2641. In order to 

clarify the mechanical load necessary to induce woven bone formation rather than 

lamellar bone formation, Turner et al. subjected rat tibiae to 27, 33, 40, 52, and 64 N of 

load for 36 cycles per day for 15 days. They found that at 27 and 33 N, there was a 

significant increase in lamellar bone formation, while above 40 N (1,900 p[3), woven
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bone formation was predominant. In addition, they found that the amount of woven bone 

formed in response to strain was independent of strain magnitude, indicating that woven 

bone formation represents the maximum capacity for bone formation |94|.

Prostaglandins in Bone

Eicosanoids are a family of oxygenated 20-carbon fatty acids that function as potent 

biological signaling molecules, acting in an autocrine or paracrine manner. The 

predominant precursor for eicosanoids is arachadonic acid (AA), which is modified along 

one of three pathways: the cyclooxygenase pathway resulting in the production of 

prostanoids, the lipoxygenase pathway resulting in the production of leukotrienes, 

lipoxins, hepoxilins, and monohydroxy fatty acids, or the epoxygenase pathway resulting 

in the production of epoxy and dihydroxy fatty acids, isoprostanes, isoleukotrienes, and 

other peroxidized fatty acid products (Figure 2.2). With regard to bone response to 

mechanical stimulation, the cyclooxygenase pathway and the resultant prostanoids have 

been most often studied, because they are highly expressed in bone cells and have 

significant effects on bone formation and resorption 12651.

The biosynthesis of prostanoids involves a three-step process. First, AA is hydrolyzed 

from the middle carbon of glycerol in cell membrane glycerophospholipids by stimulus- 

initiated secretory, cytoplasmic, or both types of Phospholipase A2 (PLA2) |266|. This is 

followed by the oxidation of AA initially into prostaglandin G2 (PGG2) and then into 

prostaglandin H2 (PGH2) by prostaglandin-endoperoxide synthase (PEGS). Finally, 

PGH2 is converted into the biologically active end products prostaglandins E2, D2, F2|i,
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Figure 2.2. Eicosanoid Synthesis
Arachidonic acid (AA) is cleaved from the 
middle carbon of the glycerol in membrane '[ 
phospholipids. It can then be converted 
along the lipoxygenase pathway 
(leukotrienes, lipoxins, hepoxilins, and 
monohydroxy fatty acids), the cyclooxygenase 
pathway (prostanoids), and the epoxygenase 
pathway (epoxy and dihydroxy fatty acids, 
isoprostanes, isoleukotrienes, and other 
peroxidized fatty acid products).
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Prostacyclin (PGI2), and Thromboxane A2 (TxA2) by tissue-specific synthases 1267-2691. 

The resultant products are then secreted from the cell via carrier-mediated transport 

12701.

So far, there have been two isozymes identified for PTGS. The first, PIGS I, is 

constitutively expressed and is responsible for the immediate increase in prostanoids 

following stimulation to fine-tune physiological processes requiring instantaneous or 

continuous regulation |271|. The second isozyme, PTGS2, is expressed at very low 

levels, but its expression is induced as an immediate early gene in bone cells, providing 

the sustained prostanoid production following stimulation 1272, 2731. Another difference 

between these two isozymes is that PTGS2 appears to couple preferentially to PGE2 and 

PGI2 synthases, whereas PTGS I activity results in increases in all eicosanoids 1274, 2751.

PTGS2 is a homodimeric protein, composed of 72 kDa monomers of 587 amino acids, 

sharing 60 to 65% homology with PTGS1. The major differences between these two 

isozymes occur in the membrane-binding domain along with an additional 18 amino acid 

sequence six residues from the C-terminus in PTGS2 1276, 2771. This additional 

sequence is thought to provide a signal for rapid proteolysis or subcellular trafficking. 

Each monomer consists of three structural domains: an epidermal growth factor (EGF) 

domain, a membrane-binding domain (MBD), and a large C-terminal globular catalytic 

domain 1278-2801. Among other functions, the EGF domain is responsible for 

dimerization. The MBD is composed of amphipathic (3 helices with protruding 

hydrophobic and aromatic amino acids, creating a hydrophobic patch that interacts with
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one face of the underlying lipid bilayer 12781. Both PTGS1 and PTGS2 are associated 

with the endoplasmic reticulum and nuclear envelope, with PTGS2 being more 

concentrated on the nuclear envelope, enabling it to function more in signaling via 

nuclear receptors 1281 2831. An additional characteristic of PTGS2 is its ability to 

function at low concentrations of AA (<1 pM) up to four-times as efficiently as PI GS I, 

allowing independent regulation of each isozyme by the amount of available AA |284, 

2851.

The eight-kilobase gene encoding PTGS2 is located on human chromosome 8q3 I and 

contains ten exons |286|. In mice, the Ptgs2 gene is located on chromosome 1:76.2 and 

contains ten exons 12871. Expression of PTGS2 is subject to both post-transcriptional 

regulation and induction of transcription. The 3’ untranslated region (UTR) of PTGS2 

mRNA contains several class I AU-rich elements (AREs) that can be bound by both 

stabilizing and destabilizing proteins. The promoter region for PTGS2 is particularly 

responsive to a number of stimuli, as it contains several cis-acting sequences that can be 

bound by transcription factors, the most important being the cAMP response element 

(CRE) and the CCAAT enhancer binding protein alpha (CEBPA) [288, 2891. Some of 

the agonists known to induce expression of PTGS2 in bone cells include cytokines such 

as interleukin 1 (IL1) [290-2941, tumor necrosis factor (TNF) 12931, and interleukin 6 

(IL6) [2951; growth factors such as transforming growth factor alpha (TGFA) [290, 294|, 

transforming growth factor beta 1 (TGFB1) |294, 296|, and fibroblast growth factor 2 

(FGF2) [297[; systemic hormones such as PTH [291, 2981 and l,25(OH)2vitamin D, 

12991; and fluid shear stress [2051 or mechanical loading 13001. The signaling pathways
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known to mediate the effects of some of these agonists include all three of the mitogen- 

activated protein kinase (MAPK) cascades: MAPK3/1, MAPK8/9, and MAPK14 13011, 

as well as nuclear factor of kappa light chain gene enhancer in B ceils 1 (NFKB I) [3021.

In vivo experiments have demonstrated both the stimulation of PGE2 production and the 

induction of PTGS2 following mechanical loading. Microdialysis of interstitial fluid 

from human tibial metaphyses showed an over three-fold increase in PGE2 concentrations 

in subjects who received heel impact loading compared to those who did not [3031. 

Application of orthodontic force on the maxillary canines of human patients resulted in 

significant increases of PGE2 in gingival crevicular fluid 13041. Rats subjected to tail 

suspension for 14 days showed a two-fold increase in Ptgs2 expression in intraosseous 

cells within two hours of reloading [3051. While histologic and histomorphometric 

analysis of tibiae from Ptgs2 null mice have shown no differences from their wild type 

littermates [299|, treatment with either PTGS inhibitors or exogenous PGE2 have 

demonstrated the anabolic effects of PGE2 in bone. Forwood subjected adult rat tibiae to 

65 N of four-point bending at a frequency of two hertz for 300 cycles, resulting in 

significant increases in BFR, MS/BS, and MAR. These increases were blunted by 

pretreatment with indomethacin and completely prevented by the pretreatment with the 

PTGS2 specific inhibitor NS-398 |306|. Similar results were obtained by Chow and 

Chambers, who subjected the 8'h caudal vertebrae of rats to 300 cycles of 700 p(3 at a 

frequency of one hertz. Mechanical loading of control animals produced a significant 

increase in BFR, MS/BS, and MAR, while pretreatment with indomethacin prevented 

load-induced increases in bone formation [3071. In contrast, the administration of
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exogenous PGE2 to control rats resulted in stimulation of bone formation in a dose- 

dependent manner. When exogenous PGE, was administered in conjunction with four- 

point bending, there were additive effects on endocortical bone formation and synergetic- 

effects on periosteal bone formation 13081. Suponitzki and Weinreb treated three week- 

old male rats with daily injections of 6 mg/kg of PGE2 for three weeks and measured 

changes in the long bones. They found a 14.1% increase in bone mass in PGE2 treated 

animals, with an 8% increase in cortical bone mass and a 54% increase in cancellous 

bone mass. This increased bone mass resulted in a 19% increase in bone stiffness. The 

most interesting observation from this study was that this increased bone formation did 

not occur at sites of ongoing bone formation, such as the superior or inferior surfaces of 

the calvariae. Instead, bone formation occurred at new sites, indicating that the new bone 

results from the maturation and differentiation of osteoblast precursors, rather than 

activation of existing, active osteoblasts |309|. In addition to stimulating the recruitment 

and differentiation of osteoblast precursors, PGE2 also stimulates osteoclastogenesis. 

Spleen cells derived from Ptgs2 null mice treated with exogenous tumor necrosis factor 

ligand superfamily member 11 (TNFSEI I) and colony stimulating factor I (macrophage) 

(CSF1) formed 30% as many tumor necrosis factor receptor superfamily member 1 la 

(TNFRSF1 I A) positive multinucleated cells (MNCs) as spleen cells from wild-type 

littermates. This decrease in differentiation was rescued by the exogenous administration 

of PGEj [2991. In their review of this topic, Jee and Ma interpreted these results as PGE2 

stimulates both early bone resorption and formation in favor of formation. The increased 

bone mass is mainly the result of modeling at sites of mechanical loading, whereas sites 

of negative mechanical usage exhibit steady state remodeling |310|.
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Experiments using MC3T3-E1 osteoblast like cells have demonstrated that the 

stimulatory effects of PGE2 on osteoblast precursors are dose dependent. Relatively high 

local concentrations (pM) of PGE-, stimulate DNA synthesis and inhibit expression of 

differentiation markers 13111, while low concentrations (nM) stimulate differentiation 

markers such as AKPI and collagen synthesis 13 12 1. Using adult rat calvarial cells, 

Kaneki et al. determined that treatment with PGE2, regardless of concentration, 

stimulated bone nodule formation, AKPI activity, and | 'H|proline incorporation, that was 

cAMP independent. When these cells were treated with the PGE2 analog forskolin, bone 

nodule formation was suppressed and DNA synthesis was stimulated in a dose-dependent 

manner that was cAMP-dependent 13 131. These differing results are due to the fact that 

the effects of PGE2 are mediated through four subtypes of the prostaglandin E receptor 

(PFGER): the PFGERI receptor is coupled to intracellular calcium transport; the

PFGER2 and PTGER4 receptors activate specific adenylate cyclases (ADCY) to 

accumulate cellular cAMP; and the PTGER3 receptor inhibits cAMP production. While 

PfGER I, PTGER2, and PTGER4 are expressed in bone, the PTGER3 receptor is not 

13 14 1. Consistent with these previous results, Scutt et al. demonstrated that treatment 

with PGE2 or agonists of the PTGER2 receptor stimulated the transition of non-adherent 

bone marrow cells to adherent osteoblast precursors 13151. In vivo loading of PTGER1 

or PTGER2 null mouse tibiae, ulnae, and vertebral bodies showed that PTGER1 

mediation of PGE2 effects have little to do with bone size or strength, while PTGER2 

receptors mediate a significant influence on these bone parameters [3161. The PTGER1 

receptor, however, was found to mediate the autoamplification of PGE2 secretion through 

the induction of Ptgs2 expression [314].
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Unanswered Questions

Numerous experiments have demonstrated the in vivo responsiveness of bone to 

mechanical load, as well as the responsiveness of bone cells to in vitro fluid flow and 

mechanical strain. Since 1970, interstitial fluid flow through bone has gradually become 

accepted as the likely mechanism by which mechanical loading stimulates bone 

formation. The work by Seliger 12231 and later by Knothe-Tate |24U244| have 

demonstrated that indeed, bone interstitial fluid is circulated through the lacuno- 

canalicular system by mechanical strain. Based on these discoveries and a number of 

theoretical models, osteocytes have become the accepted mechanosensors in bone 1317- 

3211. Specifically, fluid shear stress, rather than streaming potentials or simple transport 

is the mechanism of osteocyte stimulation. As increasing amounts of force are exerted 

upon a long bone, higher fluid shear forces are generated, producing a larger osteogenic 

response. Further support for this model comes from a number of in vitro experiments 

that have demonstrated that osteogenic cells are more sensitive to fluid flow than 

mechanical strain or compression. In order for this model to be accepted, a few 

assumptions must be made:

1. Osteocytes are more sensitive to mechanical stimulation than osteoblasts.

2. The mechanism of osteogenic cell stimulation is fluid shear stress.

3. The response of osteogenic cells is proportional to the stimulus.

I say that these are assumptions, as all three of the above statements are based on one or 

very few experiments in which only a partial explanation has been elucidated. In 2000, 

Westbroek et al. subjected primary fetal chick calvarial osteocytes and osteoblasts to
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pulsatile fluid flow of 7.0 ± 0.3 dynes/cnr for 15 minutes |209|. In response, they found 

that the osteocytes demonstrated a nearly three fold increase in PGE2 production within 

15 minutes that lasted over three hours. On the other hand, the osteoblasts did not 

increase PGE2 production until three hours later. Based on this experiment, they 

concluded that osteocytes are more sensitive to fluid flow than osteoblasts. While this is 

compelling data, the mechanism used to isolate osteogenic cell subtypes may have 

affected their ability to respond. In order to purify the osteocytes, the researchers used 

immunomagnetic separation with the osteocyte-specific monoclonal antibody MAb OB 

7.3. In addition, the interaction between osteoblasts and osteocytes was not included in 

this experiment so as to provide a discrete answer. Previous work by Yellowley et al. 

demonstrated that in culture, MC3T3-E1 clonal osteoblast-like cells form functioning gap 

junctions with MLO-Y4 osteocyte-like cells and that in response to mechanical 

stimulation of a single osteocyte, changes in calcium concentration were detected in 

adjacent osteoblasts 13221.

As described previously, both Reich et al. and Klein-Nulend et al. demonstrated that 

osteocytes and osteoblasts, respectively, are much more sensitive to fluid shear stress 

than to streaming potentials 1194, 2041. While this data is convincing, both of these 

experiments used commercially available cell culture media that was designed to sustain 

any number of cell types. Cells of the osteogenic lineage in vivo are bathed in interstitial 

fluid that is tightly controlled to maintain specific ion concentrations, even when 

systemic levels are deficient. Most notably, the concentration of potassium is 

significantly elevated and the concentrations of sodium, calcium, and magnesium are
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significantly decreased compared to blood plasma|23|. As streaming potentials are 

determined by the ionic membrane potential, these changes in the extracellular 

environment, which more closely mimic the intracellular environment, may play a role in 

osteogenic cell stimulation, separate from fluid shear stress.

Finally, the inability to directly measure the shear stresses and strains to which bone cells 

are subjected in vivo prevents the direct correlation of these experiments with in vitro 

experiments. Further complication of this issue is contributed by the lack of continuity in 

these experiments. By far the majority of in vitro experiments on bone cells have used 

stimuli that would be considered supraphysiologic. Even within the range of physiologic 

stimulation, none of these experiments have taken into account the difference between a 

stimulus that elicits a lamellar bone-forming response and a woven bone-forming 

response. Very few studies have published dose-response experiments with strain or 

shear stress. Those experiments that have, demonstrated biphasic responses. Murray and 

Rushton showed a biphasic relationship between mechanical strain and PGE, production 

1165]. Reich, Gay, and Frangos demonstrated a biphasic response of intracellular cAMP 

concentrations in response to constant fluid shear stresses 11941. As described above, 

these two responses are directly related, as PGET produced in response to strain activates 

the accumulation of intracellular cAMP by signaling through the PTGER2 receptor. The 

work of Tang et al. demonstrated that the exogenous administration of PGIT, to rats 

subjected to four-point bending increased the recruitment of osteoblast precursors, 

resulting in increased woven bone formation |308|. Taken together, these studies imply 

that not all experiments using in vitro mechanical stimulation of bone cells are measuring
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the same response. Further elucidation of this phenomenon needs to be accomplished, to 

allow a better correlation between in vitro and in vivo experiments.

HYPOTHESIS

The main hypothesis behind this work is that mechanically induced fluid flow through 

the lacuno-canalicular system stimulates osteocytes by fluid shear stress. When 

stimulated, these osteocytes then activate adjacent osteoblasts. The magnitude of fluid 

shear stress to which bone cells are exposed, directly determines the bone forming 

response within the physiological range. In other words, there are two patterns of dose- 

response in vivo between low physiologic levels of mechanical stimulation with lamellar 

bone formation and high physiologic levels of mechanical stimulation with woven bone 

formation. In vitro, this translates to biphasic PGE2 production in osteoblasts or 

osteocytes to fluid shear stress.

RESULTS

Specific Aim 1

The first specific aim was to compare the mechanosensitivity of osteocytes and 

osteoblasts in heterogeneous cultures. To do this, MLO-Y4 clonal osteocyte-like cells 

and 2T3 clonal osteoblast-like cells were co-cultured at varying ratios (100%2T3, 

90%2T 3/10% MLO-Y 4, 50%2T3/50%MLO-Y4, 10%2T3/90%MLO-Y4, and

100% MLO-Y4). These co-cultures were then subjected to a fluid shear stress of 4.0 

dynes/cm2 with pulses of 0.6 dynes/cm2 at a frequency of 5 Hz for 120 minutes. 

Following fluid flow, cells were either immediately lysed or returned to static culture in
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flow medium for 24 hours. RNA was extracted for zero and 24 hours post flow for the 

analysis of Ptgs2 expression by QRT-PCR (Table 2.1).

Expression of Ptgs2 is synergistically increased in static co-cultures 

After 120 minutes of static culture in fresh medium, static controls for each ratio of co

culture were normalized to expression levels of static 2T3 osteoblast-like cells. Isolated 

MLO-Y4 osteocyte-like cells expressed approximately four fold as much Ptgs2 as 

isolated 2T3 cells. In co-cultures, increasing MLO-Y4 content produced increases in 

Ptgs2 expression, with a maximum expression level of eight fold over static 2T3 cells. 

This is approximately two fold greater than MLO-Y4 osteocyte-like cells alone, 

indicating that there is a synergistic effect of co-culturing these two cell types (Figure 

2.3).

After 24 hours of static culture in fresh medium, static controls were also normalized to 

24-hour static 2T3 cells. Isolated MLO-Y4 cells showed a nearly 38-fold increase in 

Ptgs2 expression over static 2T3 cells. Co-cultures showed a similar relationship as at 

120 minutes, with increasing Ptgs2 expression as MLO-Y4 content increased, reaching a 

nearly 250-fold increase in Ptgs2 expression over static 2T3 cells. With the exception of 

the co-culture containing 10% MLO-Y4 cells, co-cultures demonstrated Ptgs2 expression 

greater than the sum of isolated 2T3 and MLO-Y4 expression levels (Figure 2.4).
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Table 2.1 Expression of Ptgs2 in 2T3 / MLO-Y4 co-cultures
Clonal 2T3 osteoblast-like cells and MLO-Y4 osteocyte-like cells were co-cultured at varying ratios to determine which cell type is 
responsible for mechanosensation in bone. Co-cultures were subjected to fluid shear stresses of 4.0 dynes/cnr with pulses of 0.6 
dynes/cm2 at a frequency of 5 Hz for 2 hours. Static controls were incubated for 2 hours in culture dishes. At the end of the fluid flow 
regimen, cells were either immediately lysed (0 hours post-flow) or returned to culture dishes for incubation in flow medium for 24 
hours (24 hours post-flow) followed by RNA extraction. Expression of Ptgs2 was quantitated by real-time PCR to assess response to 
fluid flow. Expression was calculated by subtracting the threshold cycle number (CT) of the Gapd endogenous control fluorescence 
from the Cx of Ptgs2 fluorescence to give the Delta CT (aCT). Fold difference in expression mean and standard error of the mean 
(SEM) were determined by first subtracting the control a  CT from the experimental aC r and then converting this value to linear form 
using the formula 2'“<cr. Static controls were normalized against the static control a Cx of 2T3 cells and flow aCx results were 
normalized against matched co-culture static control a Cx values. (* = p < 0.05, ** = p < 0.01 in comparison to 100% 2T3 values and 
+ = p < 0.05, ++ = p < 0.01 in comparison to 100% MLO-Y4 values)

H ours  P o s t-F lo w
S ta tic  C o n tro ls Cell R atio 0 24

2T3 M LO -Y4 Mean SEM Mean SEM
100% 0% 1.00 0.02 1.01 0.08
90% 10% 2.63 **/++ 0.13 25.97 ** 1.63
50% 50% 4.07 **/++ 0.12 187.01 **/++ 4.36
10% 90% 8.10 ** 0.39 239.89 **/++ 4.38
0% 100% 4.52 ** 0.16 37.51 ** 7.00

H ours  P o s t-F lo w
F low Cell R atio 0 24

2T3 M LO-Y4 Mean SEM Mean SEM
100% 0% 2.42 0.13 5.77 0.43
90% 10% 2.99 ++ 0.46 0.06 **/+ 0.03
50% 50% 2.93 ++ 0.23 0.52 ** 0.06
10% 90% 5.44 **/++ 0.58 0.84 ** 0.06
0% 100% 8.87 **/++ 0.33 0.49 ** 0.17



Figure 2.3 Expression of P tg s 2  in Static Control Co-Cultures at Zero Hours Post-Flow
Static control co-cultures for fluid flow experiments were incubated for 2 hours in culture dishes before lysis and RNA extraction. 
Ptgs2 expression was quantitated by real-time PCR duplex reactions with Gapd as an endogenous control. Expression of Ptgs2 in co
cultures was normalized to static control 100% 2T3 cultures. (* = p < 0.05, ** = p < 0.01 in comparison to 100% 2T3 values and + = p 
< 0.05, ++ = p < 0.01 in comparison to 100% MLO-Y4 values).



