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Abstract 

Title: Osteocytic Nitric Oxide and CaMKII Mediate Bone Mass and Quality 

Heather VerValin Buck, Doctor of Philosophy, 2025 

Dissertation Directed by: Joseph Stains, Ph.D., Professor, Orthopaedics 

 

Bone mass peaks in early adulthood before declining with age and is influenced by 

many factors, such as activity, reproduction, nutrition, and disease. In the post-

developmental skeleton, changes in bone mass are due to the activity of osteoclasts, which 

secrete proteases and hydrogen protons to demineralize and remove existing bone, and 

osteoblasts, which deposit organic matrix and facilitate its mineralization in order to 

produce new bone. In the healthy adult, these two processes, resorption and deposition, 

continually occur to maintain the skeleton and adapt it to changing needs. The cycle of 

removal and replacement of bone by osteoclasts and osteoblasts is coordinated by 

osteocytes, which form a tightly-interconnected system of local and systemic signaling.  

Osteocytes act to receive, incorporate, and transmit anabolic and catabolic signals down to 

bone-resident cells and their progenitors to tune the balance of bone removal and 

replacement. 

When osteocytes are mechanically stimulated, as by fluid shear stress, several 

anabolic pathways are activated. We have recently defined one such pathway in which 

mechanical strain deforms the microtubule network, leading to the production of reactive 

oxygen species (ROS) by NOX2. ROS induces TRPV4 calcium channels to open, leading 

to calcium influx and an elevation in intercellular calcium. This causes activation of 

calcium/calmodulin-dependent protein kinase II (CaMKII), which leads to lysosomal 



degradation of sclerostin protein, a powerful catabolic signal. As a consequence of this 

mechanically-sensitive pathway activation, reduced sclerostin abundance unleashes 

osteoblast differentiation and new bone deposition.  

Osteocytes have long been known to produce nitric oxide during mechanical 

stimulation, however the biological effect of this elevation has been uncertain. Our recent 

work demonstrated that exogenous nitric oxide is sufficient to suppress sclerostin 

abundance. Here, we demonstrate that nitric oxide production participates directly in the 

above-mentioned pathway to suppress sclerostin expression and that nitric oxide 

production is necessary for the loss of sclerostin abundance. We will also show that the 

endothelial (eNOS, NOS1) and inducible (iNOS, NOS2) isoforms of nitric oxide synthase 

are most relevant to this process.  

We will also discuss CaMKII, another osteocytic mediator of anabolic signaling. 

We have previously demonstrated that two isoforms of CaMKII, CaMKIIδ and CaMKIIγ, 

are expressed in primary osteocytes. We conditionally deleted both isoforms from 

osteoblast-lineage cells using the Osteocalcin Cre driver. Camk2delta/gamma double cKO 

mice express a profound reduction in bone mass and quality, which appears to be mediated 

through FGF23 overexpression and hypophosphatemia. Here, we will characterize 

independent models of CaMKIIδ or CaMKIIγ conditional deletion to determine whether 

these isoforms may fulfil redundant or separate roles and to better understand CaMK2’s 

function in post-developmental bone maintenance.  
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Chapter 1. Introduction 

1.1 Composition 

1.1.1 Material 

Bone is a heterogenous tissues comprised of an organic fraction (~25%), an 

inorganic fraction (~65%), and water (~10%)1. The organic component, also called osteoid, 

is principally comprised of type-I collagen, which is organized in rope-like trimers. Each 

trimer is arranged offset to its neighbor, like bricks, forming small voids between the 

trimers in which the inorganic hydroxyapatite is initially formed. These trimers are 

arranged into fibrils, which are further arranged into the lamellar bone that comprises 

almost all of the mature skeleton (Figure 1)2. While the osteoid is chiefly type-I collagen, 

cells are found within the bone matrix, as well as growth factors, BMPs, fibronectin and 

other proteins which support differentiation, repair, and maintenance of the bone and its 

resident cells3.  

The inorganic fraction is primarily comprised of hydroxyapatite 

(Ca10(PO4)6(OH)2)
4 (Figure 2)5. Other inorganic components may also be found in bone, 

like a small proportion of ions like magnesium, zinc, and sodium6.  

Bone is replete with calcium and phosphate, and bone formation and resorption are 

used to reduce or increase circulating calcium on demand. Furthermore, during periods of 

malnutrition or starvation, or during periods of increased need, like gestation and lactation, 

mineralized bone can be aggressively resorbed to liberate the minerals from preexisting 

bone, freeing them for use.  

The organic and inorganic components of bone are often likened to rebar in 

concrete. The hydroxyapatite provides compressive strength while the collagen allows for  
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Bone is a complex, heterogeneous tissue. Type-I collagen trimers are formed 

into stacks, between which hydroxyapatite crystals can be found. These stacks 

are arranged into fibrils, which form the lamellar sheets that make up bone. In 

larger mammals, these lamellar sheets are organized around Haversian canals, 

which allow the penetration of blood vessels and nerves into the bone. 

 

Taken from: Fan J, Abedi-Dorcheh K, Sadat Vaziri A, et al. A Review of Recent 

Advances in Natural Polymer-Based Scaffolds for Musculoskeletal Tissue 

Engineering. Polymers (Basel). 2022;14(10):2097.  

Figure 1. Hierarchical Structure of Bone 
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The inorganic component of bone is almost entirely comprised of 

hydroxyapatite, which contains the vital minerals calcium and phosphate. 

 

Taken from: Panda S, Biswas CK, Paul S. A comprehensive review on the 

preparation and application of calcium hydroxyapatite: A special focus on 

atomic doping methods for bone tissue engineering. Ceram Int. 

2021;47(20):28122. 

Figure 2. Chemical Structure of Hydroxyapatite 
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flexibility. Water content in bone is vital for maintaining its mechanical properties and 

quality as well7.  

 

1.1.2 Bone-Resident Cells 

Bone is a complex tissue that contains many types of cells. Some of which, like 

endothelial cells in blood vessels and immune cells, are also found in other tissues, but 

bone-resident cells, like osteoclasts, osteoblasts, and osteocytes, are specific to the 

skeleton. 

  

Osteoclasts 

Osteoclasts are multinucleated cells of the monocyte/macrophage lineage and are 

the cell type primarily responsible for the resorption of existing mineralized matrix. These 

cells form "on demand" where calcium is found on bony surfaces. Production of Receptor 

Activator of Nuclear Factor-κB Ligand (RANKL) by other bone cells, like osteocytes8 and 

osteoblasts9, supports osteoclast precursor differentiation and maturation, and increases the 

resorptive activity of osteoclasts. Osteoclastic αvβ3 integrin binds to RGD elements in the 

extracellular matrix proteins on the bone surface, like osteopontin and bone sialoprotein, 

to help osteoclasts adhere10. Upon activation, osteoclasts pump H+ protons and secrete 

lysosomal elements, like tartrate-resistant acid phosphatase (TRAP), cathepsin K, and 

other proteolytic enzymes, through the ruffled border at their apical face11. This acidic 

environment supports the degradation of the existing bone, creating a resorption pit (Figure 

3)11, which allows liberation of calcium and other minerals. Secreted proteolytic enzymes 

digest the primary collagenous osteoid, producing cleaved cross-linked C-telopeptide of  



5 

 

 

  

Osteoclasts are the cell type responsible for most bone resorption. Activated 

osteoclasts adhere to the bone’s surface. They excavate a resorption pit under 

their apical surface through the secretion of H+ protons and proteolytic enzymes 

like cathepsin K, freeing vital minerals and embedded factors from existing 

bone.  

 

Taken from: Madel MB, Ibáñez L, Wakkach A, et al. Immune Function and 

Diversity of Osteoclasts in Normal and Pathological Conditions. Front 

Immunol. 2019;10:1408.  

Figure 3. Osteoclasts 
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type I collagen (CTX) as a byproduct of resorption. The circulating concentration of CTX 

may be measured as a pre-clinical and clinical marker for bone loss or turnover12. 

 

Osteoblasts 

Osteoblasts are the cell type primarily responsible for the deposition of new bone 

matrix in the mature skeleton. They are found on bony surfaces and are able to perform 

various functions as they mature through stages of differentiation (Figure 4)13. Early 

osteoblasts express high levels of the gene Col1a114, which produces type-I collagen. As 

they secrete large amounts of collagen at their apical face, they create a layer of 

unmineralized osteoid on top of the existing mineralized bone.  

As osteoblasts mature, they begin to express proteins that support mineralization of 

the new osteoid as well. Alkaline phosphatase (ALP or ALPL) is one such. When mature 

osteoblasts begin to support mineralization, they express ALPL, which converts 

pyrophosphate into organic phosphate. While pyrophosphate is a mineralization inhibitor, 

organic phosphate combines with calcium, and allows hydroxyapatite crystal nucleation in 

the osteoid15. ALPL may be detected in serum and is another important clinical marker of 

bone turnover. Mature osteoblasts also express other mineralization-associated proteins, 

like osteocalcin, which is believed to help control mineral deposition16, and bone 

sialoprotein, which may facilitate collagen binding and mineral attraction17.   

Osteoblasts will generally follow one of three trajectories after mineralization. 

They may differentiate into quiescent bone lining cells, which may later re-differentiate 

into osteoblasts when stimulated by anabolic signals, like parathyroid hormone (PTH) or  
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Osteoblasts support the deposition of nascent bone matrix and its mineralization 

as they mature.  They respond to a range of signals to drive their differentiation 

and are able to express a range of proteins associated with osteoid production 

and mineralization before ultimately undergoing apoptosis or further 

differentiation.  

 

Taken from: Liu Z, Wang Q, Zhang J, Qi S, Duan Y, Li C. The 

Mechanotransduction Signaling Pathways in the Regulation of Osteogenesis. 

Int J Mol Sci. 2023;24(18):14326.  

Figure 4. Osteoblasts 
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mechanical stimulation18. They may also become entrapped in the newly deposited matrix 

where they may differentiate into osteocytes, or they may undergo apoptosis. 

 

Osteocytes 

While osteoclasts and osteoblasts are found on the surface of bone, osteocytes are 

found within the bone itself, where they serve diverse functions (Figure 5)19. Osteocytes 

are not primarily responsible for depositing or resorbing bone, but instead coordinate these 

processes by receiving, incorporating, and transducing signals to bone-resident cells and 

their precursors.  

Osteocytes are found within a complex three-dimensional series of chambers and 

tunnels called the lacunar canalicular system (Figure 6)20, where their ovular cellular bodies 

are found in chambers called lacunae, and their long, thin dendritic processes are found in 

tunnels called canaliculi. Their cell bodies are around 20-30µm apart21, which is generally 

consistent among land-dwelling animals, and they have around 50 processes22, which may 

be several cell-bodies in length. While individual structures are quite small, the totality of 

the lacunar canalicular system is vast, with a calculated surface area of 215m223. The 

presence of osteocytes is necessary for healthy bone. While some percentage of lacunae is 

found empty in bone sections, loss of local osteocyte populations can result in collapse, or 

necrosis of the bone.  

Osteocytes are able to respond to systemic signals, like parathyroid hormone, 

signals from other osteocytes, like Wnt ligands and sclerostin, and local mechanical 

signals, as experienced during load. Osteocytes respond to stimuli either directly, or by 

converting these incoming signals to target bone-resident cells and their progenitors.  
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Osteocytes are able to receive and transduce a range of signals to influence bone 

mass both locally and systemically.   

 

Taken from: Choi JUA, Kijas AW, Lauko J, Rowan AE. The Mechanosensory 

Role of Osteocytes and Implications for Bone Health and Disease States. Front 

Cell Dev Biol. 2022;9:770143.  

Figure 5. Osteocyte Signaling 
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Osteocytes reside within a complex series of chambers and canals called the 

lacunar canalicular system (LCS). The LCS is dynamic and changes in response 

to aging as well as the needs of the organism. 

 

Taken from: Tiede-Lewis LM, Dallas SL. Changes in the osteocyte 

lacunocanalicular network with aging. Bone. 2019;122:101-113.  

Figure 6. Osteocytes Within Their Lacunar Canalicular System 
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Osteocytic signaling, especially in response to mechanical stimulation, will be covered 

below.  

 

1.1.3 Cellular Level 

Bone-resident cells possess the same basic structural composition as other types of 

cells; the elements more relevant to bone-cell function and our work in mechano-

transduction will be discussed. 

 

Cytoskeleton 

Like all cells, osteocytes rely on their cytoskeletal systems for their structure, 

motility, and internal trafficking, but they are also necessary for mechanical response, 

which is a prominent feature of osteocyte function. The cytoskeleton is comprised of three 

types of fibers, microtubules, intermediate filaments, and the actin (microfilaments) 

network.  

Microtubules are dense in the perinuclear space, but may also be found throughout 

osteocytes’ long, thin dendritic processes (Figure 7), where they are believed to support 

functions such as mechanical response24, and may also support trafficking of elements like 

organelles and protein cargo to the relatively-distant tips, though this has not yet been 

firmly established. Many post-translational modifications (PTMs) of the microtubules are 

implicated in changes to the stability and stiffness of the microtubules25.  

One such post-translational modification, detyrosination, is the cleavage of the 

terminal tyrosine from the alpha dimer. In cardiomyocytes it has been demonstrated that  
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Microtubules and lysosomes can be found throughout osteocyte cell bodies and 

dendrites. Fixed OCY454 osteocyte-like cell line. Blue = DAPI (nuclear stain), 

green = alpha tubulin (conjugated 488 antibody), magenta = lysosomes (SiR-

Lysosome). Unpublished image taken by the author. 

Figure 7. Microtubules and Lysosomes in the Osteocyte 



13 

 

detyrosinated tubulin is more likely to be anchored to the sarcomere than tyrosinated 

tubulin. During contraction, detyrosinated microtubules transiently bend or buckle, rather 

than sliding past the sarcomere, allowing them to transduce force generated by sarcomere 

contraction26.  

Detyrosination has also been shown to greatly increase the likelihood of a 

lysosome’s association with the microtubule network27, suggesting that detyrosination may 

increase a cell’s ability to traffic lysosomes.  

 

Lysosomes 

Lysosomes are membrane-bound organelles that are canonically known for their 

ability to degrade internal cargo through acidification and enzymatic action. They are also 

well-studied in their ability to fuse with endosomes to degrade larger cargo through 

autophagy28. Recently, we reported a new role for the lysosome in anabolic bone signaling 

through the osteocyte29.  