Figure 2.4 Expression of P tg s2  in Static Control Co-Cultures at 24 Hours Post-Flow
Static control co-cultures for fluid flow experiments were incubated for 2 hours in culture dishes followed by an additional 24 hours 
before lysis and RNA extraction. Ptgs2 expression was quantitated by real-time PCR duplex reactions with Gapd as an endogenous 
control. Expression of Ptgs2 in co-cultures was normalized to static control 100% 2T3 cultures. (* = p < 0.05, ** = p < 0.01 in 
comparison to 100% 2T3 values and + = p < 0.05, ++ = p < 0.01 in comparison to 100% MLO-Y4 values).
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Ptgs2 expression is higher in MLO-Y4 cells than 2T3 cells immediately following flow 

At zero hours post-flow, expression levels of each co-culture were normalized against 

matching static controls. MLO-Y4 osteocyte-like cells demonstrated a nearly nine-fold 

increase in Ptgs2 expression over static controls, while osteoblastic 2T3 cells showed 

only a two fold increase in Ptgs2 expression. Co-cultures containing up to 50% MLO 

Y4 cells showed similar increases in expression as isolated 2T3 cells over static controls. 

Co-cultures containing 90% MLO-Y4 cells showed approximately a six-fold increase in 

Ptgs2 expression over static controls (Figure 2.5).

Expression o f Ptgs2 is higher in 2T3 cells than MLO-Y4 cells or co-cultures at 24 hours 

At 24 hours post-flow, 2T3 osteoblast like cells showed a nearly six-fold increase in 

Ptgs2 expression. MLO-Y4 cell expression, in contrast, was decreased to approximately 

half that of static controls. Co-cultures showed a MLO-Y4 content-dependent increase in 

Ptgs2 expression that approached static control levels of expression at 90% MLO-Y4. 

Expression levels in 10% MLO-Y4 co-cultures were significantly lower. (Figure 2.6)

Specific Aim 2

The second specific aim was to determine whether culture medium that more closely 

resembles bone interstitial fluid would change the response of osteogenic cells to 

pulsatile fluid flow. To do this, semiconfluent 2T3 osteoblast like cells were subjected to 

120 minutes of fluid shear stress of 6.0 dynes/cnr with pulses of 0.6 dynes/cnr at a 

frequency of 5 Hz. During fluid flow, 2T3 cells were either incubated in (3-MEM 

supplemented with 10% FBS or a bone interstitial fluid medium (BIF) that contains
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Figure 2.5 Expression of P tg s2  at Zero Hours Post-Flow in Co-Cultures Subjected to Pulsatile Fluid Flow
Co-cultures were subjected to fluid shear stresses of 4.0 dynes/cm2 with pulses of 0.6 dynes/cnr at a frequency of 5 Hz for 2 hours. 
Matching static control co-cultures were incubated in culture dishes during the fluid flow regimen. Immediately following fluid flow, 
cells were lysed for RNA extraction (0 hours post-flow). Ptgs2 expression was quantitated by real-time PCR duplex reactions with 
Gapd as an endogenous control. Expression of Ptgs2 in co-cultures was normalized to static controls with matching cell content. (* = 
p < 0.05, ** = p < 0.01 in comparison to 100% 2T3 values and + = p < 0.05, ++ = p < 0.01 in comparison to 100% MLO-Y4 values).
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Figure 2.6 Expression of P tg s2  at 24 Hours Post-Flow in Co-Cultures Subjected to Pulsatile Fluid Flow
Co-cultures were subjected to fluid shear stresses of 4.0 dynes/cm2 with pulses of 0.6 dynes/cnr at a frequency of 5 Hz for 2 hours. 
Matching static control co-cultures were incubated in culture dishes during the fluid flow regimen. Immediately following fluid flow, 
cells were returned to culture dishes for post-flow incubation in flow medium for 24 hours before lysis for RNA extraction (24 hours 
post-flow). Ptgs2 expression was quantitated by real-time PCR duplex reactions with Gapd as an endogenous control. Expression of 
Ptgs2 in co-cultures was normalized to static controls with matching cell content. (* = p < 0.05, ** = p < 0.01 in comparison to 100% 
2T3 values and + = p < 0.05, ++ = p < 0.01 in comparison to 100% MLO-Y4 values).
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sodium, potassium, and calcium concentrations described by Neuman |23|. During the 

120 minute fluid flow regimen, the culture media was sampled at 0, 5, 10, 15, 20, 25, 30, 

60, 90, and 120 minutes in both flow-exposed cells and static cultures. Following fluid 

flow, cells subjected to flow were placed in static culture in flow medium for an 

additional 120 minutes. During this time, culture media was sampled at 15, 30, 45, 60, 

75, 90, 105, and 120 minutes in both flow-exposed cells and static cultures. Culture 

medium samples were then analyzed for PGE2 content (Table 2.2).

Prostaglandin E , secretion from 2T3 cells is unchanged by different culture medium 

Static controls both during fluid flow and post-flow showed no significant difference 

between (3-MEM and BIF cultures. Similarly, there were no significant differences in 

PGE-, secretion by cells subjected to pulsatile fluid flow in either medium (Figure 2.7).

Specific Aim 3

The final specific aim was to determine the dose-response relationship of osteogenic cells 

to fluid shear stress. In order to do this, semiconfluent 2T3 osteoblast-like cells or MLO- 

Y4 osteocyte-like cells were subjected to fluid flow of 2, 4, 8, 16, 24, or 32 dynes/cnr 

with pulses of 0.6 dynes/cnr at a frequency of 5 Hz for 120 minutes. Following fluid 

flow, cells were either immediately lysed or returned to static culture in flow medium. 

RNA was extracted at zero and 24 hours post-flow for analysis of expression of Ptgs2 

(Table 2.3).
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Table 2.2 Prostaglandin E; Production in 2T3 Cells Subjected to Pulsatile Fluid Flow in either a-MEM or BIT Medium
2T3 clonal osteoblast-like cells were subjected to fluid shear stress of 4.0 ± 0.6 dynes/cnr at a frequency of 5 Hz for 2 hours in either 
a-MEM or bone interstitial fluid (BIF) medium to determine if changes in medium ionic concentration would change the 
responsiveness of these cells. Static controls were incubated for 2 hours in culture dishes. Immediately following fluid flow, cells 
were returned to static culture for an additional 2 hours of post-flow incubation. Samples of culture medium were taken at intervals 
during fluid flow and post-flow and analyzed using an enzyme immunoassay for PGEo content. Results are reported in pg/ml.

Bone In te rs titia l Flu id Medium a-M EM
Time (m in) S tatic C ontro l F low Static C ontro l F low

£o
LL

0 50.14 620.26 41.78 275.00
5 66.92 487.87 111.45 708.21
10 112.00 683.24 130.11 714.38
15 79.21 507.60 60.14 628.71
20 91.03 751.01 107.43 533.48C7JCL_D

Q

25 72.19 672.86 73.29 882.85
30 84.91 894.95 99.28 920.55
60 74.75 977.21 93.42 1026.20
90 82.11 1193.92 207.61 1228.15
120 72.17 1686.59 189.55 1815.31

P
os

t-
F

lo
w

15 245.12 2038.60 352.07 2482.50
30 218.25 2334.29 334.14 2577.43
45 248.98 2562.36 326.95 2395.03
60 260.50 2550.13 329.54 2835.84
75 251.80 2643.24 307.84 2513.82
90 192.86 3124.16 304.01 2755.84
105 205.28 2756.75 327.39 2500.92
120 206.32 3059.58 297.99 3339.22



Figure 2.7 Prostaglandin E2 Production in 2T3 Cells Subjected to Pulsatile Fluid Flow in either a-MEM or BIF Medium
2T3 clonal osteoblast-like cells were subjected to fluid shear stress of 4.0 ± 0.6 dynes/cm2 at a frequency of 5 Hz for 2 hours in either 
a-MEM or bone interstitial fluid (BIF) medium to determine if changes in medium ionic concentration would change the 
responsiveness of these cells. Static controls were incubated for 2 hours in culture dishes. Immediately following fluid flow, cells 
were returned to static culture for an additional 2 hours of post-flow incubation. Samples of culture medium were taken at intervals 
during fluid flow and post-flow and analyzed using an enzyme immunoassay for PGEo content.



Table 2.3 Biphasic Expression of Ptgs2 in 2T3 and MLO-Y4 Cells in Response to Increasing Pulsatile Fluid Flow
Clonal 2T3 osteoblast-like and MLO-Y4 osteocyte-like cells were subjected to fluid shear stresses of 2.0, 4.0, 8.0, 16.0, 24.0, and 32.0 
dynes/cm2 with pulses of ±0.6 dynes/cm2 at a frequency of 5 Hz for 2 hours. Static controls were incubated for 2 hours in culture 
dishes. At the end of each fluid flow regimen, cells were either immediately lysed (0 hours post-flow) or returned to static culture for 
24 hours (24 hours post-flow) followed by RNA extraction. Expression of Ptgs2 was quantitated by real-time PCR to assess response 
to fluid flow. Expression was calculated by subtracting the threshold cycle number (Cx) of the Gapd fluorescence from the Q  of the 
Ptgs2 fluorescence to give the Delta Cx (aCx). Fold difference in expression mean and standard error of the mean (SEM) were 
determined by first subtracting the control a  Cx from the experimental cxCr and then converting this value to linear form using the 
formula 2"mCr. (* = p < 0.05, ** = p < 0.01 in comparison to static control values and + = p < 0.05, ++ = p < 0.01 in comparison to 
experimental samples subjected to 4 dynes/cm2).

0 Hours  
Post Flow C ontro l 2.0 Dynes 4.0 Dynes 8.0 Dynes 16.0 Dynes 24.0 Dynes 32.0 Dynes
Cell Line Mean SEM Mean SEM Mean SEM Mean SEM Mean SEM Mean SEM Mean SEM

2T3 1.01 0.02 1.44 **/++ 0.18 4.77 ** 0.39 2.52 **/++ 0.47 13.41 **/++ 2.36 26.76 **/++ 1.40 12.21 *7+ 3.19
MLO-Y4 0.99 0.02 1.93 *7+ 0.04 2.06 ** 0.07 1.42 **/++ 0.05 5.4 **/++ 0.61 3.53 **/++ 0.08 1.72 *7++ 0.06

24 Hours 
Post F low C ontro l 2.0 Dynes 4.0 Dynes 8.0 Dynes 16.0 Dynes 24.0 Dynes 32.0 Dynes
Cell Line Mean SEM Mean SEM Mean SEM Mean SEM Mean SEM Mean SEM Mean SEM

2T3 1.01 0.04 5.49 **/++ 0.38 9.79 ** 1.38 5.03 **/++ 0.22 6.37 *7+ 0.10 21.46 *7+ 4.46 4.77 **/++ 0.57
MLO-Y4 0.99 0.03 0.41 ** 0.05 0.54 ** 0.03 0.11 **/++ 0.01 1.23 **/++ 0.05 0.54 ** 0.02 0.24 *7++ 0.02



2T3 osteoblastic cells demonstrate a biphasic response to pulsatile fluid flow 

Two separate peaks in Ptgs2 expression were evident in response to increasing 

magnitudes of fluid shear stress. The two peaks, at 4 and 24 dynes/cm2 were evident at 

both zero hours post-flow as well as 24 hours post-flow. Expression levels of Ptgs2 

increased from zero to 24 hours post-flow at 2, 4, and 8 dynes/cm2, while they decreased 

at 16, 24, and 32 dynes/cm2 (Figure 2.8).

Expression of Ptgs2 in MLO-Y4 osteocytic cells is biphasic

In response to increasing magnitudes of pulsatile fluid flow, two separate Ptgs2 patterns 

of expression were identified in MLO-Y4 cells. The first increase in expression was 

identified at 2 and 4 dynes/cm2, with a trough at 8 dynes/cm2. A much larger peak was 

identified at 16 dynes/cm2, which decreased to static control levels by 32 dynes/cm2. By 

24 hours post-flow, expression of Ptgs2 was reduced at all time points, but the same 

pattern of expression was apparent. Both 2 and 4 dynes/cm2 were approximately half of 

static control levels, with the same trough at 8 dynes/cm2. Expression at 16 dynes/cm2 

was only slightly increased over static controls, with 24 and 32 dynes/cm significantly 

less (Figure 2.9).
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Figure 2.8 Biphasic Expression of P tg s2  0 and 24 Hours Post-Flow in 2T3 Cells Subjected to Pulsatile Fluid Flow
2T3 osteoblast-like cells were subjected to fluid shear stresses of 2.0, 4.0, 8.0, 16.0, 24.0, and 32.0 dynes/cm2 with pulses of ±0.6 
dynes/cnr at a frequency of 5 Hz for 2 hours. Static controls were incubated for 2 hours in culture dishes. At the end of each fluid 
flow regimen, cells were either immediately lysed (0 hours post-flow) or returned to static culture in flow medium for 24 hours (24 
hours post-flow) followed by RNA extraction. Expression of Ptgs2 was quantitated by real-time PCR duplex reactions with Gapd as 
an endogenous control. (* = p < 0.05, ** = p < 0.01 in comparison to static control values and + = p < 0.05. ++ = p < 0.01 in 
comparison to experimental samples subjected to 4 dynes/cm2).
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Figure 2.9 Biphasic Expression of P t g s l  0 and 24 Hours Post-Flow in MLO-Y4 Cells Subjected to Pulsatile Fluid Flow
MLO-Y4 clonal osteocyte-like cells were subjected to fluid shear stresses of 2.0, 4.0, 8.0, 16.0, 24.0, and 32.0 dynes/cnr with pulses 
of ±0.6 dynes/cnr at a frequency of 5 Hz for 2 hours. Static controls were incubated for 2 hours in culture dishes. At the end of each 
fluid flow regimen, cells were either immediately lysed (0 hours post-flow) or returned to static culture in flow medium for 24 hours 
(24 hours post-flow) followed by RNA extraction. Expression of Ptgs2 was quantitated by real-time PCR duplex reactions with 
Gapd as an endogenous control. (* = p < 0.05, ** = p < 0.01 in comparison to static control values and + = p < 0.05, ++ = p < 0.01 in 
comparison to experimental samples subjected to 4 dynes/cnr).



DISCUSSION

Osteocytes are More Mechanosensitive than Osteoblasts

As stated previously, osteocytes have become accepted as the mechanosensitive cells in 

bone, however very little work has actually been done with osteocytes to support this 

model. Instead, in vitro experiments using osteocytes have bypassed this issue in pursuit 

of mechanistic questions, while in vivo experiments lack the sensitivity to detect 

individual cell responses. In the current experiments, however, clear evidence has been 

presented that shows osteocytes are significantly more sensitive than osteoblasts to 

mechanical stimulation. Using co-cultures of varying ratios of 2T3 clonal osteoblast like 

cells and MLO-Y4 clonal osteocyte like cells, the functional roles of these two cell types 

has been somewhat clarified. In static control experiments, increasing concentrations of 

MLO-Y4 cells resulted in increased basal levels of Ptgs2 expression, an indicator of basal 

PGE, production. What was most interesting about this phenomenon was that at both 

zero and 24 hours, there was a synergistic effect of co-culturing these cells that reflected 

the expression pattern of the MLO-Y4 cells. Presumably the order of magnitude increase 

in expression identified in the 24-hour data is the result of increased confluency of the 

cells, however this needs to be further studied.

In response to pulsatile fluid flow, increasing MLO-Y4 content resulted in increased 

expression of Ptgs2, further supporting osteocytes as mechanosensitive cells. It is most 

likely not a coincidence that in bone, osteocytes account for approximately 90% of the 

cellular content. Perhaps the best indicator that osteocytes are the mechanosensitive cells 

in bone is the fact that at 24 hours post-flow, expression of Ptgs2 in all of the co-cultures

93



and the isolated MLO-Y4 cells was less than 20% that of isolated 2T3 cells. Receptor 

cells are generally rapidly adaptable and exquisitely sensitive to changes in their 

environment. This is reflected in the pattern of Ptgs2 expression in MLO-Y4 cells both 

in isolated cultures and in co-cultures, but not 2T3 ceils, which at 24 hours post-flow, 

were still showing a nearly six-fold increase in Ptgs2 expression. Both the pattern of 

expression in static cultures and this pattern of expression following flow imply that 

when allowed to communicate, the osteoblastic cells change their pattern of expression to 

match that of the osteocytic cells. This would match the behavior of a regulatory 

mechanism controlling an effector response.

Further studies along these lines need to be performed to further elucidate the relationship 

between osteoblasts and osteocytes. One likely criticism of using clonal osteocyte-Iike 

MLO-Y4 cells as a model for in vivo osteocytes is that cell culture is two dimensional, 

forming attachments to the substrate only on their basal surfaces. In contrast to this, 

osteocytes in vivo are surrounded by extracellular matrix. Unfortunately this 

environment is difficult, if not impossible to replicate in vitro. One possibility is to grow 

these cells in a collagen gel. thereby providing three-dimensional stimulation. In order to 

do this, fluid flow would not be a viable mechanism for stimulation, but the results of 

specific aim three may provide translational information between fluid flow magnitudes 

and mechanical strain magnitudes. A second likely criticism is that MLO-Y4 cells are 

clonal. The accepted understanding is that osteocytes are terminally-differentiated 

osteoblasts that are no longer capable of mitosis. One way to validate these results would 

be to isolate primary osteocytes using an osteocyte-specific monoclonal antibody such as
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OB 7.3 [323|, SB-5 [324], or El I 13251. These isolated primary osteocytes could then be 

recombined with clonal osteoblasts at varying ratios and subjected to fluid flow or 

mechanical strain and assayed for Ptgs2 expression or PGE2 production.

2T3 Cell Response to Fluid Flow is Independent of Medium Ionic Content

The mechanism by which both osteocytes and osteoblasts are stimulated by fluid flow 

has not yet been elucidated, however recent discoveries by Norvell 13261, Pavalko 13271. 

and Lee 11851 are beginning to help clarify this issue. At present, there have been three 

main proposed mechanisms for fluid stimulation of osteogenic cells. These are fluid 

shear stress, ionic streaming potentials, and simple transport. The previous in vitro 

studies that addressed this issue indicate that fluid shear stress is most likely the physical 

stimulus that is responsible for osteogenic cell stimulation. However, in vitro 

experiments do not always test what is occurring in vivo, as evidenced by the difference 

in the ranges of sensitivity of live bone and bone cells in culture. As described above, 

osteogenic cells in vivo are bathed in interstitial fluid that is remarkably different than 

blood plasma. While blood plasma contains high concentrations of sodium and calcium 

and a low concentration of potassium, the ionic content of bone interstitial fluid is lower 

in sodium and calcium and significantly higher in potassium |24|. The only other 

interstitial fluid in the human body that shares a similar reversed ionic content is the 

endolymph within the membranous labyrinth of the inner ear, although the ionic content 

of endolymph is more severely reversed |328|. It is probably not a coincidence that 

endolymph is involved in mechanotransduction as well. By inverting the ionic 

concentrations of sodium and potassium, these interstitial fluids are chemically more
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alike to intracellular fluid than interstitial fluid and perhaps that is the point. By changing 

the extracellular environment to more closely resemble the intracellular environment, any 

ionic or chemical membrane potential is diminished, possibly to prevent unwanted 

stimulation. Based on this reasoning and the results of the previous in vitro experiments 

2T3 osteoblastic cells were subjected to pulsatile fluid flow in the presence of (3-MEM or 

BIF containing the ionic concentrations reported by Neuman. When considered in this 

light, it is not surprising that there was no difference in the production of PGE2 by 2T3 

cells in either culture medium. Unfortunately, negative results such as this do not prove 

that fluid shear stress is the only mechanism of osteogenic cell stimulation. Since it is not 

currently possible to actually sample bone interstitial fluid there is no guarantee that the 

BIF medium is biologically accurate.

One likely criticism of this work is the majority of the cells exposed to bone interstitial 

fluid are osteocytes, rather than osteoblasts. In order to verify these results it is important 

to repeat these experiments using MLO-Y4 clonal osteocyte-like cells or the above 

described co-cultures. Additionally, the method used by Neuman to analyze the ionic 

content of bone interstitial fluid was imprecise, in that he measured the change in ionic 

concentration of known buffers in which he placed sectioned bone. When the buffer 

concentration did not change with the addition of bone, he reported the concentration of 

the buffer. In future studies, it would be important to optimize the ionic concentrations in 

BIF medium to determine if there is a change in cell response to fluid flow that is ion 

dependent.
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Biphasic Response of Osteogenic Cells to Pulsatile Fluid Flow

While the above experiments, along with numerous others conducted elsewhere have 

clearly shown that fluid shear stress is stimulatory to cells of the osteogenic lineage, there 

has not been any attempt to correlate the magnitudes of fluid shear stress to the in vivo 

physiologic range of mechanical load. One exception to this has been the work of 

Nicolella et al., who used digital imaging of MLO-Y4 cells subjected to fluid flow to 

determine the amount of cellular deformation caused by fluid shear stress |329|. Using 

this technique, they were able to demonstrate that 2, 8, and 16 dynes/cnr produced 

cellular deformations of 2,700 p(3, 15,000 p|3, and 49,000 pf3, respectively. With the 

exception of 2 dynes/cnr, these magnitudes of fluid flow appear to fall well outside of 

the physiologic range of mechanical strain. However, in interpreting this data, it must be 

understood that osteocytes within the lacuno-canalicular system are subject to the 

mechanical strain of the surrounding matrix to which they are attached, as well as the 

fluid shear stress generated by the movement of interstitial fluid through the bone. 

Together these stimuli may very well exert over 49,000 p(3 on individual osteocytes. 

Unfortunately, Nicolella and colleagues were not able to correlate the magnitudes of fluid 

shear stress generated in in vitro experiments to the biological response of bone to 

mechanical load. 1 believe that the results of these experiments, however, are able to 

provide this correlation.

In response to fluid shear stresses of two to 32 dynes/cnr, both 2T3 osteoblastic cells and 

MUO-Y4 osteocytic cells demonstrated biphasic induction of Ptgs2 at both zero and 24 

hours post-flow. This pattern of expression has been described previously by Murray and
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Rushton 1165], who subjected primary mouse calvarial cells to substrate deformation and 

Reich et al. | 1941, who subjected primary rat calvarial cells to constant fluid flow. 

Murray and Rushton found a nearly two fold increase in PGE2 secretion at 7,000 p|3, 

followed by a trough at 14,000 p|3 and a second peak in PGE2 production at 28,000 p(3 

that was over two fold higher than controls. Reich and colleagues found a nearly 13-fold 

increase in intracellular cAMP at 4.3 dynes/cm2 followed by a trough at 9 dynes/cm2, and 

a second peak at 36 dynes/cm2 that was nearly 16-fold higher than controls. When the 

results of these two studies are plotted on a graph, they demonstrate a linear relationship 

with an R2 score of 0.9733 and an origin at zero (Figure 2.10). In contrast to this 

relationship, the results of Nicolella et al. form a line with a significantly different slope. 

One possible explanation for this difference is that the studies of Murray and Rushton and 

Reich et al. were using a biological response as an endpoint, whereas Nicolella et al. was 

using cell deformation. In addition, work by Smalt et al. 12471 found that significant 

fluid shear stresses were generated in mechanical strain experiments, indicating that the 

cells in the experiments of Murray and Rushton may have received both strain and fluid 

shear stimuli during their experiment.

When the results of Murray and Rushton and Reich et al. are compared with the results of 

the current experiments, a similar pattern emerges. The first of the two peaks is lower 

than the second and occurs over a much narrower range. When these patterns are 

compared to in vivo responses to mechanical load, it is compelling that the lamellar 

response to loading is also of lower magnitude and occurs over a narrower range of strain 

(1,000 to 3,000 p|3). The second peaks in these experiments occurred over a much wider
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Figure 2.10 Comparison of previous dose-response studies on the effects of mechanical stimulation on osteogenic cells
Studies by Murray and Rushton 1165] and Reich, Gay, and Frangos 1194] both demonstrated biphasic responses to mechanical 
stimulation in osteogenic cells. When these data points are plotted against each other (first peak, trough, and second peak), they form 
a nearly straight line that intersects the x and y axes at zero. In contrast, the results of Nicolella et al. [329], who analyzed cellular 
deformation in response to fluid shear forces, form a separate pattern.



range of stimulation, similar to the woven bone response (3,000 to 25,000 p|3). As 

increased PGE2 has previously been shown to increase the number of osteoblast 

precursors recruited to sites of mechanical loading, resulting in increased woven bone 

formation, this biphasic response of Ptgs2 expression seems to directly relate to the in 

vivo response to mechanical loading. These results imply that previous studies using 

pulsatile fluid flow may have been eliciting different responses. For instance, the fluid 

flow studies by Klein-Nulend and colleagues using 5.0 ± 0.2 dynes/cnr (330, 3311, 6.0 ± 

0.3 dynes/cnr 1212, 332], and 7.0 ± 0.3 dynes/cm |205-209, 21 1, 2191 may have been 

measuring a lamellar bone forming response, while the fluid flow studies of Pavalko et 

al. using 12 dyn/cnr 1195-197, 3261 or other studies using 16 dyn/cnr 1200, 201 |, 20 

dyn/cnr 1202 ], or even 70 dyn/cnr 1203 | may have been measuring a woven bone 

response.

Two interesting patterns of Ptgs2 expression were noted in the responses of 2T3 clonal 

osteoblast-like and MLO-Y4 clonal osteocyte-like cells at zero and 24 hours post-flow. 

The first observed pattern was the ranges of the two peaks in the different cell types. The 

first peaks in both cell lines occurred over the same range of fluid shear stress (2-8 

dynes/cnr), although at 2 dynes/cm2, the MLO-Y4 cell response is nearly maximal, while 

the 2T3 cell response is still increasing. The second peak in Ptgs2 expression in MLO- 

Y4 cells was maximal at 16 dynes/cm2 and was lower at 24 and 32 dynes/cnr. In 

contrast, the second peak in Ptgs2 expression in 2T3 cells was maximal at 24 dynes/cm2. 

The second pattern of expression that was observed was in response to lower ranges of 

fluid shear stress (2 to 8 dynes/cm2), the expression of Ptgs2 in 2T3 cells increased from
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zero hours post-flow to 24 hours post-flow over two-fold, while at higher ranges of flow 

(16 to 32 dynes/cm2), expression of Ptgs2 decreased by 20%. In contrast to this pattern, 

MLO-Y4 osteocyte like cells maintained the same biphasic pattern of response at both 

zero and 24 hours post flow, except that the magnitude of expression was decreased 

below static control levels at 24 hours. Taken together, these two patterns further support 

the theory that osteocytes are the rnechanosensors in bone. In response to pulsatile fluid 

flow, the MLO-Y4 cells responded to lower magnitudes of fluid shear stress and adapted 

more rapidly to withdrawal of stimulation than 2T3 cells.

Further studies using in vivo loading are required to validate the correlation of these 

observed patterns of expression with in vivo bone forming responses. As the ranges of 

strain necessary to elicit lamellar and woven bone formation in mice and rats are well 

known, it is only a question of the endpoint to be measured. While mRNA yields in in 

vitro experiments are more than sufficient to allow expression quantitation by real-time 

PCR, mRNA yields from whole bone are significantly less and have been shown to be 

erratic. Better methods of analysis may be immunocytochemical detection of PGE2 or in 

situ hybridization of Ptgs2 in bone sections. Other options include measurement of PGE2 

in gingival crevicular fluid in response to different magnitudes of orthodontic force or 

microdialysis of PGE2 from bone interstitial fluid from loaded bone. Of these possible 

methods, the use of bone sections seems to offer the best chance of observing differences 

in the response of osteocytes and osteoblasts to mechanical stimulation.
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CONCLUSIONS

The main hypothesis driving this work was that mechanically induced fluid flow through 

the lacuno-canalicular system stimulates osteocytes by fluid shear stress and when 

stimulated, these osteocytes then activate adjacent osteoblasts. In addition, magnitude of 

fluid shear stress to which bone cells are exposed directly determines the pattern of the 

bone forming response within the physiological range. In order to test this hypothesis, 

three separate approaches were used. The first approach, the use of co-cultures of 

different ratios of MLO-Y4 osteocyte-like cells and 2T3 osteoblast-like cells to elucidate 

which of the osteogenic cell types is responsible for mechanosensation in bone clearly 

showed that the osteocytic cells are significantly more sensitive to not only increases in 

mechanical stimuli, but also the removal of stimuli. Further, it seems that when cultured 

together, osteocytic cells are able to change the pattern of response of adjacent 

osteoblastic cells to match their own response pattern. These observations support the 

hypothesis that osteocyte cells are the mechanoreceptor cells in bone.

The second approach used in this project compared the response of 2T3 osteoblast-like 

cells to pulsatile fluid flow in either |3-MEIV1 culture medium or cell culture medium that 

mimicked bone interstitial fluid, so as to determine if fluid shear stress or streaming 

potentials are responsible for osteogenic cell stimulation by fluid flow. The results of this 

experiment clearly showed that there is no difference in the production of PGE2 

production by cells in either environment, supporting the hypothesis that fluid shear 

stress is the stimulus responsible for osteogenic cell stimulation. While these results

102



support the hypothesis, further studies using MLO-Y4 osteocyte-like cells or co-cultures 

would be useful to further elucidate this mechanism.

The third approach used in this project was to subject MLO-Y4 osteocyte like cells or 

2T3 osteoblast like cells to pulsatile fluid flow of 2 to 32 dynes/cnr followed by zero or 

24 hour post-flow static culture. These cells were then assayed for the expression of 

Ptgs2 to determine their response at these increasing magnitudes of fluid shear stress. 

The results clearly indicate that there is a biphasic response in both cell types at zero and 

24 hours post-flow that correlates well with the lamellar and woven bone responses seen 

in vivo. These results clearly support the hypothesis that the magnitude of fluid shear 

stress determines the osteogenic response of the cells. While further studies need to be 

performed to clarify this relationship, these results indicate that future studies using fluid 

flow should be performed within these two ranges and results should be interpreted based 

on the different responses seen in these two patterns.



Chapter 3

Patterns of Nitric Oxide Synthase 3 
Expression in Osteogenic Cells Following Mechanical

Stimulation

104



BACKGROUND

Introduction

In 1980, Furchgott and Zawadzki identified an unknown substance that mediated 

endothelium-dependent aortic smooth muscle relaxation in response to acetylcholine, 

which they named endothelium-derived relaxing factor (EDRF) 13331. EDRF was later 

determined to share the same chemical and biological properties as nitric oxide (NO) 

13341. NO is a highly labile free radical signaling molecule that diffuses through the 

plasma membrane to bind to the heme moiety of soluble guanylyl cyclase (sGC), where it 

activates the conversion of guanosine 5-triphosphate (GTP) to guanosine 3 \5 ’-cyclic 

monophosphate (cGMP), a mediator of smooth muscle relaxation, thus producing 

vasodilatation 1335, 3361. Additional roles for NO have since been elucidated including 

inhibition of platelet aggregation 13371, neurotransmission [3381, and macrophage 

cytotoxicity 1339, 3401. NO’s half-life in aqueous solution is three to five seconds and 

may be much less in biological conditions, allowing an effective radius of activity of 

only! mm 1341, 342|. This lability is most likely due to its interaction with oxygen to 

form N02, which dimerizes to N20 4. In water, N20 4 spontaneously dismutates to form 

nitrite (NO,) or nitrate (NO,) 1541. NO is the product of a five electron oxidation of the 

guanidino nitrogen of L-arginine, which occurs through two successive NADPH- 

dependent monooxygenation reactions 13391. The first reaction results in the

intermediate N^-hydroxy-L-arginine, which is then converted into L-citrulline and NO. 

The enzyme responsible for these reactions, nitric oxide synthase (NOS), is only 

catalytically active when dimerized [343 | and requires the presence of five bound co

factors: FAD, FMN, tetrahydrobiopterin, Fe,+ heme, and Ca+7calmodulin 13441.
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In mammals, the synthesis of NO occurs through three distinct NOS isozymes: neuronal 

nitric oxide synthase that was first isolated from rat cerebellae |345|, cytokine-inducible 

nitric oxide synthase that was first isolated from activated mouse macrophages 13461, and 

endothelial nitric oxide synthase that was first isolated from bovine aortic endothelial 

cells 13471.

Neuronal nitric oxide synthase (NOS1) is a Ca++/calmodulin-dependent 155 kDa 

cytosolic protein whose activity is regulated by physiological changes in the intracellular 

calcium concentration 13481. It has been found in the brain (predominantly in the 

cerebellum), the peripheral nervous system, and skeletal muscle (predominantly 

membrane-bound due to its anchoring to dystrophin) (3491, and functions as a 

neurotransmitter in nonadrenergic, noncholinergic nerve signaling (3501. Some of the 

functions of these pathways are relaxation of the gastroesophageal sphincter 1351 |, the 

taenia coli 13521, and the corpus cavernosum 13531. Human NOS I is encoded by a 

constitutively expressed 160 kb gene located on Chromosome 12q24, which contains 29 

exons. In mice, NOS1 is encoded by a 146 kb gene located on Chromosome 5:116, 

which contains 26 exons, encoding a 160 kDa protein 13541. The Nos] ' knockout mouse 

appears anatomically normal except for pyloric sphincter hypertrophy and a grossly 

enlarged stomach. Following a vascular stroke, these mice have been shown to be 

extremely resistant to reperfusion injury, most likely because of decreased vasodilatation 

and therefore decreased hemorrhage into ischemic tissues 1355, 3561.

N it r ic  O x id e  S y n t h a s e  I s o z y m e s
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In contrast to the neuronal isozyme, inducible nitric oxide synthase (NOS2) is 

Ca+7caImodulin independent due to the presence of a constitutively bound calmodulin 

subunit 13571. As its name indicates, NOS2 is not expressed in unstimulated cells, but is 

induced in response to proinflammatory cytokines such as interleukin I beta (1L1B), 

interferon gamma (IFNG), and tumor necrosis factor (TNF) or E. coli lipopolysaccharide 

(LPS) 13581 in many types of immune cells, hepatocytes, and endothelial cells 13591. 

Following induction, there is a time lag of six to twelve hours, during which de-novo 

synthesis of the 130 kDa cytosolic protein occurs that results in the sustained production 

of high levels of NO until either L-arginine is depleted or the cell dies 13391. This burst 

of NO has several cytotonic and cytotoxic effects including inhibition of metabolism, 

transcription, and replication, as well as formation of reactive oxygen species 1541. The 

gene for NOS2 is located on human Chromosome 17q 11, spans 21 kb, and contains 26 

exons, along with several pseudogenes located on both sides of the centromere |360|. In 

mice, the 39 kb gene encoding NOS2 is located on Chromosome 11:78, containing 27 

exons that code for a 130 kDa protein [3611. The Nos2' knockout mouse has been 

shown to be uniformly susceptible to infection by many pathogens, including tuberculosis 

[3621, but is significantly less susceptible to septic- or cytokine-induced circulatory shock 

1363|.

Endothelial nitric oxide synthase (NOS3), like NOS1 is expressed constitutively and is 

Ca+7calmodulin dependent. Signaling molecules and stimuli that increase cytoplasmic 

calcium concentrations produce small, “physiologic puffs” of NO [541. The 135 kDa 

protein has mainly been identified in arterial and venous endothelial cells of various
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tissues 13481, where it plays a significant role in the regulation of systemic blood 

pressure, cardiac contractility, and platelet aggregation 13641. In addition, NOS3 has also 

been identified in a number of other tissues such as kidney tubular epithelial cells 13651 

and interstitial cells of the proximal colon 13661. Unlike NOS I, however, NOS3 is 

predominantly a membrane-bound protein even though it lacks a transmembrane domain. 

Instead, NOS3 is co-translationally myristoylated on glycine 2 [3671 and post- 

translationally palmitoylated on cysteines 15 and 26 13681 to allow membrane 

association. The gene which encodes NOS3 is located on human Chromosome 7q35 

13601. encompassing 37 kb with 26 exons 13691. In mice, the 132 kDa protein is encoded 

by a 19 kb gene that contains 26 exons located on Chromosome 5:22 [3701. While 

expression of Nos 3 is constitutive, it has been demonstrated to be increased by stimuli 

such as estrogen |371|, vascular endothelial growth factor A (VEGFA) 13721, and fluid 

shear stress 1373). Several Nos3' knockout mouse strains have been created and all 

possess elevated blood pressure that is refractory to acetylcholine 1374-3761. Additional 

findings have been decreased bone mineral density 13771 and an increased incidence of 

limb malformations 1378, 3791.

Nitric Oxide Synthase Isozymes Expressed in Bone

Nitric Oxide was first identified as a possible regulator of osteoclast activity in 1991 by 

MacIntyre et al., who showed that treatment with either NO-saturated culture medium or 

NO-donor compounds resulted in retraction of isolated rat osteoclasts from the bone 

surface as well as a reduction in the amount of bone resorbed 13801. The hypothesis they 

proposed to explain this phenomenon was that bone marrow endothelial cells might play
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a role in modulating osteoclast activity. A few years later, NO production was 

demonstrated in primary human and mouse osteoblast cultures in response to IL1B, 

1FNG, TNF, or LPS 1381, 3821. As expected, this response was later shown to be the 

result of Nos2 induction [383, 384|. Several studies have since attempted to elucidate 

which isozymes of NOS are physiologically relevant in bone cells and, with few 

exceptions, have produced the same results. Expression of Nos I in primary rat 

osteoblast-like cells was demonstrated by RT-PCR in two studies 1167, 3851, but in other 

studies it has not been detectable in bone cells. Expression of Nos2 and Nos3, on the 

other hand, has been shown repeatedly in both osteoblasts and osteocytes using RT-PCR 

[177, 386-388| and northern blotting |93|. In addition several studies have detected 

NOS2 and NOS3 in these cells using western blotting 13871 or immunohistochemistry 

|389|. In the absence of proinflammatory cytokines, NOS3 has been shown to be the 

predominant NOS isozyme in cells of the osteoblast lineage [93, 386, 387, 3891. 

Osteoclasts have also been shown to express both Nos2 and Nos3 [3901. Fox et al. 

showed that osteoclasts on the periosteal surface of the metaphyseal cortex and 

occasionally within the primary spongiosa of adult rat tibiae were positive for NOS3 and 

neonatal rat osteoclasts were strongly positive for NOS3. Strong NOS2 expression was 

identified in osteoclasts on the periosteal surface but not in the primary spongiosa 13891. 

This differs from an earlier report in which osteoclasts and their immediate precursors 

were shown to be negative for NOS2, while strongly positive for NOS3 13851.
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Studies in the last several years have shown that Nos3 expression, once considered to be 

constitutive, is regulated by multiple stimuli. This regulation occurs through two 

mechanisms: transcriptional regulation and mRNA stability. Analysis of the Nos3 

promoter region has shown that it does not contain a TATA box. It does, however, 

possess proximal elements such as Spl and GATA motifs found in other constitutively 

expressed genes. In addition, the promoter contains consensus sequences for binding 

numerous transcription factors. Among these are AP I, AP-2, ETS, MAZ, NF-1, NF- 

IF6, NFKB1, TRP53, PEA3, and YY1, as well as CACCC-, CCAAT-, heavy metal-, 

acute-phase response-, shear stress-, cAMP-response-, retinoblastoma control-, IFNG- 

response-, and sterol-regulatory cis elements. The promoter sequence also contains 

several half sites of the estrogen- and glucocorticoid-response elements (ERE and GRE), 

but no true ERE’s nor GRE’s are present 1391 -3931. Of the many regulatory sequences 

listed here, only a few of these have been demonstrated to be physiologically relevant. 

For a thorough description of the Nos3 promoter, see the review by Kleinert et al. 13941.

Regulation of Endothelial Nitric Oxide Synthase mRNA Stability

The other mechanism of Nos3 expression regulation is control of mRNA stability. When 

the human and bovine endothelial isoforms of NOS were initially cloned and 

characterized it was noted that treatment with TNF resulted in decreased NOS3 mRNA, 

protein, and activity 1395, 3961. Subsequent experiments by Yoshizumi 13971 and 

Mohamed 13981 determined that the decrease in mRNA was not due to changes in 

transcription rate, but rather increased mRNA degradation. Following treatment with

R e g u la t io n  o f  E n d o t h e l ia l  N i t r ic  O x id e  S y n t h a s e  T r a n s c r ip t io n
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actinomycin D, Nos3 mRNA was estimated to have a half-life of 48 hours. In the 

presence of TNF, this half life was decreased to three hours. In addition, they found that 

this effect required new protein synthesis, as treatment with cyclohexamide prevented the 

increased mRNA degradation. Since this discovery, several other conditions have been 

shown to alter the stability of Nos3 mRNA. Among these conditions are LPS 13991, 

reactive oxygen intermediates 14001, shear stress 1401 |, statins |402, 403|, thrombin 

14041, Rho GTPases |405|, actin cytoskeleton |406|, VEGFA |407|, oxLDL [408|, 

amphotericin B 14091, albumin-derived advanced glycosylation end products |410|, 

glucocorticoids 14 1 11, hypoxia [4121, and the proliferation status of the cells 14 131.

Messenger RNA degradation has been shown to be the result of cfv-acting elements 

within the RNA sequence and trans-acting factors within the nucleus or cytoplasm (see 

Brennan and Steitz [4141 for a complete review). Briefly, c/.v-acting sequences have been 

identified within the 5’ untranslated region (UTR) of the 112 mRNA that promotes the 

removal of the 5’cap when not bound by stabilizing proteins [4I5|. Sequence elements 

within the coding region of Fos and Myc mRNAs have been shown to promote 

deadenylation and decay after initiation of translation 14161. The 3’ UTRs of early 

response genes and cytokines have been shown to contain regulatory sequences that also 

prevent deadenylation and degradation of mRNAs through the binding of stabilizing 

proteins |417|.

Analysis of the 3’ UTR of the human NOS3 mRNA showed three highly conserved 

domains that have been shown to regulate its stability 14181. The first of these domains is



C-rich and contains one conserved copy of the CCUCC motif that binds a 39 kDa 

ribonucleoprotein (RNP) complex on the human [3-gIobin mRNA 14191. The second 

domain is CU-rich and contains two copies of a CCUCU motif. The third domain is AU- 

rich and contains two conserved copies of the AUUUA motif commonly found in the 

3’UTR of labile messages 14201. In this same experiment, three RNPs of molecular 

weights 53, 56, and 66 kDa were identified that bind to the human NOS3 3’ UTR. The 

53 and 56 kDa RNP complexes were shown to bind to the first and second conserved 

domains. In response to TNF treatment, both of these factors were increased 20 to 30- 

fold, while NOS3 mRNA levels were less than 30% that of untreated cells. This 

inhibition was attenuated in cells expressing adenoviral derived first and second 

conserved domains. The 66 kDa RNP was shown to bind the third conserved domain 

containing the two AUUUA motifs. In response to TNF treatment, its levels were 

decreased by up to 50%, leading the authors to conclude that it is a transcript-stabilizing 

factor.

Similar studies were performed by Alonso et al. |421], who identified two distinct 

domains within the 3’ UTR of the bovine A'os3 mRNA. The 3’ half of the UTR was UC- 

rich, while the 5’ half was AU-rich. In response to treatment with TNF, a protein 

complex was shown to bind to the UC-rich region of the UTR. Follow-up studies by this 

group identified three protein complexes of molecular weights 51, 60, and 66 kDa. 

Treatment with TNF increased the level of the 60 kDa protein, which they found to bind 

to the UC-rich domain of the Nos3 UTR |422|. Searles et al. 14231 subsequently 

demonstrated that the 51 kDa protein binds to a third domain encompassing the proximal
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43 bases of the Nos3 3’ UTR upstream of the UC-rich domain identified by Alonso et al. 

Expression of the 51 kDa protein was increased in confluent cells, which also 

corresponded to decreased Nos3 message levels. To date, none of these mRNA binding 

proteins have been identified.