Sclerostin is produced by osteocytes and is a potent signal to prevent new bone 

deposition. Sclerostin is continually expressed and secreted, but after osteocytes receive a 

sufficient anabolic signal sclerostin protein expression is quickly, transiently, and robustly 

decreased29–33. It has been demonstrated that sclerostin and the lysosome colocalize within 

the unstimulated osteocyte29. It has also been shown that following anabolic signaling, 

lysosomal markers like cathepsin B activity, p62 expression, and LC3II/I ratio increase, 

indicating increased lysosomal activity, and that treatment in vitro with bafilomycin A, a 

lysosomal inhibitor, prevents the loss of sclerostin protein abundance following 

mechanical stimulation or treatment with parathyroid hormone29. Importantly, blocking the 



14 

 

lysosome or pathways upstream of lysosomal activation in vivo also prevents load-induced 

bone formation and the mechanically-induced loss of sclerostin protein in bone29. These 

data together indicate that sclerostin may be stored in the inactive lysosome or associated 

precursor in preparation for secretion or degradation, and that following anabolic cue, the 

lysosome acidifies, degrading sclerostin, rather than fusing with the membrane to release 

the sclerostin.  

 

1.1.4 Tissue level 

Organization 

Bone is not comprised of a uniform block of material, but instead contains many 

highly-organized subunits (Figure 8)34. Penetrating blood vessels and nerves can be found 

within the bone in dynamic structures called Haversian canals. These canals run parallel to 

the bone’s orientation and are critical for nutrient delivery and fracture healing in relatively 

large animals, like rats, while smaller animals, like mice, do not form these structures. Cells 

must be within 100-200μm of a blood vessel35, so organisms with smaller, thinner bones 

do not need to form Haversian canals to provide cells with nutrients. 

Haversian canals are excavated by osteoclasts, which form a cutting cone through 

existing bone. These osteoclasts create a new tunnel through the bone and are followed by 

extending blood vessels.  Matrix is subsequently deposited into concentric layers called 

lamellae as osteoblasts are recruited to fill the newly-created void, together forming a new 

unit of bone called an osteon. Other structures, called Volkmann’s canals, run 

perpendicular to the bone and connect Haversian canals.  
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In larger animals, blood vessels and nerves penetrate the bone through 

Haversian canals. Concentric layers of matrix are deposited in the newly-

excavated Haversian canals to form layers of lamellae, both of which together 

make up the osteon.  

 

Taken from: Robles-Linares JA, Ramírez-Cedillo E, Siller HR, Rodríguez CA, 

Martínez-López JI. Parametric Modeling of Biomimetic Cortical Bone 

Microstructure for Additive Manufacturing. Materials (Basel). 2019;12(6):913.  

Figure 8. Haversian Canals 
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Bone Marrow Cavity 

Within most bones there is an inner chamber, called the bone marrow cavity. This 

niche is distinct from other regions of the bone in that it is the primary source of 

hematopoiesis, an important site for immune cell development, and an adipocyte depot36. 

The bone marrow cavity is also central to the health of the bone itself, as it houses a 

significant population of osteoblast progenitors37, as well as the lipids that may fuel bone 

cell activity38. These cell populations change throughout life and can affect the health of 

the organism as well as local bone density.  

 

1.1.5 System level 

Connective Tissues 

Bone works with other tissues, like tendons, ligaments, and cartilage to provide 

structure to vertebrate animals. Ligaments are bands of collagenous tissue that connect 

bones to each other to provide stability and support joints39. Tendons are fibrous bands that 

connect muscle to bone which are able to transduce large amounts of force40. Cartilage a is 

connective tissue that is found between bones, as in the knee, which allows for smooth 

operation of the joint and protects the ends of the bones from each other during 

movement41. In concert with bone, these systems protect organs and allow for mobility. 
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1.2 Bone in Health 

1.2.1 Phases of Life 

Development 

Bone growth in the developing embryo is not primarily achieved by osteoblasts, 

but rather by chondrocytes. These chondrocytes deposit cartilage that will be replaced by 

bone through a process called endochondral ossification42. As fetal development 

progresses, longitudinal bone growth continues at the ends of bones, in areas called growth 

plates, where chondrocytes mature and new bone is produced. These processes continue 

through development until the growth plates close around or after puberty in humans43.  

While rodents do not close their growth plates, their rapid growth of long bones 

tends to slow around 12-16 weeks of age, after which they are generally referred to as 

"skeletally mature". The net accumulation of bone mass uncoupled from bone resorption 

is refred to as bone modeling and is the predominant means of bone accretion during 

developmental bone growth. 

 

Adult Tissue 

Peak bone mass is achieved around 30 years of age in humans, and continues to 

decrease gradually over time, outside of the onset of menopause or certain disorders where 

loss may be accelerated (Figure 9)44. In mice, this process of bone loss typically occurs 

after 6 months of age and progresses through the life span. Female mice do not experience 

a menopause but rather a peri-menopause-like state that has milder impacts on mouse bone 

mass than does human menopause.  

  



18 

 

  

Bone mass changes throughout the normal course of life, peaking around 30 

years of age in humans.  

 

Taken from: Kruger MJ, Nell TA. Bone mineral density in people living with 

HIV: a narrative review of the literature. AIDS Res Ther. 2017;14(1):35.  

Figure 9. Bone Mass Changes with Age 
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Throughout this stage of life, the healthy skeleton is continually renewed through a 

process called remodeling. During remodeling small amounts of bone are resorbed by 

osteoclasts. Growth factors embedded in the resorbed matrix, as well as other signals, 

recruit osteoblasts to the site to replace the lost bone with new osteoid45. The activity of 

osteoclasts and osteoblasts in the process is related through a relationship called coupling 

and does not result in a net change in bone mass. This cycle of renewal maintains the 

integrity of the bone and is necessary to deal with mineral demands as well as everyday 

wear and tear, which can produce microscopic cracks called microdamage.  

With few exceptions, mature bone does not continue to grow, though it is still 

capable of robust response to stimuli or changes in the organism. In the healthy adult, bone 

mass is adaptive and may respond to sufficient changes in loading, be it either increased 

exercise or disuse. Osteocytes are able to detect strain, or the lack thereof, and signal to 

other bone-resident cells to tune bone mass to attempt to balance fracture risk with the 

energy required to maintain skeletal tissue. For example, a new exercise routine of 

sufficient intensity can stimulate new bone deposition in areas experiencing increased 

strain, while immobilization can result in a sudden loss of bone mass either locally, as in a 

casted fracture, or systemically, as during bedrest.  

 

Reproduction 

During gestation and lactation there is a significant maternal need for minerals like 

calcium, as well as nutrients like fat and energy. A human fetus contains about 30g of 

calcium at birth and around 280-400mg of maternal calcium is lost daily to milk production 

46. This extra calcium may come from the maternal diet, but if insufficient quantities are 
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ingested or absorbed, calcium will be liberated from the maternal skeleton. This is 

accomplished largely through an increased osteoclast population, which work to remove 

existing mineralized bone, freeing calcium and phosphate for use47.  

While osteoclasts are the primary driver of bone resorption, emerging data indicates 

that osteocytes may be able to resorb bone adjacent to them within the lacuna-canalicular 

system48. During lactation, lacunar area increases, osteocytic tartrate-resistant acid 

phosphatase (TRAP) activity increases, and the fluid within the lacunar-canalicular system 

becomes more acidic, all suggesting that osteocytes may be utilizing a process similar to 

osteoclastic resorption49. This process has not been fully described, however, and there is 

some debate as to the full capacity of osteocytes to remove or replace matrix and bone. 

 

Aging 

Some loss of bone mass with aging is unavoidable, but other age-related changes 

or disorders can increase this loss. During and around menopause women may experience 

a period of intense bone resorption due to a drop in estrogen, which is protective against 

osteoclastic resorption50.  

Over the course of a lifetime, damage can accrue to the point that systems can no 

longer compensate. Degradation of processes like oxidative stress management, 

autophagy, or immune response can lead to chronic inflammation, also known as 

‘inflammaging,’ which can exacerbate bone loss51.  

Additionally, a fear of falling can discourage activity in the elderly, leading to a 

progressive cycle of disuse, weakening, and frailty.  
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Fracture 

Despite bone’s robust ability to resist shock and strain, fractures can still occur. 

Low-energy fractures, or falls from height, typically affect the elderly, who are more likely 

to have reduced mobility and bone mass, and to a lesser extent, adolescents, who are more 

active and are more likely to be participating in physical forms of play.  

When a fracture occurs, blood vessels at the site of the break are ruptured, causing 

an influx of blood and allowing circulating immune cells to enter the injured tissue. This 

creates a hematoma, or blood clot at the fracture, which acts as a template for the soft 

callus52. Chondrocytes deposit cartilaginous fibers, stabilizing the fracture via formation of 

the soft callus, while osteoblasts quickly form disorganized woven bone. Endochondral 

ossification also acts to replace the cartilage with bone. Over time, the woven bone is 

remodeled into lamellar bone52 (Figure 10)53.  

 

Disease 

Bone is capable of self-maintenance and healing, but is also subject to disorders, 

like osteoporosis, osteomalacia, and sclerosteosis, which can greatly affect the quality of 

life or mortality of an individual.  

 Osteoporosis, the significant loss of bone mass, is determined by comparing an 

individual’s bone mineral density (BMD) to BMDs of young, healthy adults that are sex- 

and race-matched to the individual. If the individual’s BMD is 2.5 standard deviations 

below the mean healthy adults’ BMD, then they are diagnosed with osteoporosis54. 

Osteoporosis is estimated to affect around 20% of the global population55, and puts 

individuals at risk for fracture, loss of independence, and mortality. Fracture risk is greatly 
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Following fracture, bone goes through several phases of healing. Hematoma and 

inflammation start soon after injury. The soft callus forms next, and is a fibrous 

structure that surrounds the break. Woven bone is deposited to stabilize the 

break and the hard callus forms. Over time, woven bone is remodeled and 

replaced with healthy, well-organized lamellar bone.  

 

Taken from: Gao H, Huang J, Wei Q, He C. Advances in Animal Models for 

Studying Bone Fracture Healing. Bioengineering (Basel). 2023;10(2):201.  

Figure 10. Fracture Healing 
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increased for those with osteoporosis, with an estimated 50% of women and 20% of those 

over 50 years of age experiencing an osteoporotic fracture56. Mortality rates vary by 

fracture site and comorbidities, but have been shown to reach 33% in the year following 

an osteoporotic fracture57. Non-pharmacological bone mass improvement following an 

osteoporosis diagnosis can be challenging due to the reduced mechanical response capacity 

in the elderly, but several clinically available treatments are available to support bone mass.  

Unlike osteoporosis, which is a disorder of low bone mass, deficits in minerals like 

phosphate or calcium that can occur due to vitamin D deficiency can induce a weakened 

mineral state and softening of the bones leading to deformation, like outward bowing of 

the femurs or tibiae58. This can occur during development and acquisition, called rickets, 

or during adulthood, called osteomalacia. Other similar disorders of mineral metabolism 

can be due to insufficient dietary intake, gene mutation (e.g. PHEX), or kidney dysfunction 

leading to decreased absorption or retention of these vital minerals59.  

Sclerosteosis, on the other hand, is a disease of increased bone mass, which is 

causes be a mutation in gene, SOST, that produces sclerostin. Sclerostin is an important 

negative regulator of bone mass, and its absence results in thickened cortices and 

trabeculae, as well as overgrowth and malformation of the skull, fingers, and other 

structures.  

 

Therapeutics 

Bisphosphonates are one of the older classes of medications still prescribed to 

prevent bone loss. Modern bisphosphonates closely resemble pyrophosphate and have 
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nitrogen-containing moieties. They are highly attracted to bone and can still be found in 

the bone after long periods of disuse. When bisphosphonate-containing bone is resorbed 

by osteoclasts the bisphosphonates act on the osteoclasts, reducing their activity or causing 

apoptosis to prevent further resorption60. While bisphosphonates do prevent bone loss, they 

may also impair bone remodeling, which can allow microdamage to accumulate until an 

atypical fracture occurs. Because of this, drug holidays are recommended, during which 

the patient is either given an adjuvant treatment, or is monitored for extensive bone loss 

before medication is resumed.  

Romosozumab, an anti-sclerostin antibody, is also a potent protector of bone mass. 

It effectively “removes” sclerostin and allows for greater osteoblast differentiation and 

activity, thereby increasing bone mass61. Despite producing robust BMD increase in the 

femoral neck62, romosozumab is not ideal for all patients. Since its FDA approval in 2019 

it has carried a black box warning against administration to persons who have had 

myocardial infarctions or stroke, and warns that it may increase the risk of serious cardiac 

events63. Because of FDA recommendation, it is generally prescribed to those with lower 

risk for cardiac events, and may not significantly increase risk in this population64.  

Denosumab is an anti-RANKL antibody that reduces osteoclast differentiation, 

number, and activity to prevent bone resorption65. However, due to its robust ability to 

prevent resorption within days of administration it can induce hypocalcemia, especially in 

those with chronic kidney disease66. The cessation of denosumab also results in a sudden 

loss or rebound in bone mass, which can significantly increase fracture risk67.  

The parathyroid gland was first identified in the 1800s, and while its full 

mechanism of action was not yet uncovered, the parathyroid gland was understood to 
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contribute meaningfully to bone mass in the early 1900s68. Teriparatide, or a 1-34 amino 

acid fragment of the hormone secreted by the parathyroid gland,  PTH, is administered 

intermittently and has the capacity to greatly increase osteoblast activity and BMD, 

especially in the spine69. Abaloparatide, which is an analog to parathyroid hormone-related 

protein (PTHrP), functions similarly to teriparatide, though it has been shown to produce a 

slightly smaller effect70. Like romosozumab, teriparatide and abaloparatide both carried an 

FDA black box warning, which was removed in 2020 and 2021, respectively, but a 

maximal administration of two years is still recommended due to potential risk of 

osteosarcoma71,72.  

 

1.3 Molecular Signaling 

1.3.1 Parathyroid Hormone 

As mentioned in the previous section, parathyroid hormone (PTH) can induce 

anabolic reactions in bone-resident cells and their precursors, but it can also activate 

resorption. Physiologically, the parathyroid gland acts to detect circulating calcium, and 

when insufficient calcium is detected PTH is secreted. When PTH binds to its cognate 

receptor on osteoblast-lineage cells it induces both RANKL expression to increase 

osteoclast number and suppresses sclerostin abundance to increase osteoblast number 

(Figure 11)73. In the short term, increased osteoclastic activity quickly acts to remove small 

amounts of mineralized bone, freeing calcium for use. Osteoblastogenesis and deposition 

of new matrix is slower, however, so over the long term this does not result in a net change 

of bone mass. Continual exposure to PTH, as in hyperparathyroidism, can cause 
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Parathyroid hormone (PTH) or parathyroid hormone-related protein (PTHrP) 

can bind to the PTH receptor (PPR) to initiate a cascade of processes that results 

in short-term bone resorption and longer-term bone deposition. In the healthy, 

adult system this results in remodeling, but not a change of overall bone mass. 

 

Taken from: Bellido T, Saini V, Pajevic PD. Effects of PTH on osteocyte 

function. Bone. 2013;54(2):250-257.  

Figure 11. PTH Pathway 
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hypercalcemia and may result in poorly mineralized bone, increased fracture risk, and even 

osteoporosis if untreated74.  

 

1.3.2 WNT Pathway  

The WNT family of genes, named for their discovery in drosophila, are important 

to bone development and maintenance, as well as many other processes. WNTs like WNT1 

and WNT3a have been shown to support osteoblast precursor maturation during 

development75, while expression of WNT176 and WNT10b77 have been shown to increase 

following mechanical stimulation. Each of these WNTS may act as ligands in the WNT/β-

catenin pathway to increase osteoblast number and bone matrix deposition.  

Briefly75, the receptors for this path way, Frizzled and Low-Density Lipoprotein-

Related Receptors 5 and 6 (LRP5/6) are located on the surface of bone-resident cells. In 

the absence of WNT ligand, these receptors do not interact. β-catenin, which is 

ubiquitously expressed, is phosphorylated by the destruction complex, comprised of 

glycogen synthase kinase 3 (GSK-3β), Axin, adenomatous polyposis coli (APC), and 

casein kinase 1 (CK1a). Once phosphorylated, β-catenin is polyubiquitinated and degraded 

by the proteosome and unable to affect gene expression.  

Alternatively, when WNTs are available, they may form a complex with Frizzled 

and LRP5/6. Disheveled is then recruited to bind with Frizzled, preventing the destruction 

complex from phosphorylating β-catenin. β-catenin is no longer targeted for degradation 

and accumulates in the cytoplasm. β-catenin may then be translocated to the nucleus where 

it prevents the inhibition of the TCF/LEF transcription factor, allowing for expression of 

many osteoblastogenesis-related genes (Figure 12)78. 
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The canonical WNT/β-catenin pathway acts to control expression of many 

osteoblastogenesis-related genes through the TCF/LEF transcription factor.  

 

Taken from: Ben-Ghedalia-Peled N, Vago R. Wnt Signaling in the 

Development of Bone Metastasis. Cells. 2022;11(23):3934.  

Figure 12. WNT/β-catenin Pathway 
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1.3.3 Sclerostin 

Sclerostin is primarily expressed and secreted by osteocytes. It is a powerful 

catabolic signal that acts to inhibit osteoblast precursor differentiation. Sclerostin 

competitively inhibits WNT/β-catenin activation by binding to Frizzled/LRP5/6. It 

prevents activation of the WNT/β-catenin pathway, ensuring the degradation of β-catenin 

and preventing osteoblastogenic gene expression.  

Sclerostin, like RANKL and OPG, is secreted via endosome-related extracellular 

vesicles, where it can act to signal both systemically and locally79. Immediately following 

sufficient anabolic stimulation, sclerostin protein expression in the osteocyte is decreased, 

but neither is more sclerostin secreted. Instead, lysosomal acidification and markers of 

lysosomal activity are increased and sclerostin protein abundance is reduced29. Following 

anabolic stimulation, WNT expression is increased and sclerostin expression is decreased, 

allowing for osteoblastogenesis and deposition. This process is discussed in greater depth 

in Chapter 3.  

 

1.3.4 FGF23 

FGF23, or fibroblast growth factor 23, is a hormone produced by osteocytes80 in 

response to elevated circulating phosphate81 (Figure 13)82. FGF23 signals to the intestine 

where it reduces the production of 1,25-dihydroxyvitamin D3, or calcitriol, which is needed 

for absorption of phosphate from the diet. FGF23 also signals to the kidney, where 

phosphate transporters are downregulated to prevent phosphate reclamation from renal 

filtrate.  
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FGF23 is secreted by osteocytes to reduce reabsorption of phosphate by the 

kidney and absorption by the intestine, which reduces circulating phosphate.  

 

Taken from:  Razzaque MS. The FGF23-Klotho axis: endocrine regulation of 

phosphate homeostasis. Nat Rev Endocrinol. 2009;5(11):611-619.  

Figure 13. FGF23 Signaling 
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1.3.5 Mechanical Response 

A vital aspect of bone’s ability to respond to the needs of the organism is controlled 

through the magnitude, duration, and frequency of experienced strain. Unlike parameters 

like circulating calcium, which have a fixed homeostatic set point, bone experiences 

adaptive homeostasis, and is able to adjust its set point to the types of loading experienced 

by the organism83. Levels of strain typically experienced by an organism (i.e., accustomed 

load) fall within the ‘lazy zone’ and do not result in a net change to bone mass. Amounts 

of strain just below the lazy zone does not induce much change, while total unloading (i.e., 

disuse) can result in a significant loss of bone mass. Amounts of strain above the lazy zone 

induce new deposition, up to the point that the amounts of strain become damaging (Figure 

14)84. Other aspects of mechanical response are discussed in chapters 3 and 4. 

To study mechanical response in vivo, axial loading of long bone can be utilized to 

produced controlled and consistent stimulation. Small rodents, like mice and rats are often 

selected as models, and the tibia or ulna are common targets for load. First, strain gauging 

must be performed to normalize strain to differences based on the size or composition of 

the bone for the control and treatment groups and sexes29. The target limb is isolated from 

a euthanized animal and the bone in the region of expected strain is exposed. Small strain-

sensing resistors are applied to the bone and current is measured during a range of known 

compressive forces. The interaction of the material, bone, with the applied axial load allows 

the calculation of the amount of load that must be applied to a given group to achieve a 

specific level of strain. Typically, strains above 1000-1800 microstrain from axial loading 

generate an anabolic bone response in murine bone85. Loads above 2000 microstrain can 
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Normal, day-to-day activities generally produce strain that falls within the 

physiological loading zone and do not result in a change of bone mass. Strain 

far below this range, as experienced during immobilization, results in a drop in 

bone mass. Strains exceeding the physiological zone can induce new bone 

formation, while strains beyond that range can damage bone, requiring repair. 

 

Taken from: Su SC, Skedros JG, Bachus KN, Bloebaum RD. Loading 

conditions and cortical bone construction of an artiodactyl calcaneus. J Exp 

Biol. 1999;202(Pt 22):3239-3254. 

Figure 14. Physiological Outcomes of Strain 
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induce pathological, woven bone formation, and even damage, while loads below 200 

microstrain can mimic disuse and bone loss.   

To load a bone in vivo, the animal is put under sedation and placed in the loading 

rig (Figure 15)86. For example, for tibial loading, the foot rests in the lower receptacle, and 

the knee is fit into the upper cup. Cyclical compression is then applied to anesthetized 

animal, for example, 1800 microstrain at 2Hz for 90 seconds in a sine wave, or rest-inserted 

loading patter. The contralateral limb is left as an unloaded control. Assays ranging from 

dynamic histomorphometry, protein analysis, or spatial transcriptomics can be performed 

downstream. 

Many techniques are available to study mechanical loading in vitro, one being fluid-

shear stress via peristaltic pump87,88. In this technique, cells are seeded into 96-well plates 

at a specified density. A special tip is connected to tubing leading to and from the pump; 

the tip is fitted firmly onto the top of the well, creating a closed, fluid-filled loop. Once the 

pump is activated, fluid is jetted onto the adherent cells at a fixed rate of flow to simulate 

the type and range of mechanical stimulation that osteocytes are believed to experience 

physiologically. An unstimulated well of identical treatment is used as the control. Many 

techniques, like transfection or treatment, can be used to modify cells before mechanical 

stimulation, and most cell culture outcomes can be analyzed, to include live-cell imaging 

during stimulation.  

In addition to loading, the activation of mechanical response pathways can be 

mimiced pharmacologically in vitro using a variety of anabolic signaling molecules, like 

PTH or nitric oxide, which will be discussed in chapter 4.  
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Axial tibial compression may mechanically stimulate regions of the tibia, based 

on the bone’s geometry. This example shows the way that an anesthetized 

mouse’s foot is placed in the lower receiver and the knee is placed in the upper 

cup. In this illustration, the upper cup is cyclically compressed to create 

reproducible load in the tibia. 

 

 

 

Taken from: Zhao D, Riquelme MA, Guda T, et al. Connexin hemichannels 

with prostaglandin release in anabolic function of bone to mechanical loading. 

Elife. 2022;11:e74365.  

Figure 15. Axial Tibial Load 
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Chapter 2. Materials and Methods 

2.1 Cell culture  

Ocy454 osteocyte-like cell line (provided by P. Divieti-Pajevic, Boston University) 

were cultured as previously reported29,31,89. Briefly, Ocy454 cells were cultured in αMEM 

(Corning) with 10% FBS (Benchmark, GenClone) and 1% penicillin/streptomycin 

(Corning Cellgro). For cell expansion, cells were plated on rat tail collagen I (BD 

Biosciences) coated plasticware and maintained at 33°C and 5% CO2 with media changes 

every 2 to 3 days. For experiments, cells were maintained at 37°C and 5% CO2.  

 

2.2 Cell Treatment with Nitric Oxide Donor  

The NO• donor, diethylamine NONOate sodium salt hydrate (Sigma-Aldrich), was 

prepared as 64mM stock and diluted in water just prior to use and administered at a final 

concentration of 10µM.  

 

2.3 Fluid Shear Stress 

Assay was performed as previously reported88. Briefly, cells were plated in 

Stripwell (Costar) 96-well-size vessels at 35,000 or 40,000 cells per well the day before 

flow. Processively by strip, media was replaced with 37°C, pH 7.4 mouse Ringer’s solution 

(140 mM NaCl, 4 mM KCl, 1 mM MgSO4, 10 mM Hepes, 10 mM glucose, 5 mM NaHCO3, 

1.8 mM CaCl2). Strips were allowed to acclimate on a benchtop warming mat (38°C) for 

20 minutes. Cells were stimulated at a flow rate of 38ml/min (flow rate modelled at 7 

dynes/cm2, 5min), unless otherwise indicated, in Ringer’s solution for 5 minutes by 

peristaltic pump (Harvard) via custom-printed tips90. After completion of fluid shear stress 
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(FSS) exposure, cells were allowed to incubate on benchtop warming mat from 0-10min, 

as indicated. Cells were lysed in 1X RIPA buffer supplemented with 2% SDS, 1% HALT 

protease and phosphatase inhibitor (Thermo) and 1% EDTA (0.5M) or 2x Laemmli buffer 

with 5% BME, 1% HALT (Thermo Fisher) and 1% EDTA (0.5M).  

 

2.4 Griess Assay  

Following exposure of cells to FSS, Ringer’s solution from wells and tubing was 

collected. Additional Ringer’s solution was added to no-flow samples collected from wells 

to volume-match FSS samples. Colorimetric Griess assay (Thermo Fisher) was performed 

using 280µl each sample/standard. Standards were produced and protocol followed per 

manufacturer’s instructions. Plates were read at 548nm on µQuant (Bio-Tek Instruments) 

plate reader. Fluorometric Griess assay (Invitrogen) was performed using 20µl each 

sample/standard. Plates were read at 350/450nm on Tristar 3 (Berthold) plate reader. 

 

2.5 Ex Vivo Treatments 

Camk2dflox/flox/Camk2gflox/flox mice were backcrossed into the C57BL/6 background 

and generously provided by the Oslon group91. Mice were then crossed with osteocalcin-

cre mice (RRID:IMSR_JAX:019509), which are also in the C57BL/6 background. Mice 

were maintained with ad libitum access to water and standard rodent chow under Animal 

Care and Use Committee-approved protocols at the University of Maryland Baltimore, 

protocol# 00000134. Five male and six female mice between 6-23 weeks of age were 

utilized and no sexual differences were observed in the data. Briefly, as described92, 

following euthanasia, femur or ulna/radius were isolated from surrounding soft tissues, 
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epiphyses were removed and marrow was flushed. Bones were maintained in 37°C 

complete αMEM during collection, before transfer to 37°C mouse Ringer’s solution for 

treatment. After treatment, bones were transferred to Laemmli lysis buffer supplemented 

with protease and phosphatase inhibitors. Bones were homogenized with 1mm metal beads 

in a Precellys Evolution (Bertin Technologies) homogenizer.  

 

2.6 Western Blot  

Western blots were performed as previously reported32. Briefly, cell lysates were 

sonicated and electrophoresed on 10% or 4-20% SDS-Page gels (Bio-Rad) and transferred 

to PVDF film (Millipore). Total protein stain imaging was taken on Odyssey CLx (LI-

COR) following five minutes Revert 700 Total Protein Stain (LI-COR) incubation. 

Membranes intended for ECL development were blocked in phosphate buffered saline with 

0.1% Tween-20 and 5% non-fat dry milk. Membranes intended for goat-derived ECL 

antibodies were blocked in 3% bovine serum albumen as well. Membranes intended for 

LI-COR development were blocked in Intercept (LI-COR). Primary and secondary 

antibody concentrations varied by target (Table 1). ECL membranes were developed with 

Pierce ECL Western Blotting Substrate (Thermo Scientific) or SuperSignal West Femto 

Maximum Sensitivity Substrate (Thermo Scientific). Blots were analyzed using ImageLab 

software (Bio-Rad). Loading controls were probed sequentially on the same membrane as 

its experimental target for all probes except p-CaMKII. For p-CaMKII, two membranes 

were produced and processed at the same time, keeping all conditions and handling as 

identical as possible until p-CaMKII or panCaMKII probing.  
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Table 1. Western Blot Antibodies 

Antibody  Dilution Manufacturer Catalog Number 

Sclerostin (goat)  1:500 R&D Systems AF1589 

pCaMKII (T286) 

(rabbit) 

1:500 Cell Signaling 12716S 

panCaMKII (rabbit) 1:500 Cell Signaling 4436S 

Beta Actin (mouse) 1:5000 Sigma A1978 

Alpha Tubulin 

(mouse) 

1:5000 Millipore T9026 

FGF23 (goat) 1:500 R&D Systems AF2604 

ALPL (goat) 1:500 R&D Systems AF2910 

HRP x Goat 1:1000 Jackson 

ImmunoResearch 

805-035-180 

HRP x Rabbit 1:1000 Cell Signaling 7074S 

HRP x Mouse 1:8000 Cell Signaling 7076S 

Donkey x Goat 800 1:20,000 LI-COR 926-32214 

Donkey x Mouse 700 1:20,000 LI-COR 926-68072 

 

 

2.7 RT-qPCR 

RT-qPCR was performed as previously reported93. Briefly, cells were lysed in 

TRIzol (Sigma). RNA was isolated using Direct-zol RNA Miniprep kit (Zymo) per 

manufacturer’s instructions and measured for quantity and purity using µQuant plate 

reader. RNA was converted to cDNA using High-Capacity RNA-to-cDNA kit (Thermo 

Fisher) on a MyCycler thermocycler (Bio-Rad). Maxima SYBR Green/ROX qPCR Master 

Mix (Thermo Fisher) was used to prepare samples, which were run on Applied Biosystems 

7300 sequence detection system. Commercially available primers were utilized (Table 2). 
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Relative gene expression for each sample was simultaneously normalized to three 

housekeeping genes, Gapdh, Hprt, and Rpl13.  