The conserved AU-rich elements (AREs) in both the human and bovine NOS3 3’ UTRs 

have been shown to be common in proto-oncogenes, nuclear transcription factors, and 

cytokines that are rapidly and transiently expressed |420|. Although these mRNAs serve 

diverse purposes within the cell, they all possess very short half-lives. Shaw and Kamen 

demonstrated that these c/.v-acting sequences were responsible for the rapid degradation 

of labile mRNAs. By inserting a 51-nucleotide ARE from the human colony stimulating 

factor 2 (CSF2) mRNA 3’ UTR into the 3’ UTR of the rabbit (3-globin gene, they were 

able to reduce its half-life from greater than ten hours down to 22 minutes. Inserted GC 

sequences within the ARE abolished this destabilization |424|. Since these first 

experiments, many more genes have been identified that possess AREs and distinct 

classes of AREs have been identified. Genes such as FOS and MYC contain Class I 

AREs, which consist of one to three scattered copies of the pentamer AUUUA embedded 

within U-rich regions. Class II AREs, like those found in CSF2 and TNF, possess at least 

two overlapping copies of a critical nonamer UUAUUUA(U/A)(U/A) within the context 

of a U-rich region. Class III AREs, of which JUN and VEGFA belong, lack specific AU 

sequences, but rather possess a general U-rich region in the 3’ UTR |414|.



The mechanism of A RE-mediated decay is highly regulated. Class I and III AREs 

exhibit a biphasic pattern of decay. During the first phase, poly(A) tails are 

synchronously shortened to a size of 30 to 60 nucleotides, while the mRNA concentration 

remains fairly constant. In the second phase, the translated portion of the mRNA is 

degraded through first-order kinetics. In contrast, class II AREs result in asynchronous 

deadenylation and decay, producing a smear of mRNA fragments |425|. These patterns 

of degradation are thought to be the result of both stabilizing and destabilizing AU- 

binding proteins (AUBPs) that compete for binding sites formed by primary and 

secondary structural elements such as stem-loops 14261. Stabilizing proteins such as 

members of the embryonic lethal abnormal vision (EEAV) family of AUBPs bind to 

mRNAs within the nucleus and shuttle them to the cytoplasm, in the process stabilizing 

them for translation |427, 4281. Destabilizing proteins such as zinc finger protein 36 

(ZFP36) 14291, heterogeneous nuclear ribonucleoprotein D (IINRPD) and Kll-type 

splicing regulatory protein (KHSRP) bind to mRNAs in the cytoplasm and are thought to 

either interact directly with the deadenylase itself |430| or to change the conformation of 

the mRNA, providing access to polyA ribonucleases |4311. This deadenylation is then 

followed by the binding of the exosome complex, leading to mRNA degradation 14321 

A thorough review of the current understanding of this mechanism was written by 

Bevilacqua et al. |433|.

Unfortunately, very little of this research has been performed in bone, but recently 

Rydziel et al. examined the effects of cortisol on the stabilization ot the matrix 

metalloproteinase 13 (Mmpl3) mRNA in fetal rat calvarial cells 1434|. They had



previously found that cortisol increased the half-life of Mmp13 mRNA from six to 12 

hours 14351. In this recent report, they found three protein complexes bound to AREs 

within its 3’ UTR. Further analysis revealed that two of the proteins were vinculin 

(VCL) and KHSRP. RNA interference (RNAi) of either of these proteins resulted in 

increased stability of the Mmp13 mRNA, indicating that both VCL and KHSRP are 

destabilizing AUBPs in osteoblasts.

Nitric Oxide Effects in Bone

Treatment of chickens and rats with the NOS2-selective inhibitor aminoguanidine 

resulted in a significant inhibition of bone formation 14361, while treatment with the 

NOS3-selective inhibitor L-NAME had no change on bone formation 14371. As stated 

earlier, NO has been shown to induce retraction of osteoclasts from the bone surface and 

to decrease bone resorption. This retraction was later shown to be secondary to spikes in 

intracellular calcium, which are mediated through subsequent increases in cytoplasmic 

cGMP 14381. I lowever, when cultured osteoclasts were treated with the nonspecific NOS 

inhibitor L-NMMA, osteoclastic bone resorption was drastically inhibited 13901. It

seems that the effects of NO on osteoclast activity are dependent on its concentration and 

ultimately on which NOS isozyme is active. It is now thought that periodic small bursts 

of NO production by NOS3 result in detachment of osteoclasts to facilitate movement 

and resorption |439|. Cytokine-dependent activation of NOS2, however, produces higher 

concentrations of NO, resulting in apoptosis of osteoclast progenitors and inhibition of

osteoclastogenesis |440|.



Osteoblasts share the same biphasic response to NO as osteoclasts. Stimulation of 

cultured primary rat calvarial cells with ILIB, IFNG, TNF, or combinations of these 

cytokines resulted in induction of NOS2 expression with a six-fold increase in NO 

production for over 72 hours. Concurrently, there was a significant decrease in DNA 

synthesis, cell proliferation, and production of both alkaline phosphatase I (AKP1) and 

bone gamma carboxyglutamate protein 1 (BGLAP1) 13831. Similarly, treatment of 

MC3T3-EI clonal osteoblast-like cells with TNF resulted in a 21% increase in apoptosis 

14411. In contrast, rat calvarial cells increase cytoplasmic cGMP, BGLAP1 production, 

AKPI activity, and bone nodule formation following treatment with NO donor 

compounds in culture 14421. These anabolic effects of NO are similar to the response of 

osteoblasts to exogenous estrogen administration, and in fact, these two agents appear to 

be acting through the same pathway. When human, rat, or mouse osteoblasts are treated 

with 17(3-estradiol, AKPI activity and bone nodule formation are stimulated in a dose- 

dependent manner and NOS3 expression is increased. These anabolic effects, however, 

are not seen in osteoblasts treated with F-NMMA nor osteoblasts derived from the Nos3 

knockout mouse 14431. Ovariectomized (OVX) rats treated with the NO donor 

nitroglycerin are refractory to estrogen-deficient bone loss similar to estrogen- 

supplemented OVX rats and concurrent treatment with L-NAME and estrogen resulted in 

bone loss similar to control OVX rats 14441. In humans, both postmenopausal women 

and amenorrheic female athletes with spinal osteopenia showed reduced NO and estrogen 

production 11091. In a one-year pilot clinical trial, daily topical administration of low- 

dose nitroglycerin in women following hysterectomy and bilateral salpingo-



oophorectomy mimicked the effects of hormone replacement therapy in prevention of 

bone loss |4451.

In summary, effector cells of bone respond to Nitric Oxide in a biphasic fashion. 

Intermittent low doses of NO produced by NOS3 stimulate bone remodeling through 

proliferation, differentiation, and activation of osteoblasts with a concurrent increase in 

osteoclast activity and movement. Long-term high doses of NO secondary to cytokine 

induction of NOS2 result in inhibition and apoptosis of both osteoblasts and osteoclasts. 

There are no references in the literature testing the direct effects of NO on osteocytes, but 

it seems clear that osteocytes play a key role in NO signaling.

Mechanical Stimulation of Nitric Oxide Production

As stated previously, NO has been shown to be stimulated in response to fluid shear 

stress in vascular endothelial cells, resulting in vasodilatation and thus maintenance of the 

homeostatic regulation of blood pressure [3731. In 1995, two independent papers 

confirmed that both primary osteoblasts and osteocytes produce NO in response to 

mechanical strain |167| or pulsatile fluid flow 13301. Both articles demonstrated a two- 

to five-fold increase in NO production within five minutes of stimulation that subsided 

rapidly after removal of the stimulus. Since then, there have been a number of papers 

that have confirmed these results in the attempt to identify the significance of NO in bone 

mechanotransduction [93, 206, 210, 213, 247, 250. 446, 4471. It is now known that 

production of NO is necessary for bone formation, proliferation, and differentiation in 

response to mechanical loading, since treatment with L-NMMA or L-NAME inhibit load-



induced bone formation |448, 449], |JH|thymidine incorporation, and AKPI specific 

activity |202|. In cells of the osteoblast lineage, the isozyme shown to be responsible for 

NO production in response to mechanical stimulation is NOS3, both in culture 13861 and 

in vivo 1931. Production of NO by NOS3 is immediate and sustained for the duration of 

shear stress, while NO production by NOS2 follows a 12 hour refractory period 14471.

The mechanism by which either mechanical strain or shear stress activates NO 

production by NOS3 is most likely through the opening of stretch-activated calcium 

channels. Mohanty and Li demonstrated that vascular smooth muscle cells subjected to 

mechanical strain show increased intracellular calcium within seconds that is blocked by 

treatment with Gadolinium or cytochalasin D. but not nocodazole, indicating that this 

mechanism is dependent on stretch-activated calcium channels and actin microfilaments 

but not microtubules [4501. Ajubi et al. have shown this same mechanism functions in 

osteoblasts and osteocytes as well [2071. In addition to activation of the constitutively- 

expressed NOS3 protein, fluid shear stress and mechanical strain have been shown to 

regulate transcription of the NOS3 gene in both human [2131 and mouse primary 

cells|4511, although other studies have shown no change in Nos3 expression following 

mechanical loading of primary rat cells 193, 1771. Pulsatile fluid flow at 7.0 ± 0.2 

dynes/cnr at a frequency of 5 Hz for one hour increased NOS3 expression by 80% one 

hour post-flow 12131. Equibiaxial mechanical strain of 0.25 to 2% at a frequency of 0.17 

Hz for 24 hours produced a dose-dependent increase in Nos3 expression [4511. In 

addition to cells of the osteoblast lineage, bone marrow-derived preosteoclast-like cells
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have also been shown to increase their production of NO in response to fluid shear stress 

12001.

Downstream Targets of Nitric Oxide Signaling

Nitric Oxide plays a role in the regulation of expression for a number of genes. Using 

differential analysis of an embryonic rat cortical neuron expression library, Li et al. 

identified 63 genes that exhibited greater than a 25% reduction in expression following 

treatment with F NAME |452|. As stated above, activation of NOS2 results in large 

amounts of NO for cytotoxic killing, while activation of NOS3 produces physiologic 

“puffs” of NO, for the activation of signaling pathways. One mechanism of signal 

transduction by NO is regulating the activity of transcription factors such as Ace I, 

NFKBI, AP-I, and HIFIA through reactive nitrogen intermediates |453|. However, the 

majority of these studies were performed using high concentrations of NO donor 

compounds or through the stimulation of NOS2, thereby producing high concentrations 

of NO. At lower concentrations, NO has been shown to react with a variety of metals to 

form nitrosyl complexes, the vast majority involving metalloproteins containing iron. As 

such, the nitrosylation of heme proteins such as guanylyl cyclases, cytochrome P-450, 

nitric oxide synthases, and hemoglobin are the most likely candidates for elucidating its 

mechanism of action within a cell |454|. In the case of NO signaling within bone cells, 

NOS and guanylyl cyclase have been shown to be very important. Nitric oxide can 

regulate its own synthesis through nitrosylation of the NOS heme domain |455|. 

Formation of the Fe-NO complex prevents 0 2 binding at the active site, thus preventing 

enzymatic oxidation |456|. Even in the presence of supraphysiologic intracellular
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calcium concentrations, this feedback inhibition prevents the formation of significant 

amounts of NO in both NOS3 and NOS I isozymes 14571. The inducible NOS2 isozyme 

is significantly less susceptible to feedback inhibition, allowing the production of 

significantly more NO for cytotoxic killing 14581. In light of the fact that NO production 

is immediate and sustained throughout in vitro fluid flow experiments, the amount of NO 

produced through NOS3 stimulation most likely does not produce feedback inhibition at 

the protein level.

As discussed above, NO was first discovered to function through the stimulation of the 

soluble isoform of guanylyl cyclase, stimulating the conversion of GTP to cGMP. 

Analysis of the heme iron group of guanylyl cyclase has shown that it possesses a higher 

affinity for NO than other heme sources within the cell and can be regarded as the 

intracellular receptor site for NO 1459J. Changes in cGMP have been shown to regulate 

the expression of a number of genes including NOS2, soluble guanylate cyclase [3, 

subunit (Gucylal), soluble guanylate cyclase (3, subunit (Gucylbl), and Tgfb3 [460|. In 

human mesangial cells stimulated with cytokines, treatment with L-NAME or ODQ (a 

sGC inhibitor) resulted in increased NOS2 mRNA half-life following actinomycin D 

treatment. Addition of the cGMP analog 8BrcGMP reduced NOS2 mRNA half-life from 

eight hours to four hours |461 ]. Mouse bone marrow macrophages were shown to 

decrease Nos2 expression in response to treatment with atrial natriuretic peptide (ANP), 

which activates a membrane-bound guanylyl cyclase, thus increasing cGMP 1462]. A 

similar phenomenon was seen in rat pulmonary artery and aorta endothelial cells where 

treatment with the NO donors SNP or SNOG, the sGC activator YC-I, or the cGMP
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analog 8BrcGMP resulted in decreased mRNA half-lives for the Gucylal and Gucylbl 

subunits that was blocked by actinomycin D or cyclohexamide. When treated with the 

sGC inhibitors ODQ or NS2028, mRNA half-lives did not change for these subunits 

|463, 464|. During the latter of these two studies, it was discovered that this increased 

mRNA degradation resulted from decreased expression of the mRNA-stabilizing protein 

ELAVLI. Knockdown of Elavil message by RNA interference produced the same 

results as stimulation of the NO-cGMP pathway on Gucylal. Further elucidation of this 

mechanism of posttranscriptional control by NO was accomplished when the accelerated 

decay of matrix metalloproteinase 9 (Mmp9) mRNA in rat renal mesangial cells was 

analyzed by Akool et al. They found that Elavil mRNA and protein were reduced in a 

dose dependent manner by the presence of the NO donors DETA NONOate or SNAP and 

was rescued by the concomitant administration of L-NMMA [4651.

ELAV-like protein I (ELAVLI) is a member of the embryonic lethal abnormal vision 

(ELAV) family of RNA-binding proteins. They were originally identified in Drosophila 

melanogaster as essential for neural development [4661 and are target antigens in 

antibody-associated paraneoplastic encephalomyelitis / subacute sensory neuronopathy 

(Hu syndrome) 14671. ELAVLI is expressed in a number of tissues, while the other 

members of this gene family exhibit tissue-specific expression, with ELAVL3 and 

ELAVL4 being expressed only in neurons 14681 and ELAVL2 being expressed only in 

neurons and sex organs 14691. ELAVLI binds to and stabilizes messages containing 

class I and class II (and to a certain extent class III) AREs as evidenced by RNA 

electrophoretic mobility shift assay (EMSA) |470] and UV-crosslinking [471 |. Some of



the mRNAs shown to be stabilized by ELAVL1 are NOS2 14721, VEGFA 1473, 474], 

BTGS2, TGFBI |475, 476|, catenin beta (CATNB) 14771, Fos, Myc |427|, and cyclins A 

(CCNA1), B1 (CCNB1), and D1 (CCND1) |478|.

Increases in cytoplasmic cGMP activate cGMP-dependent protein kinases (cGK), cGMP 

gated ion channels (CNG), and cGMP-regulated phosphodiesterases (PDE), which 

regulate protein phosphorylation, cation influx, and cyclic nucleotide metabolism, 

respectively 14791. The mechanism by which NO or cGMP inhibits EEAVEI, thus 

destabilizing ARE-containing mRNA, is not known. From the evidence above, it is clear 

that increased production of cGMP results in decreased Elavil expression and that this 

inhibition requires both transcription and translation of a new, unidentified protein.

Recently, work by Briata et al. has helped to clarify the regulation of EEAVEI |480|. 

They identified class III AREs within the 3’ UTR of the paired-like homeodomain 

transcription factor 2 (Pitx2) mRNA that are responsible for its rapid degradation in 

culture. However, upon stimulation of the wnt signaling pathway with lithium chloride 

(LiCl), the half life of Pitx2 mRNA increased from 40 minutes to over 120 minutes along 

with protein levels of PITX2. In contrast, mRNAs containing class I or class II AREs 

showed no difference in stabilization. Analysis of cellular protein fractions from (3T3-1 

immortalized murine gonadotroph cells showed that EiCl had no effect on total amounts 

of KHSRP, ZFP36, or ELAVL1, but strongly reduced the cytoplasmic pools of KHSRP 

and ZFP36 and increased the cytoplasmic concentration of ELAVL1, which they 

subsequently showed coimmunoprecipitates with PITX2. From these observations, the
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authors were able to conclude that in response to activation of the wnt signaling pathway, 

CATNB translocates to the nucleus, inducing the transcription of a number of target 

genes including Pitx2 [4811, through the activity of the TCF/LEF transcription factors. 

Following induction, PITX2 binds to ELAVL1 to facilitate the stabilization of the 

induced mRNAs, including Pitx2.

Prostaglandin E2 Production is Activated by Mechanical Stimulation

As discussed above, both mechanical strain and shear stress have been shown to promote 

the influx of calcium into both osteoblasts and osteocytes through stretch-activated 

calcium channels, thereby activating NOS3. In addition, the influx of calcium also has 

been shown to stimulate the production of prostaglandins. Cultured chicken osteocytes 

and osteoblasts subjected to pulsatile fluid flow of 5.0 ± 0.2 dynes/cnr for one hour 

showed a 4.5- and 1.3-fold increase, respectively, in PGE, production that was abolished 

in the presence of cytochalasin B 13311. Since increased cytoplasmic calcium is known to 

stimulate the conversion of the plasma membrane lipid phosphatidylinositol 4,5- 

bisphosphate (PIP2) to inositol 1,4,5-trisphosphate (IP,) and diacylglycerol (DAG) by the 

membrane-bound protein phospholipase C (PLC) |482|, Nollert et al. looked at IP, levels 

in human vascular endothelial cells following fluid flow. They found that there was a 

rapid increase in IP, that peaked by 30 seconds and remained elevated for over six 

minutes |483|. 1P3 is known to stimulate the release of intracellular calcium stores from 

the endoplasmic reticulum and has been demonstrated in neonatal rat calvarial cells 

subjected to fluid flow 14841. An alternative to this pathway is the presence of a stretch- 

activated calcium channel located on the endoplasmic reticulum, which was identified in
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vascular smooth muscle cells [4501. DAG and increased intracellular calcium are known

to activate protein kinase C (PKC). Reich and Frangos showed flow dependent 

production of PGE2 in the first one to two hours was only slightly increased, while there 

was a dramatic increase two to eight hours following stimulation. The early response 

was found to be substrate (arachadonic acid) dependent, while the later response was due 

to both increased PTGS2 protein and increased substrate. Treatment with the protein 

kinase C (PKC) inhibitor H7 prevented this later increase |485|. Finally, the stimulatory 

effects of PKC and intracellular calcium are known to stimulate phospholipase A2’s 

(PLA2) conversion of membrane phospholipid to arachadonic acid (AA) 14861.

In an attempt to tie this all together, Ajubi et al. conducted a series of experiments where 

they subjected isolated chicken osteocytes to ten minutes of pulsatile fluid flow at 7.0 ± 

0.3 dynes/cm2 at a frequency of 5 Hz in the presence of inhibitors to this pathway |207|. 

Control cells subjected to flow showed over a ten-fold increase in PGE2 production over 

unstimulated cells, but in the presence of the stretch-activated calcium channel blocker 

Gadolinium, flow-induced PGE2 production was inhibited by 54%. Similar results were 

obtained with TMB-8, an inhibitor of intracellular calcium release, and quin 2-AM, a 

chelator of intracellular calcium, which showed 40% and 45% decreases, respectively. 

Treatment with the calcium ionophore ionomycin produced a dose-dependent increase in 

PGE, production, confirming the calcium requirement for prostaglandin production. 

Inhibition of PLC with the inhibitor D 609 and PKC with the inhibitor hypericin, 

produced decreases in PGE2 production of 45% and 40%, respectively. Disruption of the 

actin cytoskeleton with cytochalasin B reduced the production of PGE2 by 40% as well.

124



Inhibition of PLA2 with AACOCF3 resulted in an 80% reduction in flow-stimulated 

PGE2. From these results, it appears that approximately 40 to 50% of the flow-induced 

PGE2 production in cultured chicken osteocytes is the result of this pathway. In addition 

to activation of PrGS2 by mechanical strain or shear stress, these stimuli have been 

shown to induce expression of Ptgs2 as well 1198, 199, 2051. This induction is also 

cytoskeleton-dependent, as it is prevented by treatment with cytochalasin D or a 

dominant negative (3-actinin fragment 11951.

The consequence of increased PGE2 production is determined by which of the four 

transmembrane, G-protein-coupled receptors is present on the cell surface. Of the four 

prostaglandin E receptor subtypes (PTGERI, Iyf’GER2, PTGER3, and PTGER4), only 

PTGER3 is not expressed in osteoblasts and osteocytes 13 141. The PTGERI receptor, 

which acts through increasing calcium entry and PIP2 turnover, has been shown to play a 

role in the induction of Fos, Jim, and Ptgs2, as well as mineralized nodule formation in 

MC3T3-E1 osteoblast-like cells 13 14, 487|. PTGER2 and PTGER4 receptors both 

activate adenylyl cyclase. Another gene regulated by PGE2 is VEGFA, although there are 

conflicting reports about which receptor modulates this effect. In colon cancer cells and 

gastric endothelial cells, PGE2 has been shown to induce VEGFA expression through 

binding to the PTGERI receptor, leading to the phosphorylation of mitogen activated 

protein kinases 3/1 (MAPK3/1) and the stabilization of the HIE1A transcription factor 

[488, 4891. In synovial fibroblasts, VEGFA induction occurs through the PTGER2 

receptor and protein kinase A (PKA) activation |490|. MC3T3-EI osteoblast-like cells 

showed increased Vegfa expression following treatment with PGE, that was mediated by
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the PTGER4 receptor through the activation of specific adenylyl cyclases (ADCY) and 

the mitogen activated kinase 14 (MAPK14) 1491 |. Although the mechanism of 

stimulation is clearly tissue-specific, the effect of PGE2 on Vegfa expression has been 

demonstrated in several cell types and in vivo |492, 4931. Interestingly, direct treatment 

of primary rat calvarial cells or RCT 3 osteoblast like cells with PGE, or PGE2 resulted 

in maximal stimulation of Vegfa expression within one hour [494|. In contrast to this, 

equibiaxial strain applied to rat calvarial cells induced Vegfa transcription by three hours 

[4951. Although its expression in osteoblasts has been established. The role of VEGFA 

in osteoblast function is still unknown. Adenovirus-mediated gene transfer of Vegfa into 

rabbit bone marrow resulted in a 70% increase in bone volume, a 7% increase in 

osteoblast number, and a 49% decrease in resorption surface from lacZ-injected rabbits 

|4961.