 

Table 2. RT-qPCR Primers 

Target Forward Primer Reverse Primer 

nNOS/Nos1 TGTCGACAATCCAAG 

ATAGATCATATC 

GAGTAGGCAGTGTAC 

AGCTCTCTGAA 

iNOS/Nos2 CCTGGTACGGGCATTGCT CATGCGGCCTCCT TTGAG 

eNOS/Nos3 TCTGCGGCGATGTCACTATG CCATGCCGCCCTCTGTT 

Gapdh CGTGTTCCTACCCCCAATGT TGTCATCATACTTGG 

CAGGTTTCT 

Hprt AGCAGTACAGCCCCA 

AAATGG 

AACAAAGTCTGGCCT 

GTATCCAA 

Rpl13 CGAAACAAGTCCACG 

GAGTCA 

GAGCTTGGAGCGGTA 

CTCCTT 

 

 

2.8 Transient Transfection  

Transfections of Ocy454 cells were performed using JetPrime transfection kit 

(Polyplus) per manufacturer’s recommendation at the listed concentrations (Table 3).  
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Table 3. Plasmids 

Target Type Reference Number Concentration 

(pmol/cells) 

Manufacturer 

Murine myc-

tagged-sclerostin 

Plasmid MR222588 0.05µg/40,000  Origene 

Scramble siRNA D-001810-01-20 4pmol/40,000 Dharmacon 

nNOS siRNA J-047847-09-0005 4pmol/40,000 Dharmacon 

iNos siRNA J-042006-05-0005 4pmol/40,000 Dharmacon 

eNOS siRNA J-040956-05-0005 4pmol/40,000 Dharmacon 

 

 

2.9 Cell Viability Assay 

Cells were passaged and transfected as normal prior to assay (see Section 2. 

Materials and Methods). Cells were plated in an opaque white 96-well plate at 40,000 

cells/well. CellTiter-Glo 2.0 (Promega) kit was used per manufacturer’s instructions and 

luminescence was read on Tristar 3 (Berthold) plate reader.  

 

2.10 Live Calcium Imaging 

Cells were seeded onto optically clear-bottom 96-well plates. Media was removed 

and replaced with 350µl Fluo-4-AM ester (5µM, 30m) in mouse Ringer’s solution, as 

described32. Mechanical stimulation via pulsatile pump was performed as above. Images 

were recorded using Nikon NIS Elements 5.2 (Nikon) and intensity measurements were 

quantified using FIJI (ImageJ) Time Series Analyzer plugin.  
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2.11 Animals 

Camk2dflox/flox/Camk2gflox/flox mice were generously provided by the Oslon group91. 

These double-floxed mice were crossed with osteocalcin-cre mice 

(RRID:IMSR_JAX:019509) to produce Camk2delta/gamma double conditional knockout 

(double cKO) mice. Double-floxed mice were also bred with C57BL/6J mice 

(RRID:IMSR_JAX:000) to produce separate Camk2dflox/flox or Camk2gflox/flox strains. 

Camk2dflox/flox or Camk2gflox/flox mice were crossed with osteocalcin-cre mice to produce 

independent Camk2delta or Camk2gamma conditional knockout (cKO) mice. Cre negative 

Camk2dflox/flox or Camk2gflox/flox mice were used as littermate controls. Mice were 

maintained with ad libitum access to water and standard rodent chow under Animal Care 

and Use Committee-approved protocols at the University of Maryland Baltimore, 

protocol# 00000134.  

 

2.12 Micro-computed Tomography 

Micro-computed Tomography (μCt) was performed as described94. Briefly, 8-

week-old mice were euthanized and femurs and spines (S1-L1 region) were isolated. Bones 

were fixed at 4% PFA for 24 hours before transfer to 100% ethanol. Bones were scanned 

on a SkyScan μCt at 55kV, 2k resolution, 0.5mm Al filter, 10μm voxel size, with flat-field 

correction 55-60%, 0.5 rotation step, 4 frame averaging, 5 random movement. NRecon 

reconstruction settings were 20% beam hardening, 5-5 ring artefact, 1 smoothing and 0-

0.11 threshold. The growth plate in the distal femur was found and an ROI 100 slices thick 

with an offset of 25 was used for femoral trabecular measurement (70-255 threshold). The 

femoral notch was found and the halfway point between the growth plate and femoral notch 
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was determined. An ROI was drawn of 61 slices with no offset towards the femoral head 

for the cortical measurement (95-255 threshold). For the spine, the growth plate of the L5 

vertebra was found and the ROI was defined within the vertebral body for 100 slices with 

no offset (85-255 threshold). We followed the guidance of the ASBMR for standardized 

reporting of bone histomorphometry95.  

 

2.13 4-point Bending 

Briefly94, soft tissue was removed from the left femurs from 8-week-old mice, 

which were wrapped in a saline-soaked kimwipe and flash frozen in liquid nitrogen. Once 

all femurs were collected, femurs were processively thawed in water and the kimwipes 

were removed. Femurs were loaded into the four-point bending rig (TA ElectroForce 5500) 

with condyles down and samples resting firmly in the holder. Settings (Win-Test software) 

were displacement (-3.0 to 4mm), load (-80 to 80N), dir cmd (-10 to 10), axial dr (-100 to 

100). Bones were cyclically trained to 2N 2 times each, then 0.25N load was applied. 

Measurements were taken every 0.1 seconds as load was applied at 5μm/sec, until failure 

or -2.5mm displacement. Analysis was performed using a template adapted from Sergey 

Leikin (National Institute of Childhood Health and Human Development) with values 

normalized to body weight to determine parameters as described96.  

 

 

2.14 Analysis 

Analysis and graphing were performed using GraphPad 10 (Prism). Normal 

distribution was determined via GraphPad. Multigroup comparisons performed via two-
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way ANOVA with Holm-Sidak’s post hoc correction. Graphs show mean with ±standard 

deviation. Asterisks represent p values: *=p<0.05, **=p<0.01, ***=p<0.001, 

****=p<0.0001.  
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Chapter 3. Osteocyte-Mediated Mechanical Response Controls Osteoblast 

Differentiation and Function 

3.1 Introduction 

In the healthy skeleton, bone must respond to environmental cues to accommodate 

the organism’s needs. This is easily demonstrated in athletes, where the results of repetitive 

high-intensity loading are clear. Both male and female collegiate tennis players, for 

example, develop significantly increased bone mineral density in the dominant arm, as 

compared to the contralateral arm97. Significant differences between an athlete’s dominant 

and non-dominant arm can also be observed in a range of sports, like baseball, golf, and 

volleyball. Through training and competition, athletes expose their skeletons to repeated 

and intense strain; their bones respond to increased strain by upregulating anabolic bone 

processes, like osteoblast differentiation, extracellular matrix deposition, and 

mineralization to strengthen the bone and resist fracture. This increase in bone mass is 

accomplished through the close interplay of various bone-resident cells, namely 

osteoblasts, osteocytes, and osteoclasts. Generally, osteoblasts deposit and mineralize the 

collagen-rich extracellular matrix that will become new bone. Osteocytes receive 

mechanical and hormonal signals and transduce these cues among themselves and to 

osteoblasts and osteoclasts to coordinate bone deposition and resorption. Osteoclasts resorb 

mineralized bone and digest the collagenous extracellular matrix. Osteoclasts and 

osteoblasts are on-demand cells that form when they are needed and later become quiescent 

or undergo apoptosis. In contrast, osteocytes are long-lived cells that mediate the activation 

of osteoblast and osteoclasts. This review will discuss the bone anabolic response to 
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mechanical load, with a focus on how osteocytes sense and respond to loading to affect 

osteoblast differentiation. 

 

3.1.1 Osteoblasts 

Osteoblasts are cuboidal cells found on bony surfaces, where they are the primary 

producer and depositor of the extracellular matrix that will become mineralized bone98. 

They arise from mesenchymal progenitor cells, which can differentiate into a range of cells 

such as adipocytes, chondrocytes, and myocytes. They express mechanoresponsive 

calcium channels, like Piezo1, and have been shown in vitro to respond to tensile load with 

increased alkaline phosphatase expression and mineralization99. 

Following local bone resorption by osteoclasts, osteoblasts are recruited to the 

newly exposed bone surface where they begin to secrete collagen and other extracellular 

matrix proteins at their apical face100. This newly formed extracellular matrix, termed 

osteoid, is an arrangement of primarily type I collagen trimers, which are highly 

interlinked, along with other extracellular matrix proteins like osteopontin, osteocalcin, 

bone sialoprotein, and osteonectin101. Osteoid also contains other organic components, like 

embedded latent growth factors, and provides the lattice into which mineralization will 

occur102.  

The inorganic component of bone, hydroxyapatite, is comprised of phosphate and 

calcium, vital minerals found in circulation. Following matrix deposition, osteoblasts 

support hydroxyapatite crystal nucleation by expressing proteins such as alkaline 

phosphatase, which provide the appropriate inorganic phosphate and hydrolyze the 

mineralization inhibitor, pyrophosphate103, and bone sialoprotein, which stimulates 
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hydroxyapatite nucleation104. The presence of fibrillar collagen, alkaline phosphatase, and 

the absence of endogenous inhibitors of mineralization seem to be the key combination 

that permits this tissue to mineralize105. After mineralization, osteoblasts either become 

entrapped into the accumulating bone matrix and differentiate into osteocytes, become 

quiescent bone lining cells, or undergo apoptosis106. 

 

3.1.2 Osteocytes 

Osteocytes, which are found throughout mineralized bone in most vertebrates107, 

are the primary integrator of mechanical signaling108, utilizing their distinctive location 

encased in mineralized bone and their neuron-like morphology to detect mechanical load 

in the surrounding bone. Osteocytic cell bodies are located within ovular chambers, called 

lacunae, and their long, thin processes reside in a geometrically complex, three-

dimensional series of tunnels, called canaliculi. This series of chambers and tunnels, the 

lacunar-canalicular network, is highly interconnected and provides a conduit for direct cell-

to-cell communication amongst osteocytes and between osteocytes and other bone resident 

cells, mediated by gap junctions92. Surrounding the osteocytes, the fluid-filled space within 

the lacunar-canalicular system contains extracellular matrix elements like collagen, 

glycocalyx109, and perlecan110, which is believed to be a primary tethering protein, critical 

for load response111. 

When mechanically stimulated, osteocytes express many bone anabolic effectors, 

like WNT, nitric oxide, and PGE2, which act to upregulate the β-catenin pathway; 

unloaded osteocytes express catabolic signals like RANKL and the β-catenin pathway 

inhibitor sclerostin. Osteocytes are terminally differentiated osteoblasts112, and while the 
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mechanism of their encapsulation within bone matrix has not been fully clarified113,114, they 

are often distinguished from osteoblasts by their expression of markers such as DMP1, 

FGF23, podoplanin, and sclerostin115.  

 

3.1.3 Osteoclasts 

Osteoclasts are large, multinucleated cells derived from macrophages and are the 

primary facilitator of bone resorption. They originate from hematopoietic stem cells and 

their differentiation is promoted by the binding of RANKL (receptor activator of NFκB 

ligand)116 to its cognate receptor (RANK) on the surface of osteoclast progenitors. 

Osteocytic RANKL expression is increased during unloading, supporting increased 

osteoclastogenesis and bone resorption during disuse117. Emerging data suggest that 

osteoclasts may also directly respond to mechanical stimulation118, but the way in which 

this response may participate in anabolic processes is not settled.  

To remove mineralized bone, osteoclasts adhere to the bone surface, form an actin 

ring, and vectorially secrete acidic vesicles into the bone-facing extracellular milieu119. The 

accumulation of hydrogen protons and proteolytic enzymes on the bone-facing surface 

dissolve mineralized bone and extracellular matrix, liberating calcium and phosphate ions 

and forming a resorption pit120. 

 

3.1.4 Osteoprogenitors and the osteoblast cell lineage 

A broad group of mesenchymal progenitor cells, commonly found in the bone 

marrow cavity, around vasculature, or in the fibrous periosteal and endocortical membrane 

surfaces that line cortical bone, give rise to skeletally associated cells including 
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chondrocytes, adipocytes, and osteoblasts121,122. Lineage allocation of these progenitor 

cells is mediated by specific cues and activators. Canonically, the transcription factor Sox9 

is required for the differentiation of chondrocytes123, cells necessary for growth, limb 

development, and cartilage maintenance. Differentiation into adipocytes, cells that support 

metabolism and lipid storage, is supported by the transcription factor PPARγ124, while 

osteoblast differentiation requires the transcription factors RUNX2125 and Osterix126. 

There are several influences that can bias mesenchymal progenitor cells towards 

osteoblast or adipocyte differentiation. For example, consistent administration of a high-

fat diet increases the relative differentiation of progenitor cells into adipocytes over 

osteoblasts127, while osteoblastogenesis is favored after mechanical load128. The stiffness 

of the extracellular matrix surrounding bone-resident cells is also believed to influence 

differentiation and anabolic response. It has been demonstrated in vitro that mesenchymal 

progenitor cells are more likely to differentiate into the osteogenic lineage129 and that 

expression of osteoblastic deposition markers130 increase in the presence of a relatively stiff 

extracellular matrix.  

Even within the osteoblast lineage, varied cues can activate distinct progenitor 

populations to differentiate into bone-depositing osteoblasts. For example, discrete groups 

of skeletal progenitor cells may be recruited from the periosteal or endosteal compartments 

in response to fracture or mechanical loading131, though this is still an area of emerging 

research.  
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3.1.5 Mechanical load: tissue and cellular responses  

Like many other physiological systems, bone mass is regulated around a 

homeostatic set point. Mechanical loading, such as from customary physical activity to 

which an organism is acclimated, will be within the homeostatic range and insufficient to 

induce a net change in bone mass132. This broad range of mechanical loading is referred to 

as the “adapted window” in Harold Frost’s mechano-stat theory133 and is also known as the 

lazy zone. This level of load will be different for every organism and will adapt to the 

organism’s activity level and peak loading forces. For example, an individual who 

regularly strength trains will accumulate more skeletal mass to adapt to increased load, but 

may not receive additional anabolic benefit from exercising with a weight to which they 

have habituated, even if that weight would be sufficient to drive deposition in a novice 

weightlifter.  

The mechanical stimulation experienced by a population of osteocytes (known as 

strain) is in part controlled by the strength and resistance of their surrounding bone. 

Relatively high load cause shape changes in the bone, which shifts fluid within the lacunar-

canalicular system, stimulating osteocytes134. These osteocytes locally induce 

osteoblastogenesis and increased bone mass. After mineralization, the same level of load 

may no longer be sufficient to cause deflection of the thicker, more resistant bone, resulting 

in reduced strain perceived by osteocytes. Consistent lack strain leads to resorption and 

thinner, more easily deflectable bones that will become more responsive to a given load. 

This process of continual readjustment tunes bone to the changing needs of the organism135.  

Load above the homeostatic range activates osteoblastogenesis136 and leads to the 

deposition of new bone; this range is known as the bone overload zone. Deposition does 
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not occur globally, however, and is generally proportional to the amount of experienced 

strain137. In contrast to mechanical loading, unloading or disuse refers to a significant loss 

of mechanical stimuli and may be the result of local immobilization after fracture138 or 

paralysis139, or may affect the total organism, as during bedrest140 or microgravity141. 

Sustained unloading leads to an increase in osteoclast number and activity142 and decreased 

osteoblastogenesis and deposition143, resulting in resorption and a net loss of bone mass. 

For either strenuous activity or disuse, bone adapts to the loading environment to which it 

is routinely exposed. 

When sufficient force is applied to bone it flexes, causing fluid within the lacunar-

canalicular system to be displaced144. The passage of fluid over the surface of the osteocyte 

creates shear stress against the cell, while movement of the tethering proteins that link to 

the osteocyte to the bone extracellular matrix is thought to amplify the mechanical 

stimulation of the osteocyte145. Mechanical signals are transmitted into the osteocyte 

through factors such as force-gated ion channels like Piezo1146 and TRPV431,32, which 

allow for rapid calcium influx, cytoskeletal deformation31,147, and primary cilia148, which 

engage a range of anabolic signaling elements in the local area, including nitric oxide149, 

reactive oxygen31, PGE2150, IGF1151, BMP-2152 and WNTs153. Additionally, loading causes 

osteocytes to reduce expression of proteins, like sclerostin and DKK1. Ultimately, many 

of these signaling factors participate in the β-catenin pathway.  

In response to mechanical loading, osteocytes seem to respond in a binary manner 

with respect to calcium influx154, with each osteocyte in either a ‘loaded’ or ‘non-loaded’ 

state. One loading event does not stimulate every osteocyte, however; osteocytes in regions 

of bone experiencing the highest mechanical strain are more likely to be stimulated, and 
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osteocytes in low strain areas are less likely to be stimulated. The magnitude of the loading 

event can increase the percentage of osteocytes in a given anatomic region that go into the 

‘loaded’ state, with strain frequency being the largest determinant of successful 

stimulation155. The type of force applied, like tensile, compressive, or stretch, can also 

influence the molecular response156. The overall distribution and number of these ‘loaded’ 

and ‘non-loaded’ osteocytes contributes to the tuning of local bone mass. 

 

3.2 Molecular signals mediate the cellular effects of mechanical loading 

3.2.1 Sclerostin 

Sclerostin is a glycoprotein secreted by mature osteocytes that can signal to a 

variety of cells and tissues157 and also control deposition and resorption through regulation 

of bone-resident cells. Disruptive variants or genetic knockout of the Sost gene that encodes 

sclerostin are sufficient to produce a phenotype characterized by excessive skeletal 

deposition in both humans158 and mice159.  

An osteocyte in the lazy zone, or one experiencing disuse, will constitutively 

secrete sclerostin, signaling that bone formation is not needed. In response to mechanical 

loading and other bone anabolic cues, sclerostin protein is reduced and bone formation is 

unleashed.  

When secreted by osteocytes, sclerostin suppresses osteoblast differentiation and 

promotes osteoclast number and activity160. Additionally, sclerostin may bind to 

osteoblasts, preventing their differentiation into osteocytes161. Sclerostin also functions as 

an endocrine signal, perhaps facilitating glucose and fatty acid availability for new bone 
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formation when sclerostin expression is low162, but the direct effect of these processes on 

bone mass have yet to be fully clarified163,164. 

Sclerostin suppresses the ability of mesenchymal progenitor cells, pre-osteoblasts, 

and bone lining cells to differentiate into osteoblasts via inhibition of the β-catenin 

pathway165. Sclerostin binds to LRP5/6, where it acts as a competitive inhibitor of WNT 

family members166, like WNT3 and WNT10167. Once sclerostin binds to LRP5/6, LRP5/6 

cannot form a complex with Frizzled, and β-catenin becomes ubiquitinated and is degraded 

by the proteosome168. Other mechanically regulated inhibitors of WNT binding, like 

DKK1, have been shown to suppress osteoblast differentiation in a similar way169. 

In contrast, a decrease in sclerotin abundance allows WNT to bind with LRP5/6, 

disrupting the β-catenin destruction complex170. Stabilized β-catenin translocates to the 

nucleus where it acts to support Runx2 and Osx (osterix) expression, leading to osteoblast 

differentiation and the expression of osteoid-associated genes171. Thus, β-catenin signaling 

is fundamentally important to increased osteoblast number and subsequent matrix 

deposition.  

In addition to bone formation, sclerostin may also regulate bone resorption. In vitro, 

treatment of osteocyte-like cells with exogenous sclerostin leads to increased RANKL 

expression172. Overall, when sclerostin levels are high, osteoblast differentiation and bone 

formation are inhibited, while osteoclast formation and bone resorption are elevated. High 

levels of sclerostin, as is typically seen with disuse, is net catabolic to bone. 

Loss of sclerostin abundance following mechanical load supports a powerful switch 

from catabolic to anabolic signaling. Short bouts of axial loading within the high-

physiological range in vivo are sufficient to cause a temporary loss of sclerostin and induce 



53 

 

osteoprotegerin (OPG) expression and an increase in bone mass in regions of high strain30. 

Sclerostin protein undergoes tight, spatial regulation in regions of greatest mechanical 

strain, depressing bone formation where load is highest and bone is most likely to fail if 

appropriate adaptation does not occur. (Figure 16). This strain-dependent loss of sclerostin 

has been demonstrated following fluid shear stress in vitro as well88. 

 

3.2.2 Nitric oxide 

Along with many other anabolic signaling molecules, osteocytes release nitric 

oxide in response to fluid shear stimulation149. Nitric oxide is produced by three isoforms 

(Nos1, Nos2, and Nos3), which are expressed in a wide range of cell types173, and is 

sufficient to drive the loss of sclerostin protein in vitro29. Global knockouts of the Nos3 

gene have been shown to result in decreased trabecular bone volume basally in adult mice, 

while Nos2 knockout reduces bone mass recovery after tail suspension and reloading174. 

Interestingly, Nos1 knockout produces increased murine bone mineral density in cortical 

and trabecular compartments175 . While these isoforms convert the same substrates, they 

have diverse expression profiles, activators, and repressors, leading to disparate functions 

in bone. Nitric oxide has long been understood to play an intrinsic role in bone homeostasis, 

but the translational potential of nitric oxide for bone mass has not been clarified176. 

 

3.2.3 PGE2 

Like nitric oxide, prostaglandin E2 (PGE2) is also widely expressed across diverse 

tissues177, is produced by osteocytes in response to stimulation via pulsatile fluid flow178,  
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In unloaded bone, sclerostin and RANKL expression is upregulated, supporting 

osteoclastogenesis and resorption. Following load, osteoblast and osteocyte 

differentiation increases, while osteoblast apoptosis and osteoclast 

differentiation decreases, leading to bone matrix deposition. Osteoblasts may 

embed and mature into osteocytes within the newly formed bone or may 

transition to quiescent bone lining cells on the newly formed bone surface. 

Bolded arrows and green chevrons indicate upregulated pathways, red chevrons 

indicate downregulated pathways. 

 

Taken from: Buck HV, Stains JP. Osteocyte-mediated mechanical response 

controls osteoblast differentiation and function. Front Physiol. 

2024;15:1364694.  

Figure 16. Loading Supports Osteoblast Differentiation and Suppresses Osteoclast 

Differentiation 
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and is sufficient to reduce sclerostin protein abundance in vitro179. PGE2 has been shown 

to support fracture healing180 and bone formation177, and to also support osteoclastogenesis 

in vitro181. Despite increasing both resorption and deposition, treatment with PGE2 appears 

to result in a net increase in bone mass, though persistent, systemic side effects have 

prevented it from being utilized as a clinical therapy for low bone mass182.  

 

3.2.4 WNT 

Removal of β-catenin pathway inhibitors (e.g., sclerostin, DKK1) is insufficient to 

stimulate the pathway unless the cognate ligands are also present during anabolic 

signaling183. WNTs are canonical anabolic activators of the β-catenin pathway184 and 

osteoblastic expression of WNT family genes increases after load185. Through WNT 

expression, additional osteoblasts may be recruited to support deposition following 

relatively high strain. WNT1 specifically has been demonstrated to be necessary for local 

anabolic bone response following axial loading186.  

 

3.2.5 OPG 

In addition to stimulating new bone formation, mechanical loading can also inhibit 

bone resorption. One mechanism of bone mass control is the regulation of osteoprotegerin 

following anabolic stimuli. Osteoprotegerin (OPG) is a cytokine receptor that is expressed 

by osteoblasts that can locally moderate osteoclastogenesis187. It is not membrane-bound, 

but rather secreted into extracellular space188 where it acts as a decoy RANKL receptor, 

preventing RANKL from stimulating osteoclastogenesis and resorption189. OPG 
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production increases following mechanical strain190 and is typically detectable in 

circulation as well as within the bone environment191.  

Conceptually, OPG expression could spatially restrain demineralization in loaded 

bone and prevent loss of bone mass in specific high-strain regions where new bone is being 

formed, even during periods of calcium deficit. Biologically active OPG is kept close to 

the osteoblast membrane, rather than diffused away, through association with osteoblastic 

surface proteins192, supporting OPG’s role in local control. (Figure 17). OPG has also been 

shown to support osteoblastic differentiation in vitro, increasing both osteoblast number 

and upregulation of markers associated with osteoblast maturity, like ALP193 

 

3.2.6 Embedded growth factors 

The majority of organic bone matrix is comprised of type I collagen194, but other 

components are embedded during deposition, including growth factors such as BMPs, 

TGF-β and IGF-I195. Injury to bone can accumulate in the form of microscopic cracks due 

to intense, repetitive loading196, or can occur acutely, as in fracture. Disruption of the bone 

results in osteoclastic dissolution of mineralized tissue, releasing these latent osteoid- 

embedded growth factors into the local environment. These factors may now stimulate 

osteoprogenitor recruitment and proliferation, osteoblast differentiation, and local bone 

deposition197 in order to restore and strengthen the bone.  
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Unloaded osteocytes secrete sclerostin, preventing osteoblast differentiation. 

Disinhibited RANKL expression allows for increased osteoclast differentiation 

and resorption. Load suppresses local sclerostin expression, allowing osteoblast 

differentiation. Local osteoclastic resorption and differentiation are 

downregulated through reduced RANKL availability. Bolded arrows indicate 

upregulated pathways for given conditions. 

 

Taken from: Buck HV, Stains JP. Osteocyte-mediated mechanical response 

controls osteoblast differentiation and function. Front Physiol. 

2024;15:1364694.  

Figure 17. Load Spatially Controls Resorption and Deposition 



58 

 

3.3 Discussion 

Osteoporosis, a clinical designation of severe bone loss with greatly increased 

fracture risk, can result in hospitalization or death, especially in the elderly and frail198. 

There are several classes of clinically available treatments for low bone mass and 

osteoporosis, some of which effectively increase BMD by targeting the molecular 

mediators of mechanical loading. Anti-RANKL (denosumab), acts like an OPG mimetic 

to suppress osteoclastogenesis, and anti-sclerostin (romosozumab) antibody treatments 

reduce osteoclastogenesis and increase osteoblastogenesis.  

Another class of treatment, teriparatide (PTH1-34) and abaloparatide (PTHrP) are 

synthetic analogs of parathyroid hormone, which has been shown to suppress sclerostin 

expression at the RNA199,200 and protein29,201 level. Parathyroid hormone-analog treatments 

are highly effective at preserving and restoring bone mass through an increase in osteoblast 

number and matrix deposition, due in part to β-catenin pathway upregulation202.  

The balance of deposition and resorption is necessary for skeletal health, but can 

be altered in individuals with mineral deficiency, leading to low bone mineral density 

(BMD) and associated disorders. For example, prolonged vitamin D deficiency can 

contribute to low bone mass and relatively high proportions of unmineralized osteoid203, 

ultimately leading to rickets or osteomalacia if left untreated. Exercise, as well as dietary 

vitamin supplementation, have been shown to improve BMD in these patients204. 

Like many other tissues, the skeleton follows a ‘use it or lose it’ model, wherein 

continued disuse leads to a cycle of wasting, decreased capacity, and fragility, especially 

in aging205, when the balance of deposition and resorption shifts towards net loss of 
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mineralized bone. Bone mass and osteoblast number decrease with age206, but study after 

study207–210 report the protective benefits of mechanical loading and exercise. Load 

increases expression of osteoblastogenesis-related signals, like WNTs and OPG, while 

suppressing availability of osteoclastogenesis-related signals like RANKL and high 

sclerostin expression, and continues to be the best defense against bone loss.   
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Chapter 4. Nitric Oxide Contributes to Rapid Sclerostin Protein Loss Following 

Mechanical Load 

4.1 Introduction 

Bone is an adaptable, mechano-responsive tissue, able to accommodate changes in 

load by removing, repairing, and accumulating bone according to mechanical strain211. 

This remodeling occurs through the coordination of bone resorption by osteoclasts and the 

deposition of new bone matrix by osteoblasts212. Control of these two processes is 

moderated by osteocytes, which receive mechanical input from experienced mechanical 

strain and covert it to the chemical signals that coordinate bone anabolism and 

catabolism213 in a process termed ‘mechano-transduction’. One of the primary effectors of 

osteocyte mechano-transduction is a secreted glycoprotein, sclerostin (gene name Sost). 

Sclerostin is a WNT/β-catenin antagonist214 that suppresses osteoblastogenesis and matrix 

deposition215. In response to mechanical loading, sclerostin protein abundance is reduced 

via transcriptional30 and post-translational29,31,32 control, de-inhibiting Wnt/β-catenin 

signaling and unleashing osteoblast differentiation and new bone formation.  

Nitric oxide (NO•) is a free radical signaling molecule that is produced by osteocytes 

in response to mechanical loading cues149, which has a long-studied role in bone 

physiology176. NO• is produced by three synthases, neuronal (nNOS/Nos1), inducible 

(iNOS/Nos2), and endothelial (eNOS/Nos3), which are widely expressed throughout a 

variety of tissues, including bone216,217. Genetic deletion of two of the nitric oxide synthase 

genes (Nos2 and Nos3) in bone cells reveals a role consistent with bone anabolism. Nos3 

knockout mice have low bone mass and decreased osteoblast activity218,219. Basally, the 

skeletal phenotype of adult Nos2 knockout mice is no different than control mice. However, 
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reloading of Nos2-/- mice after tail suspension exposes a less robust response to reloading 

relative to control, with decreased bone mass and osteoblast activity174. Additionally, there 

are defects in the mineralization capacity of primary osteoblasts isolated from these Nos2 

deleted mice after unloading174. In contrast to Nos2 and Nos3, Nos1 knockout mice have 

increased bone mass, suggesting a distinct role in bone physiology175.  