Interaction Between Nitric Oxide and Prostaglandin Signaling Pathways

Treatment of primary rat osteoblasts with the proinflammatory cytokines IENG or TNF 

resulted in increases in both NO and PGE2. As expected, pretreatment with L-NAME 

completely blocked NO production in response to either cytokine. It, however, also 

completely abolished IFNG-induced production of PGE, and partially blocked TNF- 

induced PGE2 production. Treatment with SNP resulted in a dose-dependent increase in 

PGE2 14971. These results were partially mirrored by Kanematsu et at., who showed that 

there are two separate PGE, responses to proinflammatory cytokines. There is an 

immediate spike in PGE, production that is NO-independent and a late PGE, response 

following Nos2 induction. The early PGE2 response is attributed to the activity of the
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constitutively expressed PTGS1 protein, while the later response is known to be due to 

PTGS2 activity 12651. This late response can be prevented by treatment with 

aminoguanidine and can be rescued by treatment with the NO donor NOC-18 14981. NO 

has been shown to both activate PGEj production by PTGS2 as well as potentiate its 

induction in response to inflammatory cytokines or LPS in rat mesangial cells and 

squamous cell carcinomas. This mechanism is thought to be mediated by cGMP, as this 

potentiation is abrogated by methylene blue and mimicked by exogenous treatment with 

SBrcGMP |499, 5001. An interesting corollary to this is that PGE2 itself is a negative 

modulator of NO production [4981.

Since NOS3 activity is based on calcium availability, Rawlinson el al. stimulated rat 

ulnae explants with mechanical loading in combination with the calcium channel 

blockers gadolinium chloride (a mechanosensitive channel blocker) or Nifedipine (an L 

type voltage-dependent calcium channel blocker). Both of these drugs completely 

abolished the load-induced production of both NO and PGE2 [4461. As previously 

described, NOS3 and PTGS2 are stimulated and induced by mechanical strain and shear 

stress. In addition, the mRNAs of both of these genes are posttranscriptionally regulated. 

The stabilizing protein ELAVL1, is known to regulate PTGS2 mRNA stability, as well as 

that of VEGFA. Increased production of PGE  ̂ induces the transcription of VEGFA, 

which, as it turns out, induces the transcription of NOS3 |407, 501 |. Treatment of ECV 

304 endothelial cells with recombinant VEGFA for one hour increased NOS3 expression 

by 70% through the activation of phosphatidylinositol-3 kinase regulatory subunit 

polypeptide 1 (PI3KRI)and MAPK3/1 [502|.
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Another modulator of PGE2 and NO production was recently identified by Bakker et at., 

who found that fluid flow-stimulated production of NO was completely abrogated by 

pretreatment with parathyroid hormone (PTH) in primary mouse osteoblasts, but had no 

effect on PGE2 production. In addition, static treatment with PTH stimulated PGE2 

production, while reducing NO production to undetectable levels |332|. In addition to 

Ptgs2, several other NO-modulated downstream effector genes have been identified. 

When rat vertebral explants were subjected to mechanical loading, increases in Fos and 

insulin-like growth factor-I (Igfl) mRNA were seen within 30 to 60 minutes and in the 

bone matrix proteins collagen type I (Collal) and Bglapl within 9 hours. Pretreating 

with L-NMMA completely prevented this response 15031. C2CI2 muscle cells subjected 

to mechanical stretching have been shown to increase expression of the cytoskeletal 

proteins VCL and talin (TLN1) by up to 3-fold. This response is abrogated by the NOS 

inhibitor L-NAME and is reproduced by the NO donor SNAP|504|.

LI nanswered Questions

Although the majority of evidence has shown that NOS3 is the NOS isozyme expressed 

in osteoblasts and osteocytes, research continues to be performed on NOS2 in bone cells 

as well 15051, indicating that this issue is not as simple as it seems. What is clear is that 

in bone, NOS3 is both induced as well as activated by mechanical stimulation. However, 

several questions still remain concerning what role this plays in the response of 

osteoblasts and osteocytes to mechanical stimulation. The stability of Nos2 mRNA has 

been shown to be regulated by the stabilizing protein ELAVLi that binds to its 3’ UTR. 

The 3’ UTR of the mouse Nos3 mRNA contains regions of conservation with the human
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and bovine mRNAs that have been previously shown to bind stabilizing and destabilizing 

proteins (Figure 3.1). Among them is a class I ARE, but neither ELAVL1 nor any other 

mRNA stabilizing proteins have been identified in osteoblasts or osteocytes. That is not 

to say that posttranscriptional regulation of expression has not been identified in bone, 

but rather only destabilizing proteins (VCL and KI1SRP) have been identified. In 

addition, several papers have demonstrated increased halfdives in Bglapl [506, 5071, gap 

junction protein, alpha 1, 43 kDa (Gjal) [5081, Jim [509[, and a number of other gene 

transcripts in osteoblasts, but the mechanism behind these phenomena have yet to be 

elucidated. VCL plays a large role in mechanosensation within bone cells by connecting 

the actin cytoskeleton to the extracellular matrix through integrins. This new role as an 

mRNA destabilizing protein needs to be further elucidated. Perhaps its expression is 

regulated by mechanical stimulation in bone in a similar fashion to the way it is induced 

in skeletal muscle. The role of VEGFA also needs to be explored further, as its role in 

NOS3 has been pieced together in several tissue types, but whether it mediates Nos3 

expression is yet to be determined. The recent findings of Briata et al. provide an 

interesting twist to these questions in light of their connection with wnt signaling. 

Currently there is not a clear understanding of why the G171V mutation in the LRP5 

gene results in the high bone mass phenotype. One possibility is that the mutation results 

in the increased stability of mRNA species important in bone formation.

Unfortunately, there has been very little continuity in the in vitro mechanical stimulation 

experiments that have looked at Nos3 mRNA (Table 3.1). Among the problems with the 

current data that has been generated by these experiments is the variability in method,
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Figure 3.1 Multiple Sequence Alignment of Human, Bovine, and Murine N O S 3  mRNA 3’ Untranslated Regions
Comparison of the 3’ UTRs of human (bases 3905 -  4338, NM_000603), bovine (bases 3676 -  4097, NM_181037), and murine 
(bases 3615 -  3982, NM_008713) NOS3 mRNAs. Sequence alignment was performed using the ClustalW multiple sequence 
alignment program available on the European Bioinformatics Institute website (http://www.ebi.ac.uk/services/index.htmB. Asterisks 
indicate homology between all three species. Boxes indicate previously identified sequences of for attachment of stabilizing or 
destabilizing proteins. Sequences in boldface indicate AU-rich elements known to be bound by ELAVL1. 51 and 60 kDa 
destabilizing proteins identified by Alonso et al. |4211. 53, 56, and 66 kDa stabilizing proteins identified by Lai |418|.

51 kDa Destabilizing Protein
H u m a n G A G C C G C c U G G C U U U c c C U U C C A G U U c C G G G A G A G C G G C U G C C c G A C U
B o v in e G A C b b b u c u u G b A b u U b b b b c A U U C
M u rin e c A G u c u U C C U C c c C u c c A G u u c c c G G A A A G A G G G A U U G U G u C A C U

* * * * * * * * * * * * * * * * * *  * * * * *

H u m a n C A G G U C c G c c c G A c c A G G A u c A G C c c c G c U C C U C C C C U C U U G A G G u G G U G
B o v in e C A C U A U G G c u c U A c c G c U G u c c u G u U G G C C u u u A c C G G G A C c G G C C
M u rin e U C G U U c G G u u G A c c A A G G c u A G c C A C c c u c u C u G A A G A A u G

* * * * * * * * *

H u m a n C C U U C u C A c A u C U G u C C A G A G G C U G c A A G G A U u c A G c A u U A U U C C u C C A G
B o v in e A c c U C u C C c U c C c C u C C C A A G G u G A C u u C C c A G A G A C U G u u G |G  A |
M u rin e c c U A c A G c A u U G G u u G C A A G G c u G C c A A U u u A  A G

* * * * * * * * *

60 kDa TNF-Stimulated Destabilizing Protein
H u m a n G A A G G A G C A A A A C G C c U C U U U U c C C u C U C U A G G c C U G U U G C C U c G G G C C U
B o v in e ! u u c b b u b U A b u A U b u b A u U C C c c A c C C U
M u rin e A u c U u u c u u c u c U C U c c A G U U u A C C U A G G c U G G G G G G G G G

* * * * * * * *

53 kDa Stabilizing Protein
H u m a n G G G u c c G c C u u A A u c u G G A A G G C C C C u C C C A G C A G C G G U A C C C C A G G G C C
B o v in e A A G u c c A u c u G G A A G A C C C C u C c C A G C A G C G G u A U U c c A G A G C C
M u rin e G G G u c G G c C u A A A u c u U G A A G G U U c c u C c G G c U G U G G u A G U u A G G G C A

* * * * * * * * * * * * * * * * * * * * * * * * * *  *

56 kDa Stabilizing Protein
H u m a n U A C u G C C A c c C G C u u c C U G U U U C U u A G u c G A A u G U U A G A U U c c u C u U G C C
B o v in e U A C A G u C A G C c c u U u G G u G u U u A G G u G A A u U u u A G A u U c c c c u C G C C
M u rin e U C C U G c U G c c C U c u u c A u A u G c U u U G A u G G A c u G U A G A c U c c c U u U A A C

* * * * * * * * * * * * * * * * * * *

H u m a n U c u c U c A G G A G u A U c U U A C c u G U A A A G U C u A A U C u C u A A A u c A
B o v in e u c u c u c c C G G G A A G u A U c U U A U c u U G A A A C C u G A U C u c u A A A u c A U U C A
M u rin e u c u c u c u C U G G A G u A U c U U A c G u U U A A A G u c u A A G U c A U C C C

* *  * * * * * * * * * * * * * * * * * * * * * * * * * *

66 kDa Stabilizing Protein
H u m a n A G U A u u u A U U A U U G A A G A u u U A C C A u A A G G G A c U G U G C c A G A U G u U A G G A
B o v in e A A U A u u u A U U A U u G A A G A u u u A C C A u A A G A G A C U G G A c c A G A A G u u A G G A
M u rin e G G U A u u u A U u G A A A A A u u A U c A u A A A A G A c C A U G C C A G A U G C c C A A A

* * * * * * * * * * * * * * * * * * * * * * * * * * * * *

H u m a n G A A C u A c U A A A G u G c C U A c c c C A G C C C A A A A A A A A A A A A A A A A
B o v in e G A C c u A c u A A G A u G c C U A A G c C A A G G U C C U C C G G G G C C G A A U U C
M u rin e A A A A A A A A A A A A A A A A A A A A A

50
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100
100
100
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150
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200
200
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250
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Table 3.1 In  V itro  Mechanical Stimulation Experiments in the literature using Bone Cells to Assess N o s3  Expression and 
Function

M a g n i t u d e

T y p e  o f  S t i m u la t i o n S t r a in  ( m e ) S h e a r  S t r e s s  ( D y n e s / c m 2 )

Mechanical Loading 1 0 0 / 1 0 0 0

Mechanical Loading 12 0 0

Mechanical Loading 3 0 0 0

Substrate Deformation 3 8 0 0

Substrate Deformation 3 8 0 0

Substrate Deformation 2 0 0 0  - 4 0 0 0

Substrate Deformation 2 5 0 0  / 5 0 0 0 /  1 0 0 0 0  / 2 0 0 0 0

Substrate Deformation 3 4 0 0

Substrate Deformation 3 4 0 0

Substrate Deformation 3 4 0 0

Steady Fluid Flow 1 . 0 / 4 . 6 / 2 1 . 5

Steady Fluid Flow 16.0

Steady Fluid Flow 20

Steady Fluid Flow 6.0

Pulsatile Fluid F low 3.9 ± 1.2/ 6.4 ± 2.7 / 12.0 ± 3.7

Pulsatile Fluid Fl ow 5.0 ± 0.2

Pulsatile Fluid Fl ow 5.0 ± 0.2

Pulsatile Fluid F low 7.0 ± 0.3

Pulsatile Fluid F low 7.0 ± 0.3

Pulsatile Fluid Fl ow 6.0 ± 3.0

C u l t u r e  M e d iu m

S e r u m A s c o r b a t e
D u r a t i o n ( % ) ( m g / m l ) S u b s t r a t e A n im a l C e l l s C i t a t io n

10 min 10 Rat Calvarial Explants [93]

10 min 10 Rat Ulnae Explants [93]

8 min 10 Rat Ulnae Explants [446]

10 min 0 Plastic Rat
L o n g  B o n e  
Osteoblasts

[167]

10 min 0 Plastic Chick
E m br yo ni c
Osteocytes

[167]

3 hours Collagen I Rat
Primary Calvarial 

Osteocytes
[177]

24 hours 10 Collagen I M o u s e Primary B o n e  Cells [451]

10 min 0 1 Plastic Rat Primary B o n e  Cells [93]

10 min 0 1 Plastic Chick
Primary Osteoblast- 

Like Cells
[93]

10 min 0 1 Plastic Chick
Primary Osteocyte- 

Like Cells
[93]

1 min 0.1 Plastic Rat
Primary Calvarial 

Cells
[205]

30 min 15 Plastic Rat
Neonatal M a r r o w  
Preosteoclasts

[200]

30 min 0 Glass H u m a n Primary B o n e  Cells [202]

12 hours 2 Glass Rat
Neonatal Calvarial 

B o n e  Cells
[447]

15 min 0.2 Polylysine M o u s e Primary B o n e  Cells [210]

4 5  min 2 Polylysine Chick
Em b r y o n i c  Calvarial 

Osteocytes
[330]

4 5  min 2 Polylysine M o u s e
Neonatal Calvarial 

B o n e  Cells
[330]

60 min 2 0.1 Polylysine H u m a n Primary B o n e  Cells [213]

6 0  min 2 0.1 Polylysine H u m a n Primary B o n e  Cells [206]

30 min 0.2 0.1 Polylysine M o u s e Lo n g  B o n e  Cells [212]

R a te
(H z )

1

1

1

1

1

0.3

0.17

1

1

1

3 / 5 / 9

5

5

5

5

5



magnitude, and duration of mechanical stimulation. Most problematic in regards to the 

questions raised above is the fact that only three of the experiments are longer than one 

hour and thus relevant to Nos3 transcriptional regulation. Even among the fluid flow 

experiments, there are substantial differences in media content. Seven of the experiments 

decreased the serum content of the fluid flow medium to varying degrees and three of 

them supplemented their medium with ascorbic acid. Differences are also seen in the 

substrate on which their cells were plated. Three studies plated their cells on polylysine, 

two used plastic, another two on collagen, and three on glass.

HYPOTHESIS

The main hypothesis behind this project was that only the expression of the endothelial 

isozyme for NOS is increased in 2T3 osteoblast-like cells and MLO-Y4 osteocyte-like 

cells in response to shear stress from pulsatile fluid flow. This increase in expression is 

due to both increased transcription as well as increased mRNA stability by the action of 

ELAVLI. Implicit in this is the increased expression of Elavil following pulsatile fluid 

flow. In order to test this hypothesis, the mRNA levels of all three NOS isozymes were 

analyzed in both cell types following pulsatile fluid flow as well as NO production. In 

addition, the mRNA levels of Ptgs2, Vegfa, Fos, Catnb, and Pitx2 were analyzed as they 

are known targets of ELAV11 stabilization. Elavil and Vcl mRNAs were quantitated to 

determine if they play a role in Nos3 stabilization.
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RESULTS

Specific Aim 1

The first aim was to confirm that pulsatile fluid flow both activates and induces the 

expression of only the endothelial NOS isozyme in 2T3 osteoblast-like cells and MLO- 

Y4 osteocyte-like cells. To do this, semi-confluent cells were subjected to shear stresses 

of 4 dynes/cm2 with pulses of 0.6 dynes/cm2 at a frequency of 5 Hz for 2 hours. 

Following fluid flow, cells were either immediately lysed or returned to static culture in 

flow medium. RNA was extracted at 0, 2, 4, 8, and 24 hours post-flow for analysis of 

expression of all three NOS isozymes by real-time PCR (Table 3.2). In addition, the 

mRNA levels of Vegfa, Eos, Ptgs2, Elavil, Vcl, and Pitx2 were quantitated for changes in 

response to fluid flow (Table 3.3). In order to confirm the activation of NO production, 

culture medium samples were taken at 1, 5, 10, 15, 30, 60, 90, and 120 minutes during 

fluid flow and at 2, 4, 8, and 24 hours post-flow for total nitrate/nitrite analysis.

Nos3 is the only Nitric Oxide Synthase isozyme expressed by 2T3 cells 

The average Delta Ct value for Nos3 expression in static controls was 9.59. In contrast to 

this. Delta Ct values for Nos2 and Nos I expression in the same samples, were 19.14 and 

20.6, respectively. This indicates that Nos3 is the only isozyme expressed to any 

significant degree in 2T3 osteoblast-like cells, being expressed approximately 750-fold 

greater than Nos2 and 2062-fold greater than Nosl (Table 3.2A).
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Table 3.2 Expression of NOS Isozymes in Clonal Bone Cells following Pulsatile Fluid Flow
Both 2T3 osteoblast-like cells (A) and MLO-Y4 osteocyte-like cells (B) were subjected to fluid shear stress of 4.0 dynes/cnr with 
pulses of ±0.6 dynes/cm2 at a frequency of 5 Hz for 2 hours. Static controls were incubated for 2 hours in culture dishes. At the end 
of the fluid flow regimen, cells were either immediately lysed (0 hours post-flow) or returned to culture dishes for post-flow 
incubation in flow medium (4. 8. or 24 hours post-flow) followed by RNA extraction. Expression of all three NOS isozymes was 
quantitated by real-time PCR. Normalization of samples was performed by the subtraction of the threshold cycle number (CT) of the 
Gapd fluorescence from the Cx of the specific NOS isozyme fluorescence to give the Delta Cx (ACX). Fold difference in expression 
was determined by first subtracting the control A Cx from the experimental ACX and then converting this value to linear form using the 
formula 2 AACT. (* = p < 0.05, ** = p < 0.01)

A 2T3 C ontro l 
NOS Ct

C ontro l 
Gapd Ct

C ontro l 
Delta Ct

Fold D ifference  
from  Nos3

Fold D ifference  
0 Hours

Fold D ifference  
8 Hours

Fold D ifference  
24 Hours

Nos1 38.84 18.95 20.60 -2062.24 undetectable 0.73 undetectable
Nos2 38.31 19.21 19.14 -749.61 0.98 0.45 undetectable
Nos3 28.63 19.04 9.59 0.56** 42.11** 33.36**

B MLO-Y4 C ontro l 
NOS Ct

C ontro l 
Gapd Ct

C ontro l 
Delta Ct

Fold D ifference  
from  Nos2

Fold D ifference  
0 Hours

Fold D ifference  
4 Hours

Fold D ifference  
24 Hours

Nos1 37.96 17.98 20.00 -1884.54 0.77* 0.75* 0.59*
Nos2 26.62 17.50 9.12 0.96 0.46* 1.99*
Nos3 32.92 17.49 15.44 -79.89 0.20* 33.72* 3.02*



Table 3.3 Time Course of Gene mRNA Levels in Clonal Osteogenic Cells Following Pulsatile Fluid Flow
Both 2T3 osteoblast-like cells (A) and MLO-Y4 osteocyte-like cells (B) were subjected to fluid shear stress of 4.0 dynes/cm2 with 
pulses of ±0.6 dynes/cm2 at a frequency of 5 Hz for 2 hours. Static controls were incubated for 2 hours in culture dishes. At the end 
of the fluid flow regimen, cells were either immediately lysed (0 hours post-flow) or returned to culture dishes for post-flow 
incubation in flow medium (4, 8, or 24 hours post-flow) followed by RNA extraction. Levels of Nos3, Vegfa, Fos, Ptgs2, Elavil, Vcl, 
and Catnb mRNAs were quantitated by real-time PCR. Normalization of samples was performed by the subtraction of the threshold 
cycle number (C,-) of the Gapd fluorescence from the CT of the specific gene’s fluorescence to give the Delta Cx (ACr). Fold 
difference mean and standard error of the mean (SEM) were determined by first subtracting the control A CT from the experimental 
ACX and then converting this value to linear form using the formula 2'AAn. (* = p < 0.05, ** = p < 0.01)

A 2T3 Con trol 0 Hours Post 2 Hours Post 4 Hours Post 8 Hours Post 24 H ours Post
Gene Mean SEM Mean SEM Mean SEM Mean SEM Mean SEM Mean SEM
N o s 3 1.15 0.20 0.56** 0.15 1.68 0.37 38.96** 1.80 42.11** 1.32 33.36** 1.67
V e g fa 1.01 0.04 1.00 0.05 1.55** 0.11 2.79** 0.36 3.36** 0.38 2.03** 0.23

F o s 1.05 0.09 45.08** 3.75 5.70** 0.87 3.66** 0.89 1.30 0.23 0.59** 0.10
P t g s 2 1.03 0.07 2.42** 0.13 2.83** 0.32 1.58* 0.31 3.29** 0.44 10.01** 1.96
E l a v i l 1.01 0.04 1.04 0.05 0.80* 0.06 0.70** 0.09 0.57** 0.15

V c l 1.03 0.08 0.66* 0.09 0.69* 0.11 0.36** 0.17
C a tn b 1.02 0.05 0.87 0.14 0.64** 0.12 0.24** 0.12

B MLO-Y4 Con trol 0 Hours Post 2 Hours Post 4 H ours Post 8 Hours Post 24 Hours Post
Gene Mean SEM Mean SEM Mean SEM Mean SEM Mean SEM Mean SEM
N o s 3 1.09 0.18 0.48** 0.13 37.18** 12.59 33.72* 21.49 17.84* 9.92 3.02* 1.05



MLO-Y4 osteocyte-like cells express both Nos2 and Nos3

In MLO-Y4 cells, Delta Ct values for endothelial, inducible, and neuronal nitric oxide 

synthase isozymes in static control samples were 15.44, 9.12, and 20.0, respectively. 

This indicates that Nos2 is the most prevalent NOS isozyme in MLO-Y4 cells, with 

mRNA levels approximately 80-fold greater than Nos3 and 1885 fold greater than Nosl 

(Table 3.2B).