The molecular basis for NO•’s influence on bone-resident cells is not entirely clear, 

although its effects on osteoblast proliferation or differentiation173, cell survival effects in 

osteocytes220, and osteoblast glycolysis221 have been reported. Previously, we described a 

signal transduction pathway regulating the post-translational control of sclerostin29,31,32. 

Among the findings of this paper was evidence that NO• also may influence sclerostin 

protein abundance. Here, we investigate the role that NO• plays within this pathway in 

osteocytes and tie NO• to the post-translational control of a fundamentally important 

effector of bone formation, sclerostin. 

 

4.2 Results 

4.2.1 Nitric oxide is necessary for sclerostin protein control 

We recently described a mechanical transduction pathway that controls lysosomal 

degradation of sclerostin protein following mechanical stimulation, thereby coordinating 

later bone anabolism29,31,32. We demonstrated that mechanical stimulation of osteocytes in 

vivo or in vitro caused NOX2-dependent generation of reactive oxygen species, resulting 

in the activation of TRPV4 Ca2+ channels and an increase in intracellular calcium. This 

increase in calcium stimulates activation of CaMKII, leading to the minute-scale 

degradation of sclerostin by the lysosome. 
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NO• is a signaling compound capable of supporting multiple protein modifications 

and is rapidly produced by osteocytes following mechanical stimulation149. NO• 

production and its interaction with CaMKII is commonly studied in cardiac and neuronal 

systems but less is known about the relationship of NOS and CaMKII in bone.   

To determine the potential role of NO• in the control of sclerostin protein 

abundance, Ocy454 osteocyte-like cells were transfected with myc-tagged Sost plasmid 

(mycSost) and treated with vehicle or the non-specific NOS inhibitor LNAME prior to 

mechanical stimulation. Following exposure to FSS via pulsatile flow, vehicle treated cells 

exhibited an ~40% reduction in sclerostin protein abundance (Figure 18A). In contrast, 

treatment with LNAME fully blocked the effects of FSS on sclerostin protein abundance. 

These data indicate that NO• production is required for the loss of sclerostin protein 

following mechanical stimulation.  

Osteocytes have been shown to express eNOS222,223, but the relative abundance of 

nNOS (gene: Nos1), iNOS (Nos2), or eNOS (Nos3) isoforms in Ocy454 cells has not been 

reported. Consistent with primary osteocytes, Nos3 was found to have higher expression 

than Nos1 or Nos2, as indicated via RT-qPCR (Figure 18B).  

Next, Ocy454 cells were transfected with scramble or isoform-specific siRNA 

before exposure to FSS. Western blots of Ocy454 cell homogenates confirmed reduced 

expression of respective NOS isoform protein after isoform-specific siRNA transfection 

(Figure 18C). Following mechanical stimulation, scramble siRNA transfected cells 

exhibited the expected fluid shear stress-dependent decrease in sclerostin protein 

abundance (Figure 18D). Knockdown of eNOS inhibited the loss of sclerostin protein.  
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Figure 18. Nitric Oxide is Necessary for Sclerostin Protein Control 

(A) Fold change in relative sclerostin protein abundance in mycSost-transfected 

Ocy454 cells following pretreatment with vehicle or L-NAME (1mM, 30min), 

and no-flow control or fluid shear stress (FSS) at 38ml/min (7 dynes/cm2, 5min), 

samples collected 10m after FSS, with representative blots for sclerostin and 

alpha tubulin. (B) Relative gene expression of individual nitric oxide synthase 

(NOS) isoforms in Ocy454 cells. (C) Relative abundance of individual NOS 

isoform protein in Ocy454 cells transfected with scramble (Sc) or specified 

isoform siRNA. Number represents fold change in protein abundance of 

knockdown relative to control, as normalized to beta actin. (D) Fold change in 

relative sclerostin protein abundance in Ocy454 cells with mycSost and 

specified siRNA transfections following respective no-flow control or FSS, 

collected 5m after FSS, with representative blots for sclerostin and alpha tubulin. 

(E) Fold change in relative nitrite production in Ocy454 cells with mycSost and 

specified siRNA transfections following respective no-flow control or FSS, 

collected immediately after FSS. 

 

Taken from: Buck HV, Torre OM, Leser JM, Gould NR, Ward CW, Stains JP. 

Nitric oxide contributes to rapid sclerostin protein loss following mechanical 

load. Biochem Biophys Res Commun. 2024;727:150315.  
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siRNA knockdown of iNOS appears to blunt the loss of sclerostin after FSS. This partial 

inhibition could be due to the lower efficacy of the iNOS knockdown relative to eNOS 

knockdown (Figure 18C), or potentially due to lesser participation of iNOS-derived NO• 

in anabolic sclerostin control. In contrast, knockdown of nNOS had no effect on sclerostin 

protein loss after FSS (Figure 18D), despite robust knockdown of nNOS protein (Figure 

18C). Neither plasmid nor siRNA transfection significantly altered cell viability (Figure 

19).  

As nNOS knockdown did not prevent the loss of sclerostin after FSS (Figure 18D) 

and because global knockout of nNOS is mice results in increased bone mass, we chose to 

focus on the role of eNOS- and iNOS-derived NO•. eNOS or iNOS knockdown cells were 

exposed to FSS, with samples collected at a timepoint suitable for nitrite analysis as a proxy 

for NO• production. After exposure to FSS, scramble siRNA transfected cells 

demonstrated a significant increase in nitrite concentration, while eNOS and iNOS siRNA 

transfected cells did not (Figure 18E). In total, these data support that NO• production in 

response to fluid shear stress occurs via eNOS and iNOS, and the resultant NO• is required 

for loss of sclerostin protein abundance.  

 

4.2.1 NO• production is downstream of CaMKII 

To determine whether NO• production falls within this previously reported 

mechanical response pathway that regulates sclerostin degradation (Figure 20A), various 

components of this pathway were inhibited prior to mechanical stimulation. Following pre-

treatment with apocynin (NOX inhibitor), or GSK219 (TRPV4 channel inhibitor), nitrite 

production was not increased by mechanical stimulation, as compared to vehicle treated  
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Relative viability of mycSOST plasmid (M) (0.125μg/40,000 cells) or scramble 

siRNA (S) (10pmol/40,000 cells) transfected cells, normalized to untransfected 

cells (U). 

 

Taken from: Buck HV, Torre OM, Leser JM, Gould NR, Ward CW, Stains JP. 

Nitric oxide contributes to rapid sclerostin protein loss following mechanical 

load. Biochem Biophys Res Commun. 2024;727:150315.  

 

Figure 19. Cell Viability Was Not Significantly Altered by Transfection 
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(A) Representation of ‘Mechano-Pathway,’ a mechanical-response pathway in 

osteocytes. (B) Fold change in nitrite production in Ocy454 cells treated with 

vehicle, LNAME (1mM, 30min), Apocynin (500µM, 1hr), or GSK219 (15µM, 

10min) following no-flow control or fluid-shear stress (FSS) at 35ml/min (4 

dynes/cm2, 5min), collected immediately after FSS. (C) Fold change in nitrite 

production in Ocy454 cells with scrambled (Scr) or CaMKIIδ/γ (CaMδγ) 

siRNA transfection following respective no-flow control or FSS, collected 

immediately after FSS. (D) Fold change in relative CaMKII activation 

(phosphorylation at T286) in Ocy454 cells with scrambled (Scr) or i/eNOS 

(ieNOS) siRNA transfection following no-flow control or FSS, collected within 

1m of FSS, with representative blots for phospho-CaMKII and panCaMKII. 

 

Taken from: Buck HV, Torre OM, Leser JM, Gould NR, Ward CW, Stains JP. 

Nitric oxide contributes to rapid sclerostin protein loss following mechanical 

load. Biochem Biophys Res Commun. 2024;727:150315.  

 

Figure 20. NO Production is Downstream of CaMKII 
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samples (Figure 20B). Apocynin is not fully specific to NOX2 ( NADPH oxidase enzyme) 

inhibition, but inhibition of TRPV4 channels, which allow Ca2+ influx after NOX2 

activation87, also prevented significant NO• production. FSS of vehicle treated cells or 

LNAME (non-specific NOS inhibitor) served as positive and negative controls, 

respectively. These data suggest NO• production in response to fluid shear stress occurs 

downstream of TRPV4-dependent Ca2+ influx.  

Next, we examined the calcium signaling integrator CaMKII as it relates to NO• 

production. CaMKII activation is required for the loss of sclerostin protein following 

multiple bone anabolic signals, including fluid shear stress29,31,32 and parathyroid 

hormone29. Of the four CaMKII isoforms, CaMKIIδ and CaMKIIγ are primarily expressed 

in osteocytes94. These isoforms function redundantly91, so Ocy454 cells were co-

transfected with CaMKIIδ- (Camk2d) and CaMKIIγ- (Camk2g) targeted siRNA prior to 

mechanical stimulation. Scramble transfected samples demonstrated a significant increase 

in nitrite production following FSS, but co-knockdown of CaMKIIδ/γ in siRNA-

transfected cells inhibited the production of NO• (Figure 20C); further indicating that NO• 

production falls within this pathway, subsequent to CaMKII. As siRNA transfection 

against both eNOS and iNOS prevented nitrite production following FSS (Figure 19E), we 

co-transfected Ocy454 cells with siRNA against eNOS and iNOS to maximally suppress 

NO• production. Co-transfection with eNOS and iNOS siRNA (ieNOS) prior to FSS did 

not blunt the activation of CaMKII, as measured via phosphorylation of site T286 (Figure 

20D), further supporting that NO• production occurs downstream of CaMKII activation. 
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4.2.2 Nitric oxide donation alters protein abundance within minutes 

We have demonstrated above the physiological role that NO• plays in sclerostin-

mediated anabolic signaling following FSS, but wanted to further investigate the ability of 

NO• to effect elements of this signaling pathway independent of mechanical stimulation. 

Thus, we exposed cells to NONOate, a pharmacological NO• donor. Activation of 

CaMKII, as determined by phosphorylation at site T286, was increased following one 

minute of treatment with NONOate, compared to samples collected immediately after 

treatment (Figure 21A). Sclerostin protein abundance was also significantly decreased after 

5min of NONOate treatment (Figure 21B). This effect was also observed in ex vivo bone 

samples. Isolated and flushed control murine long bones exhibited a ~47% reduction in 

sclerostin protein abundance following 15min of NONOate treatment (Figure 21C). In 

contrast, the response to NONOate was fully abrogated in CaMKIIδ/γ double conditional 

knockout (dCKO) murine long bones, although a lower abundance of sclerostin is found 

in CaMKIIδ/γ dCKO long bones in the untreated state. These data suggest that while 

CaMKII is required for NO• production, NO• may also modulate CaMKII to direct 

sclerostin protein loss in response to FSS.  

As short-term, minute-scale changes to sclerostin protein abundance were 

observed, changes to Sost gene expression were also quantified. Two, four, or 24 hours 

after NONOate treatment, no significant changes in Sost gene expression were detectable 

via RT-qPCR, relative to vehicle treated controls (Figure 21D). These data suggest that 

protein expression changes following NO• exposure occur post-translationally, rather than 

at the level of gene expression, consistent with our prior observations29,31,32. 
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(A) Fold change in relative CaMKII activation (phosphorylation at T286) in 

mycSost transfected Ocy454 cells with NONOate (10µM), sample collection 

immediately (0) or 1 minute (1) after treatment, with representative blots for 

phospho-CaMKII and panCaMKII. (B) Fold change in relative sclerostin 

protein abundance in mycSost transfected Ocy454 cells following treatment 

with vehicle or NONOate (10µM, 5min), with representative blots for sclerostin 

and alpha tubulin. C) Fold change in relative sclerostin protein abundance 

following treatment with vehicle or NONOate (NONO) (10µM, 15min) in ex 

vivo CaMKIIδ/γ double conditional knockout (CaMKII) or littermate control 

(Ctrl) long bone homogenate, with representative blots for sclerostin and total 

protein. Bones were flushed of marrow and flash frozen before homogenization. 

(D) Fold change in relative Sost gene expression in Ocy454 cells following 

vehicle or NONOate treatment. Samples were collected post treatment at 

indicated time points. (E) Representation of NO’s role with mechano-response 

pathway. 

 

Taken from: Buck HV, Torre OM, Leser JM, Gould NR, Ward CW, Stains JP. 

Nitric oxide contributes to rapid sclerostin protein loss following mechanical 

load. Biochem Biophys Res Commun. 2024;727:150315.  

 

Figure 21. Nitric Oxide Donation Alters Protein Abundance Within Minutes 
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Previously published data29, in conjunction with the data presented here, suggest that 

NO• production does indeed fall within this mechanical response pathway, and that NO• 

has the ability to support the modulation of calcium influx (Figure 22) and CaMKII 

activation to regulate sclerostin degradation and, ultimately, bone formation (Figure 21E).  

 

4.2.3 Inhibition of nitric oxide alters calcium response with FSS 

To further clarify the interaction between calcium and NO production, live-cell 

calcium imaging was used. Ocy454 cells were pretreated with vehicle or LNAME (non-

specific NOS inhibitor), and the calcium dye Fluo-4. Imaging was performed and average 

fluorescent intensity was measured before, during, and after mechanical stimulation. 

(Figure 21A-D). Vehicle and LNAME treated samples showed no difference in the average 

percent of cells that responded to FSS, as indicated by a ΔF/F >1.5 (Figure 21B) and no 

difference in the average maximum ΔF/F fold change in signal intensity (Figure 21C). The 

time required for samples to achieve 80% of their average maximal ΔF/F was different 

however, with LNAME-treated cells reaching their upper range of response an average of 

19.75s earlier than vehicle treated samples (Figure 21D). The lack of difference in average 

magnitude or responding cells, coupled with the difference in response speed, indicate that 

NO may assist in the tuning of the mechano-induced calcium response, perhaps as negative 

feedback, but is not obligated for the calcium response following FSS. 