Nos3 expression in both 2T3 and MLO-Y4 cells is induced by pulsatile fluid flow 

At four hours post-flow, Nos3 mRNA levels in 2T3 cells showed an almost 40-fold 

increase that peaked at eight hours post-flow. By 24 hours post-flow, Nos3 expression 

was still significantly increased by over 33-fold compared to static controls. In MLO-Y4 

cells a similar induction of Nos3 expression occurred by two hours post-flow that 

returned to static control levels by 24 hours. A statistically significant decrease in Nos3 

mRNA was noted at zero hours post-flow in both cell types (Figure 3.2).

Nos2 mRNA levels are regulated by pulsatile fluid flow as well in MLO-Y4 cells 

Levels of Nos2 mRNA were modulated by pulsatile fluid flow in a pattern different than 

Nos3. No change from static controls was noted at zero hours post flow in Nos2 mRNA 

levels, but at four hours post-flow, they were decreased by 50% and at 24 hours post

flow, there was a two-fold increase in Nos2 mRNA (Figure 3.3).
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Figure 3.2 Time Course of N o s3  Expression in 2T3 and MLO-Y4 Cells Following Pulsatile Fluid Flow
Clonal 2T3 osteoblast-like and MLO-Y4 osteocyte-like cells were subjected to fluid shear stress of 4.0 ± 0.6 dynes/cnr at a frequency 
of 5 Hz for 2 hours. Static controls were incubated for 2 hours in culture dishes. At the end of the fluid flow regimen, cells were 
either immediately lysed (0 hours post-flow) or returned to culture dishes for post-flow incubation in flow medium (2, 4. 8, or 24 
hours post-flow) followed by RNA extraction. MRNA levels were quantitated by real-time PCR duplex reactions with Gapd as an 
endogenous control. (* = p < 0.05, ** = p < 0.01)
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Figure 3.3 Time Course of N o s l  and N o s2  Expression in MLO-Y4 Clonal Osteocyte-like Cells Following Pulsatile Fluid Flow
MLO-Y4 cells were subjected to fluid shear stress of 4.0 ± 0.6 dynes/cnr at a frequency of 5 Hz for 2 hours. Static controls were 
incubated for 2 hours in culture dishes. At the end of the fluid flow regimen, cells were either immediately lysed (0 hours post-flow) 
or returned to culture dishes for post-flow incubation in flow medium (4. or 24 hours post-flow) followed by RNA extraction. 
Expression of Nosl and Nos2 were quantitated by real-time PCR duplex reactions with Gapd as an endogenous control.
(* = p < 0.05. ** = p < 0.01)
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Nosl mRNA is decreased following pulsatile fluid flow in MLO-Y4 cells 

Although expressed at orders of magnitude less than Nos2, Nos! mRNA was found to be 

decreased in response to pulsatile fluid flow, showing an over 20% decrease at zero hours 

post-flow and a 40% decrease from static control cells by 24 hours post-flow (Figure 

3.3).

Vegfa mRNA levels are induced in response to pulsatile fluid flow

In response to pulsatile fluid flow, Vegfa mRNA levels were unchanged from static 

controls at zero hours post-flow in 2T3 osteoblast-like cells. By two hours post-flow, 

Vegfa was slightly increased, reaching a maximum of over three-fold by eight hours and 

declining towards static controls by 24 hours post-flow (Figure 3.4).

Fos and Ptgs2 mRNA levels are also modulated by pulsatile fluid flow 

In contrast to the pattern of Nos3 in response to pulsatile fluid flow, Fos mRNA levels 

were increased 45-fold over that of static controls in 2T3 osteoblastic cells by zero hours 

post-flow and were elevated to a lesser degree at two and four hours post-flow. Fos 

mRNA returned to static control levels by eight hours post-flow and was decreased at 24 

hours (Figure 3.5). Ptgs2 mRNA was increased two-fold at zero hours post-flow, 

reaching a ten-fold increase by 24 hours post-flow (Figure 3.6).

Elavil, Vcl, and Catnb mRNA levels decrease following fluid flow

Levels of Elavil, Vcl, and Catnb mRNAs declined in a time-dependent manner following 

fluid flow in 2T3 cells. Vcl was the first of the three genes to demonstrate a significant
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F i g u r e  3 .4  T i m e  C o u r s e  o f  Vegfa m R N A  L e v e l s  in  2 T 3  C l o n a l  O s t e o b l a s t - l i k e  C e l l s  F o l l o w i n g  P u l s a t i l e  F l u i d  F lo w
2T3 cells were subjected to fluid shear stress of 4.0 ± 0.6 dynes/cm2 at a frequency of 5 Hz for 2 hours. Static controls were incubated 
for 2 hours in culture dishes. At the end of the fluid flow regimen, cells were either immediately lysed (0 hours post-flow) or returned 
to culture dishes for post-flow incubation in flow medium (2, 4, 8, or 24 hours post-flow) followed by RNA extraction. Levels of 
Vegfa mRNA were quantitated by real-time PCR duplex reactions with Gapd as an endogenous control. (* = p < 0.05, ** = p < 0.01)
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F i g u r e  3 .5  T i m e  C o u r s e  o f  Fos m R N A  L e v e l s  in  2 T 3  C l o n a l  O s t e o b l a s t - l i k e  C e l l s  F o l l o w i n g  P u l s a t i l e  F l u id  F lo w
2T3 cells were subjected to fluid shear stress of 4.0 ± 0.6 dynes/cnr at a frequency of 5 Hz for 2 hours. Static controls were incubated 
for 2 hours in culture dishes. At the end of the fluid flow regimen, cells were either immediately lysed (0 hours post-flow) or returned 
to culture dishes for post-flow incubation in flow medium (2, 4, 8, or 24 hours post-flow) followed by RNA extraction. Levels of Fos 
mRNA were quantitated by real-time PCR duplex reactions with Gapd as an endogenous control. (* = p < 0.05, ** = p < 0.01)



F i g u r e  3 .6  T i m e  C o u r s e  o f  Ptgs2 m R N A  L e v e l s  in  2 T 3  C l o n a l  O s t e o b l a s t - l i k e  C e l l s  F o l l o w i n g  P u l s a t i l e  F l u id  F l o w
2T3 cells were subjected to fluid shear stress of 4.0 ± 0.6 dynes/cnr at a frequency of 5 Hz for 2 hours. Static controls were incubated 
for 2 hours in culture dishes. At the end of the fluid flow regimen, cells were either immediately lysed (0 hours post-flow) or returned 
to culture dishes for post-flow incubation in flow medium (2, 4, 8, or 24 hours post-flow) followed by RNA extraction. Levels of 
Ptgs2 mRNA were quantitated by real-time PCR duplex reactions with Gapd as an endogenous control. (* = p < 0.05, ** = p < 0.01)
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decrease in mRNA at zero hours post-flow, but significant decreases in Elavil and Catnb 

mRNAs were evident at two hours post-flow (Figure 3.7).

Expression of Pitx2 was undetectable, regardless of mechanical stimulation 

Pitx2 mRNA levels were rarely detectable in real-time experiments using 40 cycles. Of 

the I 17 PCR reactions performed, only 23 samples showed detectable levels of Pitx2. 

Analysis of the detectable samples allowed a Delta Ct value of 21.58 to be calculated, 

indicating the expression of Pitx2 was 3.19 x 10" less than the endogenous Gapd control.

Changes in NO production were undetectable using the Greiss reaction 

Standard curves of nitrate in both 2T3 and MLO-Y4 cell culture media showed assay 

sensitivity from 5 to 35 pM with R2 values of 0.9978 and 0.9959, respectively. Analysis 

of fluid flow and post-flow media samples did not demonstrate detectable levels of 

nitrate.

S p e c i f i c  A i m  2

The second aim attempted to determine if the decreased levels of Nos3 mRNA at zero 

hours post-flow was dependent on a flow magnitude of 4.0 dynes/cnr. To do this, 

semiconfluent 2T3 and MLO-Y4 cells were subjected to fluid flow of 2, 4, 8, 16, 24, or 

32 dynes/cm2 with pulses of 0.6 dynes/cnr at a frequency of 5 Hz for 2 hours. Following 

fluid flow, cells were immediately lysed and quantitated for Nos3 mRNA using real-time 

PCR (Table 3.4).
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F i g u r e  3 .7  T i m e  C o u r s e  o f  Elcivll, Vcl, a n d  Catnb m R N A  L e v e l s  in  2 T 3  O s t e o b l a s t - l i k e  C e l l s  F o l l o w i n g  P u l s a t i l e  F l u i d  F l o w
2T3 cells were subjected to fluid shear stress of 4.0 ± 0.6 dynes/cnr at a frequency of 5 Hz for 2 hours. Static controls were incubated 
for 2 hours in culture dishes. At the end of the fluid flow regimen, cells were either immediately lysed (0 hours post-flow) or returned 
to culture dishes for post-flow incubation in flow medium (2, 4, 8, or 24 hours post-flow) followed by RNA extraction. Levels of 
Elavil, Vcl, and Catnb mRNAs were quantitated by real-time PCR duplex reactions with Gapd as an endogenous control.
(* = p < 0.05, ** = p < 0.01)
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T a b l e  3 .4  A t t e n u a t i o n  o f  Nos3 m R N A  L e v e l s  b y  P u l s a t i l e  F l u id  F l o w  in  C l o n a l  O s t e o g e n i c  C e l l s
Both 2T3 osteoblast-like cells and MLO-Y4 osteocyte-like cells were subjected to fluid shear stresses of 2.0, 4.0. 8.0. 16.0, 24.0, and 
32.0 dynes/cm2 with pulses of ±0.6 dynes/cm: at a frequency of 5 Hz for 2 hours. Static controls were incubated for 2 hours in culture 
dishes. At the end of each fluid flow regimen, cells were immediately lysed for RNA extraction (0 hours post-flow). Levels of Nos3 
mRNA were quantitated by real-time PCR. Normalization of samples was accomplished by the subtraction of the threshold cycle 
number (CT) of the Gapd fluorescence from the CT of the Nos3 fluorescence to give the Delta CT (ACr). Fold difference mean and 
standard error of the mean (SEM) were determined by first subtracting the control A CT from the experimental ACT and then 
converting this value to linear form using the formula 2'AAf r. (* = p < 0.05, ** = p < 0.01)

C on trol 2.0  D y n es 4 .0  D y n es 8 .0  D y n es 16 .0  D y n es 24 .0  D y n es 32 .0  D y n es
Cell Line M ean SEM M ean SEM M ean SEM M ean SEM M ean SEM M ean SEM M ean SEM

2T3 1 .1 1 0 . 2 4 0 . 3 0 0 . 1 8 0 . 3 6 0 . 1 6 0 . 1 1 * 0 .0 1 0 . 1 9 * 0 . 0 8 0 . 2 1 * 0 . 0 5 0 . 2 2 * 0 . 0 6

MLO-Y4 1 . 0 4 0 . 1 3 0 .2 7 * * 0 . 0 9 0 .2 0 * * 0 . 0 2 0 .2 0 * * 0 . 0 2 0 .1 1 * * 0 . 0 3 0 .1 7 * * 0 . 0 7 0 . 2 0 * 0 . 0 2



Nos3 mRNA levels are decreased at 0 hours post flow

At zero hours post-flow, Nos3 mRNA in 2T3 cells was decreased at all magnitudes of 

flow tested. While the decreases at two and four hours post-flow were not significant, the 

mRNA levels at 8, 16, 24, and 32 were around 20% of static controls. Levels of Nos3 

mRNA in MLO-Y4 cells showed the same pattern at all levels of fluid flow, also 

averaging around 20% that of static controls (Figure 3.8).

Specific Aim 3

The third aim was to determine if exogenous treatment with the NO donor SNP with or 

without the presence of the inhibitors gadolinium, L-NAME, methylene blue, or SC- 

58125 would modulate the mRNA levels of Nos3, Vegfa, Ptgs2, Elavil, Vcl, or Catnh in 

2T3 cells in response to pulsatile fluid flow (Figure 3.9). To do this, 2T3 cells were 

pretreated for ten minutes with one of the pharmacologic inhibitors in the presence or 

absence of SNP and then subjected to fluid flow of 4.0 dynes/cnr with pulses of 0.6 

dynes/cm2 at a frequency of 5 Hz for 2 hours. Static control cultures were pretreated 

identically as flow cultures, but were maintained in culture dishes for 2 hours. Cells were 

immediately lysed following the fluid flow regimen and mRNA levels were quantitated 

using real-time PCR (Table 3.5).

Flow-induced decrease in Nos3 mRNA is mimicked by SNP

Treatment of static control 2T3 cells with the NO donor SNP for 2 hours resulted in 

decreased Nos3 mRNA similar to that seen immediately following pulsatile fluid flow
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Figure 3.8 Attenuation of N o s3  mRNA Levels by Pulsatile Fluid Flow in 2T3 Clonal Osteoblast-like Cells
2T3 cells were subjected to fluid shear stresses of 2.0, 4.0, 8.0, 16.0, 24.0, and 32.0 dynes/cm2 with pulses of ±0.6 dynes/cnr at a 
frequency of 5 Hz for 2 hours. Static controls were incubated for 2 hours in culture dishes. At the end of the fluid flow regimen, cells 
were immediately lysed for RNA extraction (0 hours post-flow). Levels of Nos3 mRNA were quantitated by real-time PCR duplex 
reactions with Gapd as an endogenous control. (* = p < 0.05, ** = p < 0.01)
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Figure 3.9 Model of Fluid Shear Stress-Dependent Pathways and their Pharmacologic Modulators
2T3 cells were subjected to pulsatile fluid flow of 4.0 ± 0.6 dynes/cm2 at a frequency of 5 Hz for 2 hours in the presence or absence of 
SNP along with one of the inhibitors gadolinium, L-NAME, methylene blue, or SC-58125 to determine if modulation of these shear- 
stress-dependent pathways would modulate the mRNA levels of Nos3, Vegfa, , , Vcl, or Catnb.
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Table 3.5 Gene rnRNA Levels in 2T3 Cells following Treatment with Pharmacologic Inhibitors, NO Donor, or Fluid Flow
2T3 clonal osteoblast-like cells were pretreated for ten minutes with the pharmacologic inhibitors L-NAME (1 mM), SC-58125 (11.3 
pM), Gadolinium (10 pM), or Methylene Blue (10 pM) in the presence or absence of SNP (1 mM) and/or pulsatile fluid flow. Cells 
subjected to fluid shear stress received 4.0 dynes/cm2 with pulses of ±0.6 dynes/cm: at a frequency of 5 Hz for 2 hours. Static controls 
were incubated for 2 hours in culture dishes. At the end of the fluid flow regimen, cells were immediately lysed for RNA extraction (0 
hours post-flow). Levels of Nos3, Vegfa, Ptgs2, Elavil, Vcl, and Catnb mRNAs were quantitated by real-time PCR. Normalization of 
samples was accomplished by the subtraction of the threshold cycle number (CT) of the Gapd fluorescence from the CT of the specific 
gene’s fluorescence to give the Delta Cx (ACX). Fold difference mean and standard error of the mean (SEM) were determined by first 
subtracting the control A Cx from the experimental ACX and then converting this value to linear form using the formula 2 AA('.
(* = p < 0.05, ** = p < 0,01)

Gene N o s 3 V e q fa P t q s 2 E  l a v  11 V c l C a t n b
C ond ition Mean SEM Mean SEM Mean SEM Mean SEM Mean SEM Mean SEM

Untreated Static 1.07 0.13 1.01 0.04 1.03 0.07 1.01 0.04 1.03 0.08 1.02 0.05
Flow 0.20** 0.06 1.00 0.05 2.42** 0.13 1.04 0.05 0.66 0.09 0.87 0.14

SNP Static 0.30** 0.05 0.38** 0.02 0.63** 0.06 1.01 0.1
Flow 0.37** 0.18 0.63** 0.04 0.73** 0.08 1.09 0.03

L-NAME Static 0.27** 0.18
Flow 0.21** 0.05

L-NAME + SNP Static 0.19** 0.10
Flow 0.13** 0.02

SC-58125 Static 0.09** 0.03 0.92 0.07 1.06 0.06
Flow 0.09** 0.03 3.11** 0.37 1.19* 0.04

SC-58125 + SNP Static 0.10** 0.02 0.70** 0.05
Flow 0.12** 0.05 0.61** 0.03

G adolin ium Static 0.72 0.23 1.03 0.10 1.32 0.12 0.87 0.04
Flow 1.37 0.55 1.63** 0.23 6.72** 0.36 0.91 0.03

G adolin ium  + SNP Static 0.18** 0.11 0.97 0.18
Flow 0.06** 0.01 2.01** 0.11

M ethylene Blue Static 1.40 0.02 0.68** 0.02 0.46** 0.07 0.95 0.01 0.92 0.22
Flow 1.13 0.49 27.12** 2.68 23.75** 1.72 1.89 0.14 1.40** 0.06



treatment. When 2T3 cells were subjected to pulsatile fluid flow in the presence of SNP, 

Nos3 mNRA was similarly decreased (Figure 3.10).

LNAME or SC-58125 decrease Nos3mRNA levels, regardless of flow or SNP 

L-NAME or SC-58125 pretreatment of 2T3 cells resulted in decreased Nos3 mRNA 

levels in both static controls as well as cells subjected to pulsatile fluid flow. When SNP 

was added, the levels of Nos3 mRNA remained decreased (Figures 3 .1 1 and 3.12).

Gadolinium prevents the flow-modulated decrease in Nos3 mRNA

Pretreatment of static control 2T3 cells with the stretch-activated calcium channel blocker 

Gadolinium resulted in no change in Nos3 mRNA levels from untreated controls. Fluid 

flow stimulation of 2T3 cells pretreated with gadolinium resulted in increased Nos3 

mRNA from nontreated static controls (Figure 3.13). When SNP was added to 

gadolinium-pretreated static control cells, Nos3 mRNA levels were decreased similar to 

flow and in the presence of flow, these levels were also similarly decreased (Figure 3.14).

Methylene blue prevents the flow-modulated decrease in Nos3 mRNA 

Pretreatment of static control 2T3 cells with the sGC inhibitor Methylene Blue resulted in 

no change in Nos3 mRNA levels from static controls. Stimulation of Methylene blue- 

pretreated 2T3 cells with pulsatile fluid flow resulted in no change from untreated static 

controls (Figure 3.16).
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Figure 3.10 Effects of Exogenous NO and Pulsatile Fluid Flow on Gene mRNA Levels in 2T3 Clonal Osteoblast-like Cells
2T3 cells were pretreated with the NO donor SNP at a concentration of 1 mM for ten minutes before pulsatile fluid flow of 4.0 ± 0.6 
dynes/cirr at a frequency of 5 Hz for 2 hours. Static controls were incubated for 2 hours in culture dishes. At the end of the fluid flow 
regimen, cells were immediately lysed for RNA extraction (0 hours post-flow). Levels of Nos3, Vegfa, Elavil, and Vcl mRNAs were 
quantitated by real-time PCR duplex reactions with Gapd as an endogenous control. (* = p < 0.05, ** = p < 0.01)

Static Flow SNP Static SNP Flow
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Figure 3.11 Effects of L-NAME and Pulsatile Fluid Flow on N o s3  mRNA Levels in 2T3 Clonal Osteoblast-like Cells
2T3 cells were pretreated with the NOS inhibitor L-NAME at a concentration of ImM, the NO donor SNP at a concentration of 1 
mM, or both for ten minutes before pulsatile fluid flow of 4.0 ± 0.6 dynes/cnr at a frequency of 5 Hz for 2 hours. Static controls were 
incubated for 2 hours in culture dishes. At the end of the fluid flow regimen, cells were immediately lysed for RNA extraction (0 
hours post-flow). Levels of Nos3 mRNA were quantitated by real-time PCR duplex reactions with Gapd as an endogenous control.
(* = p < 0.05, ** = p < 0.01)
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Figure 3.12 Modulation of Gene m R N A  Levels by SC-58125, SNP, and Pulsatile Fluid Flow in 2T3 Osteoblast-like Cells
2T3 cells were pretreated with the PTGS2-specific inhibitor SC-58125 at a concentration of 1 1.3 pM with or without the NO donor 
SNP at a concentration of ImM for ten minutes before pulsatile fluid flow of 4.0 ± 0.6 dynes/cnr at a frequency of 5 Hz for 2 hours. 
Static controls were incubated for 2 hours in culture dishes. At the end of the fluid flow regimen, cells were immediately lysed for 
RNA extraction (0 hours post-flow). Levels of Nos3, Vegfa, and Elavil mRNAs were quantitated by real-time PCR duplex reactions 
with Gapd as an endogenous control. (* = p < 0.05, ** = p < 0.01)
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Figure 3.13 Modulation of Gene mRNA Levels by Gadolinium and Pulsatile Fluid Flow in 213 Clonal Osteoblast-like Cells
2T3 cells were pretreated with the stretch-activated calcium channel blocker Gadolinium at a concentration of 10 pM for ten minutes 
before pulsatile fluid flow of 4.0 ± 0.6 dynes/cnr at a frequency of 5 Hz for 2 hours. Static controls were incubated for 2 hours in 
culture dishes. At the end of the fluid flow regimen, cells were immediately lysed for RNA extraction (0 hours post-flow). Levels of 
Nos3, Vegfa, Ptgs2, and Elavil mRNAs were quantitated by real-time PCR duplex reactions with Gapd as an endogenous control.
(* = p < 0.05, ** = p < 0.01)
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Figure 3.14 Modulation of Gene mRNA Levels by Gadolinium, SNP, and Pulsatile Fluid Flow in 2T3 Osteoblast-like Cells
2T3 cells were pretreated with the stretch-activated calcium channel blocker Gadolinium at a concentration of 10 uM with or without 
the NO donor SNP at a concentration or 1 mM for ten minutes before pulsatile fluid flow of 4.0 ± 0.6 dynes/cm2 at a frequency of 5 
Hz for 2 hours. Static controls were incubated for 2 hours in culture dishes. At the end of the fluid flow regimen, cells were 
immediately lysed for RNA extraction (0 hours post-flow). Levels of Nos3 and Ptgs2 mRNAs were quantitated by real-time PCR 
duplex reactions with Gapd as an endogenous control. (* = p < 0.05, ** = p < 0.01)
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Figure 3.15 Modulation of Gene mRNA Levels by Methylene Blue and Pulsatile Fluid Flow in 2T3 Osteoblast-like Cells
2T3 cells were pretreated with the soluble guanylate cyclase inhibitor Methylene Blue at a concentration of 10 pM for ten minutes 
before pulsatile fluid flow of 4.0 ± 0.6 dynes/cm2 at a frequency of 5 Hz for 2 hours. Static controls were incubated for 2 hours in 
culture dishes. At the end of the fluid flow regimen, cells were immediately lysed for RNA extraction (0 hours post-flow). Levels of 
Vegfa and Ptgs2 mRNAs were quantitated by real-time PCR duplex reactions with Gapd as an endogenous control.