NO donation was also used during live calcium imaging with Fluo-4. There was no 

difference in the average calcium response in vehicle or NONOate treated samples (Figure 

21E), indicating that NO alone is not sufficient to initiate an influx of calcium.  
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(A) Ca2+ responses (Fluo-4, 5µM, 30min) of Ocy454 cells treated with vehicle 

(V) or LNAME (L) (1mM, 45min) and fluid-shear stress at 35ml/min (4 

dynes/cm2, 1min). Fold change in signal intensity normalized to baseline (pre-

FSS). FSS initiated at 5s. Average traces represent 3 independent experiments 

of >200 cells each. Images taken every 500ms. Dashed line represents threshold 

ΔF/F for responding cells. Representative images, scale bar=200µm. (B) 

Percent of cells with ΔF/F greater than 1.5-fold, normalized to baseline. (C) 

Average maximum ΔF/F, normalized to baseline. (D) Average elapsed time (s) 

for samples to reach 80% of respective maximum intensity. Figures A-D were 

generated from the same experiment. Data points represent samples of 50-100 

cells each (B-D). (E) Ca2+ responses (Fluo-4, 5µM, 30min) of Ocy454 cells 

treated with vehicle or NONOate (10µM). Fold change in signal intensity 

normalized to baseline (pre-treatment). Treatments dispensed at 5s. Average 

traces represent N=3 of 100 cells each. Images taken every 500ms. Dashed line 

represents threshold ΔF/F for responding cells. Representative images, scale 

bar=200µm. 

 

Taken from: Buck HV, Torre OM, Leser JM, Gould NR, Ward CW, Stains JP. 

Nitric oxide contributes to rapid sclerostin protein loss following mechanical 

load. Biochem Biophys Res Commun. 2024;727:150315.  

 

Figure 22. Inhibition of Nitric Oxide Alters Calcium Response with FSS 
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4.3 Discussion 

Here, we demonstrated that NO• production participates in a mechano-transduction 

pathway controlling sclerostin protein abundance. Hierarchically, our data support that 

mechanical stimulation leads to calcium influx and activation of CaMKII31,32 prior to the 

production of NO• by osteocytes, and that NO• is required for the minute-scale loss of 

sclerostin protein following fluid shear stress29. Exogenous NO•, via NONOate, was 

sufficient to rapidly decrease sclerostin protein. While we have shown that activated 

CaMKII is necessary for NO• production, NO• also appears to feedback to tune CaMKII 

activation. Regulation of CaMKII activity by NO• has been described in other cell 

systems224–227, and can occur via nitrosylation at Cys280/289 or by increased auto-

phosphorylation at Thr286228. NO•’s ability to suppress TRPV4-mediated calcium influx 

via negative feedback has been demonstrated in other tissues229,230, consistent with our 

findings that NO• appears to tune calcium influx following mechanical stimulation (Figure 

21). 

We demonstrated that Ocy454 osteocyte-like cells express all three NOS isoforms, 

and that eNOS is the most relevant to sclerostin protein control, although iNOS also may 

contribute to NO• production and sclerostin protein loss. Our siRNA transfection 

knockdown of NOS2/iNOS was less effective than NOS1/nNOS or NOS3/eNOS 

knockdown, which could contribute to the downward trending, but not significant, loss of 

sclerostin expression with iNOS knockdown in Figure 17D. These findings are in 

concordance with previous in vivo studies, where eNOS isoform-specific knockout mice 

were deficient in bone volume and deposition218,219, while adult iNOS knockout mice have 

no significant basal bone phenotype, but are resistant to bone deposition after re-loading174. 
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Our in vitro data indicate that nNOS does not appear to be involved in the loss of sclerostin 

protein following FSS, which is distinct from the roles of iNOS and eNOS and consistent 

with in vivo data demonstrating that nNOS deletion leads to high bone mass in mice175. 

These data reveal an important mechanism through which NO• can influence bone 

formation, beyond control of osteoblast mineralization. While these data were generated 

primarily in vitro in Ocy454 osteocyte-like cells, they align with many other observations 

both in vitro and in vivo. As sclerostin is a β-catenin pathway inhibitor that suppresses 

osteoblast differentiation, our findings agree with previous research, which has 

demonstrated that NO• donation supports both increased β-catenin signaling231 and 

osteoblast differentiation221. Additionally, Ocy454 cells have been shown to express many 

mature murine osteocyte markers and be broadly representative of primary 

osteocytes89,232,233, but like any cell line, they are not identical to in situ primary cells. 

These findings are significant because there are many clinically available treatments 

for osteoporosis, but very few that target osteoblast function234. In vitro and ex vivo NO• 

donation is sufficient to stimulate decreased sclerostin protein abundance, which supports 

osteoblastogenesis and matrix deposition. NO• donation may yet be a promising area of 

investigation into the prevention or adjuvant treatment of osteoporosis176. 
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Chapter 5. Single-Gene CaMKIIγ or CaMKIIδ Conditional Deletion in 

Osteoblast-Lineage Cells Does Not Recapitulate Severe Skeletal Phenotype of 

CaMKIIγ/δ Double Conditional Deletion 

5.1 Introduction 

CaMKII, or calcium/calmodulin-dependent protein kinase II, is a calcium-

responsive enzyme that acts to phosphorylate a range of proteins to modulate their 

activity235. CaMKII is expressed in most cell types and while it is commonly studied in 

neuronal236 and cardiac237 tissues, much less is known about its roll in osteocytes and bone 

anabolism.  

CaMKII is inactive, with its catalytic site hidden, during periods of low intracellular 

calcium. An increased concentration of calcium allows calmodulin to bind to calcium. This 

calcium-bound calmodulin may now bind to CaMKII. Once bound to calcium and 

calmodulin, CaMKII auto-phosphorylates at site T286. While intracellular calcium 

remains high and CaMKII is phosphorylated it will maintain maximal activity. Decreasing 

calcium concentrations cause disassociation of calmodulin from CaMKII, leaving CaMKII 

with reduced kinase activity. CaMKII is returned to its inactive state through de-

phosphorylation of site T286.  

Following sufficient mechanical stimulation, osteocytes control their expression of 

sclerostin29–31,33, a potent catabolic hormone that suppresses osteoblast differentiation and 

bone deposition. We have demonstrated that CaMKII is activated as part of the same 

mechano-response pathway that controls sclerostin expression29,31,33 and that inhibition of 

CaMKII activation prevents osteocytes from appropriately controlling their sclerostin 

protein abundance31. 
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There are four isoforms of CaMKII, CaMKIIα, CaMKIIβ, CaMKIIγ, and 

CaMKIIδ. These isoforms are produced by four distinct but highly-conserved genes, and 

vary in relative expression by cell type. We previously demonstrated that only CaMKIIγ 

and CaMKIIδ are detectably expressed in primary osteocytes94. It has been shown in vivo 

in cardiac tissues that CaMKIIγ or CaMKIIδ may serve overlapping functions91. Based on 

this knowledge, we produced a strain of mice utilizing the osteocalcin (OCN) Cre to 

conditionally delete CaMKIIγ and CaMKIIδ in osteocytes and mature osteoblasts to fully 

prevent CaMKII expression in these bone-resident cells and better understand the role that 

CaMKII plays in bone. These OCN Cre/Camk2dflox/flox/Camk2gflox/flox mice, (referred to as 

Camk2delta/gamma double cKO), express a profound phenotype of low bone mass and 

extreme skeletal fragility94, with FGF23 overexpression, hypophosphatemia, and deficient 

osteoid mineralization.  

Due to the severity of the skeletal phenotype of the Camk2delta/gamma double 

cKO mice, we have since developed independent strains of mice with conditional deletion 

of Camk2delta or Camk2gamma to determine whether these isoforms might serve 

redundant or distinct functions in bone, and to determine whether loss of either isoform 

recapitulates the phenotype expressed through double conditional deletion.  

 

5.2 Results 

5.2.1 General body characteristics are not altered in cre-positive mice 

Three strains of mice were generated using the Osteocalcin (Bglap) Cre driver 

(OCN), OCN Cre/Camk2dflox/flox/Camk2gflox/flox (Camk2 double cKO), OCN 
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Cre/Camk2dflox/flox (Camk2 delta cKO), and OCN Cre/Camk2gflox/flox (Camk2gamma 

cKO). Cre negative pups were used as littermate controls for each strain.  

We originally determined that the Camk2 double cKO phenotype was emerging 

by 3 weeks of age, and fully established by 8 weeks94, so 8 weeks was utilized as the 

primary timepoint during this study. Body mass and nose-to-tail-base length were 

measured post-euthanasia, and while there were small differences between the floxed 

control groups of some of the strains, there were no differences between Cre positive and 

Cre negative groups of the same strain (Figure 23A-D).   

 

5.2.2 Bone volume loss in single cKOs is not additive to loss in double cKO  

Micro-computed tomography (µCt) was utilized to determine differences in bone 

microarchitecture in the L5 vertebrae (axial skeleton) and the distal femur (appendicular 

skeleton). We found that conditional deletion of either Camk2delta or Camk2gamma 

isoform alone did not result in any statistical decrease in trabecular bone volume fraction 

(BV/TV) of the L5 vertebrae and did not approximate the extreme decrease in L5 vertebral 

BV/TV observed in double cKO mice (Figure 24A, B). Additionally, the mean percent 

change of the two single cKOs, when added together, still did not reach the magnitude of 

the percent change in the double cKO. For example, there was a -75% mean change in 

BV/TV in female double cKO mice relative to their controls (p=0.0007), but only a -16% 

change in delta cKO (p=0.2199) and a -1% change in gamma cKO mice (p=0.9945), 

relative to their respective controls, which may indicate that the Camk2 delta and gamma 

isoforms serve redundant functions or that osteocytes may compensate for the loss of one 

isoform through increased expression of the other.  
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(A) Body length (nose to base of tail) and (B) mass are not altered within a given 

Cre+ conditional knockout strain, relative to their littermate controls, though 

there are significant differences between some colonies. Red = 

Camk2delta/gamma double cKO; blue = Camk2 delta cKO; green = 

Camk2gamma cKO.  

 

Taken from: Taken from: Buck HV, Leser JM, Chatree S, Murray PM, Stains 

JP. Single-Gene CaMKIIγ or CaMKIIδ Conditional Deletion in Osteoblast-

Lineage Cells Does Not Recapitulate Severe Skeletal Phenotype of CaMKIIγ/δ 

Double Conditional Deletion. [Manuscript in preparation]. 

Figure 23. Conditional Knockout Does Not Alter Body Length or Mass 
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Figure 24. Bone Volume Reduction in the L5 Vertebra is Less Severe in Camk2delta or 

Camk2gamma cKO Mice 

(A, B) Trabecular bone volume in the L5 vertebra is greatly reduced among 

Camk2delta/gamma double cKO mice (Camk2double cKO), relative to 

littermate controls, while no significant difference is seen in Camk2delta 

(Camk2d) or Camk2gamma (Camk2g) cKO mice, relative to respective 

littermate controls. (C) Trabecular thickness is decreased in female 

Camk2double and Camk2d cKO mice, (D) but not in males. (E, F) Trabecular 

number was decreased in Camk2double cKO mice, relative to controls, and (G, 

H) trabecular spacing was increased. Representative images from male mice. 

Male representative images shown. Red = Camk2double cKO; blue = 

Camk2delta cKO; green = Camk2gamma cKO. 

 

Taken from: Taken from: Buck HV, Leser JM, Chatree S, Murray PM, Stains 

JP. Single-Gene CaMKIIγ or CaMKIIδ Conditional Deletion in Osteoblast-

Lineage Cells Does Not Recapitulate Severe Skeletal Phenotype of CaMKIIγ/δ 

Double Conditional Deletion. [Manuscript in preparation]. 
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Trabecular thickness was significantly decreased in the L5 vertebrae of female delta 

cKO mice relative to controls, but at a smaller percent change than double cKO females 

(Figure 24C), while no significant differences in the L5 vertebrae trabecular thickness were 

observed in female gamma cKO mice or any strain of male mice, relative to controls 

(Figure 24D). Trabecular thickness and spacing were decreased in both male and female 

double cKO mice, but not in delta or gamma cKO in the L5 vertebrae (Figure 24E-H).  

Similar trends were observed in the trabecular compartment of the distal femur, 

where loss of bone volume among either single knockout mice again was neither 

statistically different from controls, nor did it approximate the magnitude of loss 

experienced by the double knockout mice. Indeed, BV/TV and trabecular number and 

spacing were all significantly decreased in both sexes in double cKO mice, but no 

significant differences were observed in delta or gamma cKO mice (Figure 25A-D, G, H). 

No differences in trabecular thickness amongst any group were detected (Figure 25E, F). 

Micro-computed tomography of the cortical bone of the mid-diaphyseal femur 

revealed slight differences between the Camk2 delta and Camk2gamma cKO mice. While 

Camk2delta/gamma double cKO mice expressed relatively large reductions in cortical 

parameters (Figure 26A-C, E-G), no cortical phenotype was observed in Camk2gamma 

cKO mice (Figure 26A-H) and a only subtle loss of cortical bone in female Camk2delta 

cKO mice was observed (Figure 26A, C).   

Estimated resistance to force (polar, maximum, and minimum moments of inertia) 

were also calculated based on cortical volume and geometry. No difference was observed 

in Camk2gamma cKO females, while female Camk2double cKO and female Camk2delta 

cKO mice were significantly decreased across all three parameters, though the magnitude 
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(A, B) Trabecular bone volume and (C, D) number are reduced, and (G, H) 

spacing is increased in the distal femur among Camk2delta/gamma double cKO 

mice (Camk2double cKO), relative to littermate controls, while no significant 

difference is seen in Camk2delta (Camk2d) or Camk2gamma (Camk2g) cKO 

mice, relative to respective littermate controls. (E, F) No differences were 

observed in trabecular thickness. Male representative images shown. Red = 

Camk2delta/gamma double cKO; blue = Camk2 delta cKO; green = 

Camk2gamma cKO. 

 

Taken from: Taken from: Buck HV, Leser JM, Chatree S, Murray PM, Stains 

JP. Single-Gene CaMKIIγ or CaMKIIδ Conditional Deletion in Osteoblast-

Lineage Cells Does Not Recapitulate Severe Skeletal Phenotype of CaMKIIγ/δ 

Double Conditional Deletion. [Manuscript in preparation]. 

Figure 25. Bone Volume Reduction in the Distal Femur is Less Severe in 

Camk2delta or Camk2gamma cKO Mice 
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Figure 26 continued on next page 

(A, C) Cortical area and cross-sectional thickness were reduced in female 

Camk2double and Camk2delta cKO mice. (B) Cortical area was reduced in male 

Camk2double cKO mice, while (D) cross-sectional thickness was not altered in 

any strain of male mice. (E, F) Periosteal perimeter was reduced in both sexes, and 

(G) endocortical perimeter was reduced in female but (H) not male Camk2double 

cKO mice. (I) polarMMI, (K) iMAX, and (M) iMIN were reduced in females but 

not (J, L, N) males. Male representative images shown. Red = Camk2delta/gamma 

double cKO; blue = Camk2 delta cKO; green = Camk2gamma cKO. 

 

Taken from: Taken from: Buck HV, Leser JM, Chatree S, Murray PM, Stains JP. 