Figure 3.16 Modulation of Gene mRNA Levels by Methylene Blue and Pulsatile Fluid Flow in 2T3 Osteoblast-like Cells
2T3 cells were pretreated with the soluble guanylate cyclase inhibitor Methylene Blue at a concentration of 10 pM for ten minutes 
before pulsatile fluid flow of 4.0 ± 0.6 dynes/crrr at a frequency of 5 Hz for 2 hours. Static controls were incubated for 2 hours in 
culture dishes. At the end of the fluid flow regimen, cells were immediately lysed for RNA extraction (0 hours post-flow). Levels of 
Nos3, Elavil, and Catnb mRNAs were quantitated by real-time PCR duplex reactions with Gapd as an endogenous control.
(* = p < 0.05, ** = p < 0.01)
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Vegfa mRNA levels are decreased by SNP

Treatment with SNP reduced Vegfa mRNA regardless of pulsatile fluid flow treatment 

(Figure 3.10). When 2T3 cells were pretreated with gadolinium, static controls showed 

no change in Vegfa mRNA from untreated static controls. When the cells were subjected 

to pulsatile fluid flow, Vegfa mRNA levels showed a modest increase (Figure 3.13).

SC-58125 and fluid flow increass Vegfa mRNA levels

Pretreatment with SC-58125 produced no change in static controls from untreated static 

controls. In the presence of fluid flow, Vegfa mRNA levels showed over a three-fold 

increase in expression (Figure 3.12).

Pulsatile fluid flow with methylene blue results in increased Vegfa mRNA 

Pretreatment with methylene blue in static cultures produced a slight decrease in Vegfa 

mRNA levels. When subjected to pulsatile fluid flow, Vegfa showed a 27-fold increase 

in mRNA levels (Figure 3.15).

Elavil mRNA levels are regulated by pulsatile fluid flow

In the presence of SNP, Elavil mRNA was decreased regardless of mechanical 

stimulation or SC-58125 (Figures 3.10 and 3.12). No change in Elavil mRNA was noted 

in the presence of SC-58125 or gadolinium regardless of fluid flow (Figures 3.12 and 

3.13). Pretreatment with Methylene blue produced no change in Elavil mRNA, but 

concomitant treatment with pulsatile fluid flow resulted in a nearly two-fold increase in 

Elavil mRNA (Figure 3.16).
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Ptgs2 mRNA levels are increased by fluid flow in the presence of gadolinium 

Pretreatment of 2T3 cells with gadolinium produced no change in Ptgs2 mRNA in static 

controls, but in response to fluid flow, Ptgs2 mRNA was increased over seven-fold from 

untreated static controls (Figure 3.13). The addition of SNP during fluid flow reduced 

these increases in Ptgs2 mRNA compared to gadolinium only treated cells following 

fluid flow (Figures 3.14).

Fluid flow with methylene blue pretreatment induces Ptgs2 expression 

Pretreatment with methylene blue in static controls resulted in slightly decreased Ptgs2 

mRNA levels. When pulsatile fluid flow was added, a large increase in Ptgs2 mRNA 

was seen (Figure 3.15).

Levels ofVcl mRNA are unchanged by fluid flow in the presence of exogenous NO 

In contrast to the decreased Vcl mRNA levels observed following pulsatile fluid flow, Vcl 

mRNA levels were unchanged in the presence of SNP, regardless of the presence of fluid 

shear stress (Figure 3 .10).

Catnb mRNA levels increase in the presence o f methylene blue and flow

Pretreatment with methylene blue had no effect on static expression of Catnb, but

following fluid flow, Catnb mRNA levels were slightly increased.
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Expression of Pitx2 was essentially undetectable, regardless o f stimulation 

Pitx2 mRNA levels were unchanged from the above fluid flow experiments, regardless of 

the presence of methylene blue. The few samples that were detectable provided 

comparable Delta Ct values as noted above.

DISCUSSION

Only Nos3 is Expressed in 2T3 Cells, while MLO-Y4 Cells Express All Three

There have been several reports that have identified the endothelial NOS isozyme as the 

only isozyme in bone cells. However, a few papers have shown the expression of Nos2 

following stimulation with inflammatory cytokines, but not pulsatile fluid flow. In this 

set of experiments, 2T3 cells only expressed the Nos3 isozyme. The expression of Nos2 

and Nosl were detected intermittently, regardless of fluid flow, but at such low levels of 

expression as to seemingly not play a significant role in the NO response demonstrated in 

these experiments. In contrast to 2T3 cells, the MLO-Y4 cell line demonstrated the 

expression of all three NOS isozymes, with Nos2 being the most prevalent. In response 

to pulsatile fluid flow, Nos2 showed only slight induction at 24 hours post-flow. While 

expressed at orders of magnitude less than Nos2, Nosl expression showed statistically 

significant decreases from static controls. Since the analysis of NO secretion by Greiss 

reagent was not successful, it was not possible to determine if the presence of Nos2 or 

Nosl expression significantly affected NO secretion in MLO-Y4 cells over that of 2T3 

cells. Most likely, the lack of NO detection was due to the large volume of culture 

medium used for each fluid flow experiment. Even though media samples were taken 

directly from the line exiting the flow chamber before returning to the medium reservoir,
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any NO produced was too dilute to be detected in this manner. A better way of NO 

detection would be the use of an in-line electrochemical probe, which would allow real

time analysis of changes in NO production. In light of the fact that NO could not be 

measured in response to fluid flow, the effectiveness of the NOS inhibitor L-NAME can 

not be substantiated in these experiments, making interpretation of negative results 

difficult and/or equivocal.

Osteocytes are More Mechanosensitive than Osteoblasts

The patterns of expression of Nos 3 in 2T3 and MLO-Y4 cells were appreciably different 

from each other. In 2T3 osteoblast-like cells, Nos3 expression was induced at four hours 

and remained increased even at 24 hours post-flow. In contrast to this, MLO-Y4 cells 

showed induction at two hours post-flow that returned to static control levels by 24 hours. 

These results show that MLO-Y4 cells respond to and recover from mechanical 

stimulation faster than 2T3 cells, lending credibility to previous studies showing 

osteocytes to be more sensitive to mechanical stimulation |204|. Further studies to 

clarify this relationship might be improved by the use of co-cultures of these two cell 

types or isolated primary cells. In addition, the analysis of NO production would help to 

translate these results to in vivo responses to mechanical stimulation.

Decreased N o s 3  mRNA Levels following Fluid Flow

The most interesting observation from this experiment was the decrease in Nos3 mRNA 

at zero hours post-flow that was found in both cell types at all magnitudes of fluid shear 

stress tested. This phenomenon has not been previously reported in the literature,
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although a similar pattern was observed in in vivo mouse 4-point bending studies but did 

not meet statistical significance (Paul Yaworski, personal communication). In the 

experiments presented here, Nos3 mRNA levels were around 20% that of static controls. 

Previous studies have reported that the normal half-life of Nos3 mRNA is as high as 48 

hours and treatment with TNF reduces this time to three hours 1397, 3981. Based on this 

new data, even if Nos3 transcription were completely inhibited at the initiation of the 

pulsatile fluid flow regimen, there should be significantly higher levels of Nos3 mRNA 

after two hours. As the Nos3 levels are much lower than would be predicted, the most 

likely explanation is that Nos3 mRNA is posttranscriptionally regulated by fluid flow. 

The half-life of Nos3 mRNA following mechanical stimulation can be estimated to be 

around 45 to 60 minutes, based on a two hour fluid flow regime and mRNA levels of 

20% that of static controls.

ELAVL1 Stabilizes V e g fa , P tg s 2 , and C a tn b  mRNAs, but Not Vos?

In an attempt to better understand these results, the mRNA levels of other genes known to 

modulate the mechanotransduetion pathway were analyzed in 2T3 osteoblast-like cells to 

look for patterns. It was decided that analysis of mRNA in MLO-Y4 osteocyte-like cells 

might be complicated by the expression of other NOS isozymes. Vegfa mRNA was 

unchanged at zero hours post-flow and increased at two hours. This fits with the previous 

experiments in the literature where equibiaxial strain applied to rat calvarial cells resulted 

in increased Vegfa mRNA by three hours 14951. When compared together, it seems that 

increases in Vegfa mRNA precedes increases in Nos3 mRNA by two hours in 2T3 cells. 

This pattern is only detectable early (two to four hours), as late time points are
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significantly farther apart. As VEGFA is known to stimulate the transcription of Nos3 

this relationship agrees with previous observations and may shed light on the mechanism 

of Nos3 induction (Figure 3.17). In future studies, it will be interesting to examine the 

patterns of Vegfa mRNA levels in MLO-Y4 cells in response to fluid flow to see if 

increases in Vegfa mRNA precede Nos3 mRNA increases in more rapidly responding 

cells.

Further clarification of the relationship between these two signaling factors could be 

accomplished by either the positive or negative regulation of Vegfa expression. Positive 

regulation of Vegfa expression could be achieved by the transient or stable transfection of 

2T3 cells with the Vegfa gene driven by a ligand-dependent promoter. VEGFA- 

dependent induction of Nos3 could be verified by induction of the transgene and 

quantitation of Nos3 mRNA. Negative regulation of Vegfa expression could be achieved 

by the use of RNAi in conjunction with fluid flow. If Nos3 expression is not induced 

following fluid flow, then VEGFA is the mediator of late Nos3 induction.

The expression of Fos following fluid flow was as expected, as an immediate early 

response gene. At zero hours post-flow, there was an over 45-fold increase in expression 

that rapidly returned to static control levels by eight hours. The AP-1 transcription factor, 

which is a heterodimer of Fos and Jan, is a known inducer of Nos3 transcription, but 

based on the decreased mRNA levels of Nos3, this most likely is not a factor regulating 

Nos3 mRNA, at least at zero hours post-flow. Ptgs2 mRNA was also modestly increased 

at zero hours. This increase peaked at two hours and then decreased at four hours. A
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Figure 3.17 Proposed Model of Late Induction of N o s3  Expression Following Fluid Shear Stress
Increased intracellular calcium following fluid shear stress activates PLC, ultimately leading to increased PGE2 production. PGE, then 
acts in a paracrine or autocrine fashion to induce the expression of which leads to the induction of Nos3. The current
experiments have shown a two-hour delay between increases in Vegfa and Nos3 mRNA inductions. Previous experiments in the 
literature have shown: PGE2 production is stimulated by fluid shear stress, Excess PGE2 induces the expression of Vegfa mRNA 
through the PTGER4 receptor, and Exogenous VEGFA induces the expression of Nos3 mRNA.



second increase in Ptgs2 mRNA was apparent at eight hours, reaching a maximum of 

ten-fold by 24 hours post-flow. This biphasic pattern was also seen by Kawata et al. in 

primary rat bone cells 11771.

Elavil mRNA was unchanged at zero hours post-flow and later decreased in a time- 

dependent manner. As a regulatory protein that is responsive to a number of stimuli, 

Elavil mRNA levels would be expected to parallel its protein levels within the cell. By 

this same reasoning, an mRNA stabilizing protein's message would be expected to 

correlate with the levels of its target mRNA. Since Nos3 mRNA levels are dramatically 

decreased at zero hours post-flow, but Elavil mRNA is unchanged at this time point, 

these discordant expression patterns seem to indicate that Nos3 mRNA is not stabilized 

by ELAVLI. In contrast to these results, Catnb mRNA levels closely correlated with 

Elavil mRNA. Previous studies have reported that Catnb is stabilized by Elavil 14771, 

further discounting ELAVLI as a Nos3 stabilizing protein. Eos mRNA, although greatly 

induced at zero hours post-flow, also followed the pattern of Elavil mRNA, decreasing in 

a time-dependent manner. In light of this information, it seems more likely that the 

immediate decrease in Nos3 mRNA is due to a destabilizing factor that is activated in 

response to fluid shear stress. Of the possible candidates for a destabilizing protein I 

chose to assess Vcl mRNA because it had been shown to be induced in response to 

mechanical stimulation in muscle cells 15041 and had been shown to function in 

conjunction with the destabilizing protein KHSRP to destabilize Mmpl3 mRNA in bone 

cells [434|. The levels of Vcl mRNA following fluid flow, however, also followed the 

pattern of Elavil mRNA, indicating that its protein product might not be involved with
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destabilization of Nos3. On the other hand, the time-dependent decrease in Vcl mRNA 

pairs well with the increase in Nos3 mRNA levels following fluid flow. As VCL is 

normally found in unstimulated cells functioning to connect the actin cytoskeleton to 

membrane-bound integrins, there may be no need for immediate induction to facilitate 

mRNA destabilization. Assessment of VCL protein levels was not pursued in these 

experiments because of this dual role in osteogenic cells. Only through the use of UV 

crosslinking and RNA EMSA can this relationship be elucidated.

Pretreatment with either L-NAME or SC-58125 resulted in decreased Nos3 mRNA in 

both static controls as well as cells subjected to pulsatile fluid flow. As described above, 

the inability to determine the efficacy of this concentration of L-NAME in these 

experiments decreases the credibility of these results. In addition, the decrease in Nos3 

mRNA was present, regardless of the presence of SNP, indicating that this concentration 

of L-NAME may be having other effects on the cell than just inhibiting NO production. 

A similar argument can be made for SC-58125, which also was not tested to determine its 

effectiveness in preventing the production of PGE2. However, pretreatment with SC- 

58125 did result in a three-fold increase in Vegfa mRNA immediately following fluid 

flow that was not seen in untreated static controls or untreated cells subjected to flow. As 

Vegfa is known to be induced by PGE2, this data seems somewhat spurious and further 

studies are needed to determine if this response is indeed accurate. If correct, one 

possible explanation for this phenomenon is the stimulation of antagonistic signaling 

pathways through different prostaglandin receptors. While the concentrations of L- 

NAME and SC-58125 used in these experiments have been reported as effective in
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previous experiments, their efficacy in this cell culture environment is not known. In 

order to verify the results presented here, these experiments need to be repeated following 

preliminary dose-response analysis of these two inhibitors.

The patterns of Ptgs2 mRNA levels following treatment with to the pharmacologic 

inhibitors gadolinium chloride and methylene blue demonstrate two important findings. 

The first is that there is more than one mechanism responsible for Ptgs2 induction in 

response to pulsatile fluid flow. As the Ptgs2 promoter contains a shear stress response 

element (SSRE) as well as a number of other regulatory elements, it is not possible with 

the information available to determine which pathway is responsible for calcium- 

independent induction of Ptgs2 expression. Pilbeam et al. has shown that induction of 

Ptgs2 is necessary for stimulated PGE2 responses [265]. If this is the case, then the 

findings of Ajubi et al., who found that only 40 to 50% of PGI7, production is mediated 

by calcium influx [2071, agree with the results presented here. The second finding is that 

NO decreases the levels of Ptgs2 mRNA in 2T3 cells. This is based on the fact that 

treatment of static controls with the stretch-activated calcium channel blocker gadolinium 

resulted in no change from untreated controls, however when these cells were subjected 

to fluid flow, there was a six-fold increase in Ptgs2 mRNA. Untreated cells subjected to 

flow exhibited only a two-fold increase in mRNA. Combined treatment with SNP and 

gadolinium with fluid flow returned Ptgs2 mRNA levels to two fold. As the main target 

of NO is soluble guanylate cyclase, resulting in the increased production of cGMP, 

treatment with methylene blue would be expected to increase Ptgs2 mRNA. 

Pretreatment with methylene blue resulted in an almost 25-fold increase in Ptgs2 mRNA.
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This is not unreasonable with second messenger signaling cascades such as this. The 

negative effect of NO on Ptgs2 mRNA levels is contrary to previous experiments where 

NO potentiated the expression of Ptgs2 in response to inflammatory cytokines in a 

number of cell types, including MC3T3-E1 osteoblast !ike cells. When taken together, 

with the current data, 1 hypothesize that there is a different signaling pathway responsible 

for Ptgs2 induction in response to pulsatile fluid flow than from inflammatory cytokines.

A similar pattern of expression was identified with Vegfa and Catnb. Exogenous NO 

decreased Vegfa mRNA. Addition of fluid flow resulted in increased Vegfa mRNA, but 

still less than untreated static controls. Pretreatment with gadolinium had no effect in 

static cultures, but produced a 1.6-fold increase in Vegfa mRNA when flow was added. 

Methylene blue produced a small decrease in Vegfa mRNA, similar to Ptgs2, and a 27- 

fold increase following fluid flow. In response to fluid shear stress, no change in Catnb 

mRNA was noted at zero hours post-flow, but pretreatment with methylene blue resulted 

in increased Catnb mRNA.

The mechanism behind this blunted induction of Ptgs2, Vegfa, and Catnb mRNAs by NO 

is most likely through the regulation of mRNA stabilizing and destabilizing proteins 

(Figure 3.18). In response to exogenous NO, Elavil mRNA is slightly decreased, but in 

the presence of methylene blue and fluid flow, there is nearly a two-fold increase. This 

correlates with the patterns of expression of Ptgs2 and Vegfa in response to these 

pharmacologic agents. While a two-fold increase in Elavil mRNA could account for the 

increases in Catnb mRNA, it most likely could not account for the substantial increases
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Figure 3.18 Proposed Model of Early Regulation of Gene mRNA Levels Following Fluid Shear Stress
Two competing pathways appear to regulate the expression of early response genes following fluid shear stress. Expression of genes 
such as Ptgs2, Vegfa, and Catnb is induced in response to fluid shear stress, along with the concomitant stabilization of these mRNAs 
by ELAVL1. Concomitant production of NO following fluid shear stress activates soluble guanylate cyclase, resulting in the 
production of cGMP, and ultimately, decreased levels of ELAVL1. In the absence of ELAVL1, early response gene mRNAs are 
rapidly destabilized.



in Ptgs2 and Vegfa mRNAs, unless ELAVL1 protein stabilizes its own message. A more 

likely explanation is that in the presence of methylene blue, activation of destabilizing 

proteins such as KHSRP or VCL may not occur.

NO-Dependent Decreased N o s3  mRNA in 2T3 Cells

The levels of Nos3 mRNA also seem to be negatively modulated by the presence of NO 

though a mechanism other than decreased stabilization by ELAVL1. Pretreatment with 

gadolinium or methylene blue resulted in no change from untreated static controls, 

regardless of whether the cells were subjected to pulsatile fluid flow. The only treatment 

that resulted in decreased Nos3 mRNA was SNP. As stated above, decreased 

transcription of Nos3 is not likely to be the method of regulation used in these cells. A 

more likely scenario is increased NO activates the production of cGMP by soluble 

guanylate cyclase, resulting in the up-regulation of an as yet unidentified destabilizing 

protein. This destabilizing protein recognizes Nos3 transcripts as well as Ptgs2 and Vegfa 

mRNAs that are stabilized by ELAVL1 (Figure 3.19). That is not to say that these two 

pathways do not interact. Based on their response to pulsatile fluid flow, it is likely that 

induction of Vegfa leads to induction of Nos3. This, however, appears to occur over a 

period of hours, which is why the expression patterns of these two genes appear so 

different at zero hours post-flow.

P itx 2  Is Not Involved in 2T3 Cell Response to Fluid Flow

Finally, extremely low levels of expression of Pitx2 indicates that it most likely does not 

play a role in mRNA stabilization in 2T3 cells following mechanical stimulation. Further
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Figure 3.19 Proposed Model of Early Attenuation of N o s3  mRNA Levels Following Fluid Shear Stress
Attenuation of Nos3 mRNA appears to occur independent of ELAVL1 stabilization. Instead, increased cGMP produci 
stimulation of soluble guanylate cyclase by NO, leads to increased activity of an, as yet, unknown mRNA destabilizing 
increased activity occurs through either the activation of a constitutively-expressed protein such as VCL or the indue 
destabilizing protein, such as KHSRP. This destabilizing protein may also play a role in the destabilization of Ptgs 
Catnb as well.
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studies utilizing pretreatment with LiCI prior to fluid flow may provide different results, 

however this is unlikely. Experiments reported by Norvell and Pavalko, showed that in 

MC3T3-E1 osteoblast-like cells, large amounts of CATNB translocate from the cell 

membrane to the nucleus in response to fluid flow [3261. Treatment with LiCI results in 

the same increase in cytoplasmic CATNB through decreased activity of glycogen 

synthase kinase-3 15101.

CONCLUSION

The guiding hypothesis of this project was that only Nos3 expression was stimulated by 

fluid shear stress in both osteoblasts and osteocytes. In order to test this hypothesis, both 

2T3 clonal osteoblast-like cells and MLO-Y4 clonal osteocyte-like cells were subjected 

to pulsatile fluid flow in the presence or absence of several pharmaceutical agents in 

order to determine changes in gene expression. The increased expression of the 

endothelial NOS isozyme was attributed to both induction of transcription and increased 

mRNA half-life due to the action of the mRNA stabilizing protein ELAVLI. As 

ELAVL1 is a regulatory protein, it was implicit in this hypothesis that Elavil expression 

was similarly increased in response to pulsatile fluid flow. The resultant data generated 

by this study has clearly shown that in 2T3 osteoblastic cells, only the endothelial NOS 

isozyme is induced by pulsatile fluid flow, which supports the hypothesis. The response 

of MLO-Y4 osteocytic cells, on the other hand, is somewhat more convoluted, due to the 

expression of all three NOS isozymes. While these two cell types have differing 

responses to pulsatile fluid flow, both demonstrated drastic decreases in Nos3 mRNA at 

zero hours post-flow within the range of fluid shear stresses tested. This response has not
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previously been described in the literature and requires further study. With regards to the 

stabilizing of Nos3 mRNA by ELAVLI, the data seems to support that ELAVLI does 

stabilize Vegfa, Ptgs2, and Catnb mRNAs in 2T3 osteoblastic cells, but does not stabilize 

Nos3. The ultimate clarification of this issue could be accomplished through two 

avenues. First, the use of actinomycin D in the presence or absence of pulsatile fluid 

flow would help to elucidate the changes in Nos3 mRNA half-life. Second, the use of 

RNA EMSA and UV-crosslinking studies in the presence or absence of pulsatile fluid 

flow would determine if ELAVLI stabilizes Vegfa, Ptgs2, and Catnb mRNAs in 2T3 

cells. These experiments would also help to clarify if VCL or another protein such as 

ZFP36, KHSRP, or HNRPD destabilizes Nos3 mRNA.

The implications of my results to the in vivo response of bone to mechanical loading is 

somewhat obscure. While exogenous administration of low dose NO donor compounds 

has been shown to prevent post menopausal bone loss, the effect of temporary decreases 

in Nos3 mRNA with mechanical stimulation may not play a significant role in 

maintenance of bone mass. However, if there is a subsequent decrease in NO production 

following the decreased Nos3 mRNA, then osteoclast movement and resorption, as well 

as osteoblast proliferation, differentiation, and function, would all be decreased. The 

result would be the transient halt in bone remodeling during mechanical stimulation. 

Quite possibly this pattern of expression is a protective measure, ensuring that active 

remodeling is interrupted when bone is subjected to mechanical load. After all, 

mechanical stimulation in vivo produces different magnitudes of strain and shear stress, 

depending on the location in the bone. Resorption at areas of highest strain would
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weaken bone needed to resist fracture and bone formation at areas of lowest strain would

only serve to divert limited resources and energy. After the mechanical stimulus is 

removed, then the anabolic bone response may begin, which includes the increased 

expression of Nos3.
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Discussion
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The work by Johnson and colleagues has identified that a single base substitution in the 

LRP5 gene results in the high bone mass phenotype. Work by Gong et al. has shown that 

alleles of this same gene are responsible for osteoporosis. What is clear about these two 

far ends of the spectrum of bone health is that LRP5 is only a modulator of either 

mechanosensation or the response to mechanical stimulation. The actual mechanism of 

mechanotransduction has yet to be elucidated. The experiments conducted in this 

dissertation were aimed at clarifying this mechanism through the use of cell culture, with 

two clonal cell lines as models for osteoblasts and osteocytes. In the first chapter, I 

attempted to answer three questions: Which cell type of the osteogenic lineage is 

responsible for mechanosensation in bone?, What is the stimulus responsible for 

osteogenic cell stimulation?, and What is the relationship between the magnitude of 

stimulus and the osteogenic response? I found that osteocytes are responsible for 

mechanosensation and that the stimulus responsible for their activation is fluid shear 

stress. Osteocytes and osteoblasts appear to possess innate ranges of sensitivity and 

response to mechanical stimulation that are different from each other. Stimulation of 

osteoblasts results in a protracted response that continues well after the removal of the 

stimulus, in contrast, osteocytes respond and recover rapidly from stimuli. When 

cultured together, osteocytes appear to modify the response of osteoblasts to more closely 

resemble that of the osteocytes. The pattern of this osteogenic response to fluid shear 

stress was biphasic, mirroring the in vivo response to mechanical strain.

In the second chapter, I hoped to answer three questions as well: Which NOS isozyme is 

expressed in osteogenic cells?, What is the pattern of Nos3 expression in response to fluid

176



shear stress?, and How is the induction of Nos3 expression following fluid shear stress 

regulated? I found that in the osteoblast-like cell line, only Nos3 is expressed. In 

contrast to this, the osteocyte-like cell line expressed all three NOS isozymes, with Nos2 

being the major product. In response to fluid shear stress, Nos3 mRNA levels are 

immediately decreased and later increased. This pattern of regulation was found to not 

follow the patterns of mRNA levels of other genes such as VegJ'a, Ptgs2, and Catnb that 

have previously shown to be stabilized by the mRNA stabilizing protein ELAVLI. 

Based on this data, it appears that Nos3 decreases in mRNA levels are not due to 

decreased stabilization, but rather increased mRNA stabilization by some as yet unknown 

destabilizing factor. While analyzing the expression of Nos3 to fluid shear stress, the 

same pattern of faster response and recovery found in chapter 1 was also found, further 

supporting the conclusions of chapter I. Finally, the expression of Pitx2 was found to me 

undetectable in osteoblast-like cells. This was not expected, since it has been shown to 

act as a mediator between the WNT signaling pathway and mRNA stabilization by 

ELAVLI. Since WNT signaling has been shown to be able to affect bone formation is 

such dramatic ways, it was compelling to think that perhaps the G 171V mutation in LRP5 

might be modulating the response to mechanical stimulation through mRNA 

stabilization. While this may still be the case, it appears that Pitx2 is not involved.

In conclusion, these results seem to provide more questions than answers. The 

elucidation of the mechanism of mechanotransduction in bone was not provided by this 

work, but perhaps it provides clarification on a few of the details. In addition novel 

observations, such as the decreased Nos3 expression immediately following fluid flow,
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the expression of Elavil in bone cells, and the absence of expression of Pitx2 in bone

cells may lead to more answers.
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Abbreviations
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A b b r e v ia t io n D e f in it io n S y n o n y m

13 H | Tritium

2T3 Murine preosteoblastic clonal cell line

6-FAM
6-carboxytluoroscein 

lluorophore with excitation at 494 nm 
and emission at 518 nm (Green)

8BrcGMP 8-bromoguanosine 3',5'-cyclic 
monophosphate

AA Arachidonic Acid

AACOCF3 1,1,1 trifluoromethyl-6,9,12,15- 
heieicosatetraen-2-one

AChE Acetylcholinesterase

ADCY Adenylate Cyclase

ADCY Adenylate Cyclase

AKP1 Alkaline Phosphatase 1 (ALP/ALPL)

ALOX15 Arachidonate 15-Lipoxygenase

ALOX5 Arachidonate 5-Lipoxygenase

ANOVA Analysis of Variance

A PI Transcription factor consisting of a 
heterodimer of FOS and JUN

ARE AU-Rieh Element

ARF Acrivation, Resorption, Formation
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Abbreviation Definition

aT3-1 Murine gonadotroph clonal cell line

AUBP AU Binding Protein

AW Adapted Window

AX1N Axin

b Flow channel width measured in cm

BFR Bone Formation Rate

BGLAP1 Bone Gamma Carboxyglutamate 
Protein 1

BGN Biglycan

BMC Bone Mineral Content

BMD Bone Mineral Density

BMU Basic Multicellular Unit

C3H/He Inbred mouse strain with
high bone mass

C57BL/6J Inbred mouse strain with
low bone mass

Ca++ Calcium

Ca 10(PO4)6(OH)2 Hydroxyapatite

cAMP Adenosine 3',5'-Cyclic
Monophosphate

S y n o n y m

Osteocalcin
(OC)
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Abbreviation Definition Synonym

CAR2 Carbonic Anhydrase 2 (CAI1)

CATNB Catenin Beta K-Catenin

CCNAI Cyclin Al

CCNBI Cyclin Bl

CCND1 Cyclin D1

CDH2 Cad he rin 2 N-Cadherin
(N-Cad)

cDNA Complementary DNA

CEBPA CCAAT Enhancer 
Binding Protein Alpha (CRE/B)

cGK cG M P-Dependent 
Protein Kinase

cGMP Guanosine 3',5'-Cyclic 
Monophosphate

CLCN7 Chloride Channel 7

cm Centimeter

cM Centi Morgan

CNG cGMP-Gated Ion Channel

C02 Carbon dioxide

COL1A1 Collagen Type I Alpha 1 (Col Ik 1)
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Abbreviation Definition Synonym

COL1A2 Collagen Type 1 Alpha 2 (Colla2)

CRE cAMP Response Element

CSFI Colony Stimulating Factor 1 
(Macrophage) (M-CSF)

CSF2 Colony Stimulating Factor 2 
(Granulocyte-Monocyte) (GM-CSF)

Ct Threshold Cycle

C-Terminus Carboxy-Terminus

D-609 O-tricyclo|5.2.l.02,6|dec-9-yl 
dithiocarbonate potassium

DAG Diacylglycerol

DBA/2 Inbred mouse strain with 
intermediate bone mass

DCN Decorin

KCt 

KK Ct

DETA NONOate 

DEXA

Threshold cycle of target gene minus 
threshold cycle of endogenous control 

gene
KCt of experimental sample 
minus KCt of control sample

(Z)-1 -|N-(2-aminoethyl)-N-(2- 
ammonioethyl) amino|diazem-1 -ium- 

1,2-diolate
Dual-Energy X-Ray 

Absorb ometry

DMP1 Dentin Matrix Protein 1

DNA Deoxyribonucleic Acid
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A b b r e v ia t io n D e f in it io n S y n o n y m

dNTP Deoxyribonucleoside Triphosphates 
(dATP, dCTP, dGTP, and dTTP)

DVL1-3 Dishevelled 1-3

DW Disuse Window

K Strain

E. coll Escherichia coli

ECV 304 Human endothelial clonal cell line

EDRF Endothelium-Derived 
Relaxing Factor

EGF Epidermal Growth Factor

E1A Enzyme immunoassay

ELAV Embryonic Lethal Abnormal Vision

ELAVLI Embryonic Lethal Abnormal Vision 
Like Protein 1

Hu Antigen R 
(HuR)

ELAVL2 Embryonic Lethal Abnormal Vision 
Like Protein 2

Hu Antigen B 
(HuB)

ELAVL3 Embryonic Lethal Abnormal Vision 
Like Protein 3

Hu Antigen C 
(HuC)

ELAVL4 Embryonic Lethal Abnormal Vision 
Like Protein 4

Hu Antigen D 
(HuD)

EMSA Electrophoretic Mobility Shift Assay

ERE Estrogen Response Element
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A b b r e v ia t io n D e f in i t io n S y n o n y m

FACIT Fibril Associated Collagens with 
Interupted Triple helices

FAD Flavin adenine dinucleotide

FBJ Finkel-Biskis-Jinkins

FBN1-2 Fibrillins 1-2

FBS Fetal Bovine Serum

Fe3+ Ferric iron

FGF2 Fibroblast Growth Factor 2

FMN Flavin mononucleotide

FN1-3 Fibronectins 1-3

FOS FBJ Osteosarcoma Oncogene (c-Fos)

FRZ1-10 Frizzled 1-10

ato Gravity / Gram

G171V Glycine located at position 171 from c- 
terminus replaced by valine

G6PDX Glyceraldehyde-6-phosphate
dehydrogenase (G6PD)

GAPD Glyceraldehyde-3-phosphate
dehydrogenase (GAPDH)

GJA1 Intracellular Gap Junction Membrane 
Channel Protein Alpha 1

Connexin43
(Cx43)
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A b b r e v ia t io n D e f in it io n S y n o n y m

GLA Gamma Carboxyglutamate

Gly Glycine

GNE Glucosamine

GPRC2A G Protein-Coupled Receptor, 
Family C. Group 2, Member A

Cation Sensing Receptor 
(CASR)

GRE Glucocorticoid Response Element

GSK3B Glycogen Synthase Kinase 3 Beta (GSK-3k)

GTP Guanosine Triphosphate

GUCY1AI Soluble Guanylate Cyclase 
alpha 1 Subunit (sGCk )

GUCYIBi Soluble Guanylate Cyclase 
betal Subunit (sGCk)

h Flow channel height11 measured in cm

H7 1 -(isoquinolinesulfonyl)-2- 
methylpiperazine

HBM High Bone Mass

HNRPD Heterogeneous Nuclear AU-Rich RNA 
Binding Factor 1 

(AUF1)Ribonucleoprotein D

Hz Hertz

IFNG Interferon Gamma (IF-k)

IGF1 Insulin-Like Growth Factor I
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Abbreviation Definition Synonym

IGF2 Insulin-Like Growth Factor 2

IgG Immunoglobulin G

ILI Interleukin 1 ( 1 L - 1 )

IL1B Interleukin 1 beta ( I L - I k )

IL2 Interleukin 2 (IL-2)

IL6 Interleukin 6 (IL-6)

IP3 Inositol 1,4,5-trisphosphate

ITGAV Integrin Alpha V k v  Integrin

ITGB3 Integrin Beta 3 k 3  Integrin

I U International Unit

JUN Jun Oncogene (c-Jun)

KCI Posassium chloride

kDa Kilodalton

kg Kilogram

KHSRP KU-Type Splicing 
Regulatory Protein (KSRP)

kPa Kilopascal
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A b b r e v ia t io n D e f in i t io n S y n o n y m

L2-L4 Lumbar Vertebrae 2-4

lacZ Beta Galactosidase

LiCI Lithium chloride

L-NAME Nk -nitro-L-arginine 
methyl ester hydrochloride

L-NMMA NG-monomethyl-L-arginine

LPS Lipopoly saccharide

LRP5 Low Density Lipoprotein 
Receptor-Related Protein 5

LRP6 Low Density Lipoprotein 
Receptor-Related Protein 6

m fluid viscosity 
measured in dyne.s/cm2

M Molar

MAPK Mitogen Activated Protein 
Kinase

MAPK14 Mitogen Activated Protein 
Kinase 14

MAPK3/I Mitogen Activated Protein 
Kinase 3/1

MAPK8/9 Mitogen Activated Protein 
Kinase 8/9

MAR Mineral Apposition Rate

MBD Membrane Binding Domain

p38 MAP Kinase

Extracellular-Regulated 
Kinase 1/2 
(ERK1/2)

JUN Kinase 1/2 
(JNK1/2)

188



A b b r e v ia t io n D e f in i t io n S y n o n y m

MC3T3-E1 Murine preosteoblastic clonal cell line

MDSC Mesenchyme-Derived Stem Cell

U K Microstrain

MEM Minimum Essential Medium

MES Minimum Effective Strain

Eg Microgram

m g Milligram

MGB Minor Groove Binding Protein

MgCL2 Magnesium chloride

MGLAP Matrix Gamma 
Carboxyglutamate Protein

min Minute

ml Millileter

ul Microliter

MLO-Y4 Murine osteocytic clonal cell line

mm Millimeter

pM Micromolar
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Abbreviation Definition Synonym

mM M i 11 i molar

MMP13 Matrix Metalloproteinase 13 Collagenase 3 
(CLG-3)

MMP9 Matrix Metalloproteinase 9 Collagenase 4k 
(CLG-4k)

MNC Multinucleated Cells

MOW Mild Overload Window

mRNA Messenger Ribonucleic Acid

MS/BS Mineralized Surface
over Bone Surface

MuLV Murine Leukemia Virus

MYC Myelocytomatosis Oncogene (c-Myc)

N Newton

N204 Nitrogen tetroxide

NaCl Sodium chloride

NaOH Sodium hydroxide

NAPDH Nicotinamide adenine dinucleotide
phosphate

NFKB1 Nuclear Factor of Kappa Light Chain 
Gene Enhancer in B-Cells 1 (NF-kB)

NFQ Non-Fluorescent Quencher
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A b b r e v ia t io n D e f in it io n S y n o n y m

nm Nanometer

nM Nanomolar

NO Nitric oxide

N02 Nitrogen dioxide

N02- Nitrite

N03- Nitrate

NOC-18 3,3-bis-(aminoethyl)-1 -hydroxy-2-oxo 
1 triazene

NOS 1 Nitric Oxide Synthase 1

NOS2 Nitric Oxide Synthase 2

NOS3 Nitric Oxide Synthase 3

NS2028 8-bromo-4H-2,5-dioxa-3,9b-diaza-
cyclopenta[a|naphthalen-1 -one

NS-398 N-[2-(cycIohexyloxy)-4-nitro-phenyl | 
methanesulfonamide

02 Oxygen

OB 7.3 Mouse-anti-Chick
Osteocyte-Specific Antibody

ODC Ornithine Decarboxylase

ODQ 2-oxa-3,5,9b-triaza-cycIopenta|a| 
naphthalene-1-one

Neuronal Nitric Oxide 
Synthase 
(11NOS)

Inducible Nitric Oxide 
Synthase 
(iNOS)

Endothelial Nitric Oxide 
Synthase 
(eNOS)
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oligo d(T)16

OMD

OPPG

OVX

Pa

PCR

PDE

Pg

PGD2

PGE2

PGF2k

PGG2

PGH2

PGI2

pH

PIK3RI

Oligonucleotide consisting 
of the sequence 

5 '-TTTTTTTTTTTTTTTT- 3'

Osteomodulin 

Osteoporosis Pseudoglioma 

Ovariectomy 

Pascal

Polymerase Chain Reaction 

cGMP Regulated Phosphodiesterase 

Picogram 

Prostaglandin D2 

Prostaglandin E2 

Prostaglandin F2k 

Prostaglandin G2 

Prostaglandin H2 

Prostaglandin 12

Potential of Hydrogen

Phosphatidyl inositol 3-Kinase, 
Regulatory Subunit, Polypeptide I

Osteoadherin

(PI-3K)
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Abbreviation Definition Synonym

PIP2 Phosphatidyl inositol 4,5-bisphosphate

PITX2 Pai red Li ke Homeodomain
Transcription Factor 2

PKC Protein Kinase C

PL A 2 Phospholipase A2

PLC Protein Phospholopase C

POW Pathologic Overload Window

PPARG Peroxisome Proliferators 
Activated Receptor Gamma (PPARk)

PROS 1 Protein S

PTGDS Prostaglandin D Synthase

PTGER1 Prostaglandin E Receptor 1 (EP 1)

PTGER2 Prostaglandin E Receptor 2 (EP-2)

PTGER3 Prostaglandin E Receptor 3 (EP-3)

PTGER4 Prostaglandin E Receptor 4 (EP-4)

PTGES Prostaglandin E Synthase

PTGES Prostaglandin F2k Synthase

PTGIS Prostaglandin 1 Synthase
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Abbreviation Definition Synonym

PIGS 1
r- i • ■ Prostaglandin G/H Prostaglandm-bndoperoxide „ , _ e c . , Synthase-2

Synthase 1 (COX-I / PGHS-1)

PTGS2
„ . .. „ . . . Prostaglandin G/H Prostaglandm-bndoperoxide „ , _ c ,, -  Synthase-2

Synthase 2 (COX-2 / PC.IIS-2)

PI'H Parathyroid Hormone

PrK2 ,  Focal Adhesion kinase Protein tyrosine Kinase 2J (FAK)

PXN Paxillin

Q Fluid How rate measured in ml/min

t|RT-PCR Quantitative Real-Time Polymerase 
Chain Reaction

c|iiin-2AM
2-{|2-bis(carboxymethyl) amino-5- 

methylphenoxy |-methyl }-6-methoxy-8 
his (carboxymethyl) aminoquinoline 

tetra-kis (acetoxymethyl) ester

RCT-3 Rat calvarial osteoblast-like 
clonal cell line

RGD Arginine-Glycine-Asparagine

RNA Ribonucleic acid

RNAi RNA interference

RNP Ri bonne leoprote in

ROS 17/2.8 Rat osteosarcoma clonal cell line

RT Reverse Transcriptase / 
Reverse Transcription

RT-PCR Reverse Transcriptase 
Polymerase Chain Reaction
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A b b r e v ia t io n D e f in it io n S y n o n y m

RUNX2

s

SC-58125

SCI

SD

SDS

sGC

SNAP

SNOG

SNP

S04

SOX9

SPARC

SPP1

t

T Score

Runt Related Transcription Factor 2 Core Binding Factor 1 
(CBFA1)

Second

5 (4 fluorophenyl)-1 -|4- 
(methylsulfonyl)phenyl |-3- 

(trifluoromethyl)-1 H-pyrazole

Spinal Cord Injury

Standard Deviation

Sequence Detection Software

Soluble Guanylate Cyclase

S-nitroso-N-acetylpenici Famine

S-nitroso-glutathione 

Sodium Nitroprusside

Sulfate

Sex Determining Region Y Box 9

Secreted Acid Cysteine Rich 
Glycoprotein

Secreted Phosphoprotein I

Osteonectin
(ON)

Bone Sialoprotein (BSP) 
Osteopontin (OP)

Shear Stress measured in dynes/cm2

Bone mineral density standard 
deviations above or below the average 

young healthy woman
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T-8 8th Thoracic Vertebra

TAMRA Fluorophore with excitation at 565 nm 
and emission at 580 nm (Green)

Taq Thermus aquaticus

TCF7 Transcription Factor 7, 
T-Celi Specific (TCF)

TC1RGI T-Cell Immune Regulator 1

TGFA Transforming Growth Factor Alpha (TGF k )

TGFB1 Transforming Growth Factor Beta 1

TGFB3 Transforming Growth Factor Beta 3 (TGF-k3)

TGM Transglutaminase

T FIBS 1-4 Thrombospondins 1-4

TLN 1 Talin

TMB-8 8-(diethylamino)octyl 3,4,5- 
tri met hoxy benzoate

TNF Tumor Necrosis Factor (TNF-k )

TNFSF1 1 Tumor Necrosis Factor (ligand) 
Superfamily Member 11 (RANKL)

Tris Tromethamine

TXA2 Thromboxane A2
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u Units

UMR-106 Rat osteosarcoma clonal cell line

UNG Uracil N-glycosylase

UTR Untranslated Region

uv Ultraviolet Fight

VCL Vinculin

VEGFA Vascular Endothelial 
Growth Factor A

VIC Fluorophore with excitation at 538 nm 
and emission at 554 at nm (Green)

VTN Vitronectin

WNT Wingless-Type MMTV 
Integration Site Family

YC-1 5-| l-(phenylmethyl)-1 H-indazol-3-yI | 
2-furanmethanol

Z Score
Bone mineral density standard 

deviations above or below the average 
for age and sex matched controls

ZFP36 r,. ~ Tristetraprolin 
Zinc finger Protein 36 (TTP)
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