Single-Gene CaMKIIγ or CaMKIIδ Conditional Deletion in Osteoblast-Lineage 

Cells Does Not Recapitulate Severe Skeletal Phenotype of CaMKIIγ/δ Double 

Conditional Deletion. [Manuscript in preparation]. 
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Figure 26. Bone Volume Reduction in the Mid-diaphyseal Femur is Less 

Severe in Camk2delta or Camk2gamma cKO Mice 
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of loss among the Camk2delta cKO mice never reached the fold-change difference among 

the Camk2double cKO mice (Figure 26I, K, M). iMAX values were significantly decreased 

among Camkdouble cKO males, but not either group of single knockout mice (Figure 26L). 

No difference in any group was observed in male mice for polarMMI or iMIN (Figure 26J, 

N). The average percent change between conditional knockouts and their respective 

controls, when added together, did not reach the magnitude of average percent change 

among the double cKO mice for any parameter.  

 

5.2.3 The mechanical properties of the femur are altered in Camk2delta cKO mice 

Four-point bending was utilized to reveal differences in the mechanical properties 

of femurs. Double cKO samples were not assayed for this study but were fully evaluated 

previously94 and will be referenced here to provide context. Overall, the magnitude of the 

impact of Camk2delta or Camk2gamma deletion alone in the osteoblast lineage had little 

effect on the mechanical properties of bone, unlike co-deletion of both isoforms, with some 

limited exceptions. Stiffness, Yield Displacement, Total Displacement, and Total Work 

were not significantly altered among Camk2delta or gamma cKO mice of either sex (Figure 

27A, D, F, H) while both sexes of double cKO mice expressed statistically significant 

decreases in these parameters94. Similar to double cKO mice94, Post Yield Displacement 

was not altered among delta or gamma cKO mice (Figure 27E). Yield Load and Yield 

Work were significantly decreased among male delta cKO and female gamma cKO mice 

(Figure 27B, G). Interestingly, reductions in Yield Load and Yield Work among male delta 

cKO mice were the only mechanical parameters that approximate the phenotype observed 

in double cKO mice. Decreased resistance to force, as measured by Yield Load may 
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(A) Stiffness, (D) yield displacement, (E) post-yield displacement, (F) total 

displacement and (H) total work were not altered in either sex or genotype. (B) 

Yield load and (G) yield work was decreased in Camk2delta males and 

Camk2gamma females, while (C) max load was decreased only in Camk2delta 

cKO male mice. Blue = Camk2 delta cKO; green = Camk2gamma cKO. 

 

Taken from: Taken from: Buck HV, Leser JM, Chatree S, Murray PM, Stains 

JP. Single-Gene CaMKIIγ or CaMKIIδ Conditional Deletion in Osteoblast-

Lineage Cells Does Not Recapitulate Severe Skeletal Phenotype of CaMKIIγ/δ 

Double Conditional Deletion. [Manuscript in preparation]. 

 

Figure 27. Mineralization may be somewhat altered in Camk2delta cKO mice 
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indicate impaired structural properties238 among male, and to a lesser extent, female gamma 

cKO mice. These findings may indicate that despite the lack of microarchitecture changes 

to the femurs of the Camk2delta cKO mice, mineralization defects, such as those observed 

in the Camk2double cKO mice94, may be the driver of the reduced mechanical properties 

observed in Camk2delta cKO mice. Finally, only delta cKO males expressed a significant 

decrease in Max Load (Figure 27C), although the magnitude of this effect was trivial when 

compared to the observed differences in the Camk2double cKO mice. Notably, four-point 

bending of double cKO mice revealed robust decreases in resistance, with most parameters 

expressing an average 30-50% decrease in knockouts relative to control94, while changes 

among delta or gamma cKO mice were not consistent across both sexes and were generally 

not as severe, again indicating the relative subtlety of the phenotype expressed by delta or 

gamma cKO mice, as compared to double cKO mice. Early data suggests that Camk2d 

may be a major driver of the changes in Yield Load and may serve a non-redundant role in 

the mineralization defects, like hypophosphatemia and hypomineralization, observed in the 

double cKO mice. 

 

5.2.4 Expression of mineralization-associated markers is not altered in single cKOs 

Whole-bone samples were enriched for osteocytes through the scraping of the 

periosteum and ejection of the contents of the bone marrow cavity before homogenization 

and western blotting. Membranes were probed for FGF23 and alkaline phosphatase 

(ALPL), normalized to total protein abundance. FGF23 and ALPL have a major role in 

bone mineralization by regulating phosphate homeostasis and contributing to 

hydroxyapatite crystal formation. In the Camk2double cKO mice, FGF23 both from bone 
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and in circulation were markedly increased, resulting in hypophosphatemia, and bone-

derived, but not circulating ALPL was reduced. FGF23 expression was modestly increased 

but did not reach statistical significance among either sex of Camk2 delta or gamma cKO 

mice (Figure 28A), despite a roughly 50% mean increase in double cKO samples94. 

Conversely, ALPL abundance was decreased in double cKO mice94, while there was again 

no significant change in Camk2 delta or gamma cKO mice (Figure 28B). The differences 

among double cKO mice that are not recapitulated by either single cKO may further 

indicate that the CaMKIIδ and CaMKIIγ isoforms may possess redundant function and/or 

compensatory expression. 

 

5.3 Discussion 

Our data show that conditional deletion of either Camk2delta or Camk2gamma 

produce only a subtle phenotype which does not recapitulate the profound skeletal 

differences expressed in Camk2delta/gamma double cKO mice, suggesting that 

Camk2delta and Camk2gamma serve redundant functions, as is seen in certain cardiac 

tissues91. This is consistent across our observed parameters, with the only exception being 

yield load in 4-point bending, where Camk2delta/gamma double cKO94 and Camk2delta 

cKO males both experienced a roughly 50% decrease in required force- to-yield, relative 

to respective controls. Yield and pre-yield changes may suggest altered mineralization239; 

sectioning and staining is being completed to determine whether Camk2delta cKO mice 

express under-mineralized osteoid as observed in the Camk2delta/gamma double cKO 

mice.  
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Western blotted tibial homogenates from Camk2delta or Camk2gamma cKO 

mice or littermate controls did not expresses altered normalized (A) FGF23 or 

(B) ALPL. With representative blots. Blue = Camk2 delta cKO; green = 

Camk2gamma cKO. 

 

Taken from: Taken from: Buck HV, Leser JM, Chatree S, Murray PM, Stains 

JP. Single-Gene CaMKIIγ or CaMKIIδ Conditional Deletion in Osteoblast-

Lineage Cells Does Not Recapitulate Severe Skeletal Phenotype of CaMKIIγ/δ 

Double Conditional Deletion. [Manuscript in preparation]. 

 

Figure 28. Expression of mineralization-associated markers is not altered in single cKOs 
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No sex-specific differences were observed among Camk2delta/gamma double cKO 

mice94, which may be attributable to the fact that the observed deficits among knockout 

mice were so severe that differences between the sexes did not alter significance. This was 

not the case for the individual isoform knockouts, where we often observed slight, although 

significant changes in one sex but not the other, such as in several cortical parameters via 

microcomputed tomography data, where we saw changes in female Camk2delta cKO mice, 

but not males, or either sex of the Camk2gamma cKO mice. Similarly, we observed slight 

differences in yield load and yield work via 4-point bending among Camk2delta cKO males 

and Camk2gamma cKO females, but not in the corresponding groups, suggesting that loss 

of one isoform of Camk2 was not able to produce the same robust differences as the loss 

of both isoforms. Interestingly, Yield Load and Yield Work among Camk2delta cKO males 

were the only observed parameters that demonstrate an effect similar in magnitude to that 

of the Camk2double cKO mice. However, these male Camk2delta cKO did not also express 

a significant alteration in bone microarchitecture, suggesting that Camk2delta may play a 

role in mineralization that is distinct or dominant to the role played by Camk2gamma. 

A trend that was observed repeatedly across techniques is that for a given 

parameter, the additive deficits of loss of both isoforms separately does not equal the deficit 

experienced when both isoforms are lost together. For example, average L5 BV/TV is 

reduced by around 75% for female Camk2delta/gamma double cKO mice, relative to 

littermate controls. However, the average percent change among female Camk2delta and 

Camk2gamma cKO mice is -16% and -1%, respectively. This is a more extreme example, 

but nonetheless, an effect that was observed repeatedly, where the combined effects of 
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individual knockout are not as severe as the effect of co-deletion, suggesting that these two 

isoforms do overlap in function.  

No differences in body mass or length were observed within a given strain (i.e., 

cre-positive cKO mice vs cre-negative floxed littermate controls), but we did observe 

some small but statistically significant differences between strains which we attribute to 

normal variation between distinct breeding colonies.   

While the phenotype expressed by mice lacking either Camk2delta or 

Camk2gamma in osteocytes and mature osteoblasts is not dramatic, especially when 

compared to Camk2delta/gamma double cKO mice (Table 4), the characterization of these 

models is a necessary step in understanding the functions and redundancy of these 

isoforms. Based on the subtly of the phenotypes observed thus far, we do not expect to find 

a severe difference in any of the outputs yet to be tested, but will continue to analyze 

 

Table 4. Summary of Differences Between Camk2double, Camk2delta, and 

Camk2gamma cKO Mice 
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samples to determine whether this is the case. Mechanical differences between Camk2delta 

and gamma cKO mice beg investigation into mineralization differences. This project is still 

ongoing; future works are discussed in the next chapter.  

 

 

  



91 

 

Chapter 6. Conclusion and Future Directions 

6.1 Summary 

We have provided an overview of skeletal structure and function, and discussed the 

ways in which bone changes during various stages of life. We have broadly covered 

skeletal health, disease, and some of the clinically available therapeutics for the 

preservation of bone mass. We have also described pathways and molecular elements of 

cellular and mechanical response, which is central to bone health and maintenance.  

We have discussed the factors and pathways through which mechanical stimulation 

of osteocytes supports the differentiation of mesenchymal stem cells into osteoblasts, rather 

than adipocytes, supporting new bone deposition.  

We have provided an overview of nitric oxide and the three isoforms, neuronal 

(nNOS, NOS1), inducible (iNOS, NOS2), and endothelial (eNOS, NOS3) of the enzymes 

that produce nitric oxide. We have built on our earlier work29 to demonstrate that nitric 

oxide donation is sufficient to control sclerostin protein abundance, and that when nitric 

oxide production is inhibited, osteocytes can no longer control their sclerostin abundance 

in response to mechanical stimulation. We have also shown that nitric oxide production 

appears to occur downstream of CaMKII activation in a previously described mechanical 

response pathway for the control of sclerostin protein abundance, and that nitric oxide 

production may feed back into CaMKII activation to tune calcium influx.  

We have demonstrated that Camk2delta and Camk2gamma cKO mice express only 

some mild trabecular bone loss and some alterations in resistance to axial force, but that 

these differences do not reach the magnitude of the deficits expressed by 

Camk2delta/gamma double cKO mice. We have also demonstrated that the expression of 
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proteins such as FGF23 and alkaline phosphatase are not statistically altered in whole-bone 

homogenates from Camk2delta or Camk2gamma cKO mice. Examination of circulating 

markers such as FGF23, ALPL, calcium, and phosphate remain to be determined. 

Our earlier work demonstrated the profound loss of bone mass that results from 

conditional deletion of Camk2 delta/gamma in osteocytes and mature osteoblasts94, and 

our preliminary study of the Camk2 delta or Camk2 gamma cKO mice has found that 

neither group expresses a phenotype as severe as the Camk2 delta/gamma double cKO, nor 

do the differences within the individual knockout groups appear to be additive. This 

suggests that the Camk2 delta and gamma isoforms may serve redundant functions, and 

perhaps that either isoform may compensate for the loss of the other.  

 

6.2 Future Directions 

6.2.1 Nitric Oxide 

While we demonstrated the in vitro role that nitric oxide plays in the control of 

sclerostin protein abundance after mechanical stimulation, there is still much more to be 

learned in vivo. We found that eNOS and iNOS both appear to meaningfully contribute to 

osteocytic mechanical response. Historically, nitric oxide synthases have been studied via 

global knockouts, which may result in serious cardiac defects240. eNOS241 and iNOS242 

floxed mice have recently been developed for use as a tissue-specific deletion model. We 

would seek to cross eNOS and iNOS floxed mice with Osteocalcin Cre to target specific 

NOS deletion in osteocytes and mature osteoblasts. Adult knockout mice and Cre-negative 

litter mate controls would receive an injection of a red fluorescent calcium-labeling dye, 

alizarin. They would then receive strain-matched axial loading, followed by an injection of 
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the green fluorescent calcium-labeling dye, calcein. Following euthanasia, long bones 

would be sectioned, and the distance between the two dyes would be used to calculate the 

amount of new bone deposited during the interlabeling period. Based on our in vitro 

findings, we would expect eNOS flox / OCN Cre mice to deposit much less new bone than 

controls, with iNOS flox / OCN Cre mice expressing an intermediary phenotype. If no 

significant difference is observed, it may be necessary to suppress nitric oxide production 

even further by developing an eNOS / iNOS / OCN Cre double knockout model, in which 

both eNOS and iNOS are deleted in osteocytes and mature osteoblasts.  

As osteocalcin Cre becomes active around day E17 of murine development243, it 

may be desirable to allow mice to become skeletally mature before intervention to tease 

apart nitric oxide’s ability to influence bone growth versus its ability to influence 

mechanical response. To do this, the OCN-Cre ERT2 driver could be utilized. In skeletally 

mature mice, tamoxifen injections would induce the Cre driver, resulting in the temporal 

loss of NOS2 and NOS3. After NOS inhibition, mice would receive axial loading as above. 

Hopefully, we will see no significant difference between the loaded and unloaded limbs in 

these mice for mineral apposition rate or sclerostin expression, demonstrating that nitric 

oxide production is necessary for mechanical response.  

Nitroglycerin may be prescribed acutely or as a maintenance treatment for the 

management of angina, or chest pain. Nitroglycerin, like many other nitric oxide donors, 

breaks down into nitric oxide in the body, where it relaxes blood vessels, and may also act 

on bone-resident cells. Clinical trials were performed to determine whether nitroglycerin 

administration can positively affect BMD or fracture risk, but after two important studies 

were retracted due to fraud244,245 interest in this approach has waned. Nitroglycerin usage 
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studies usually focus on cardiovascular outcomes, but some secondary analyses of these 

studies have indicated that there may be improvements in BMD or fracture incidence, 

though dosage and frequency differences may be significant for positive skeletal 

outcomes246,247.  

 

6.2.2 Camk2delta and Camk2gamma cKO 

While we have not yet observed large differences in the phenotypes expressed by 

Camk2delta and Camk2gamma cKO mice, we are continuing our analysis so that we may 

come to a definitive conclusion as to the roles that these isoforms play in osteocyte-

mediated bone biology.  

As there is no commercially available antibody that can differentiate between the 

four isoforms, we will use primary osteocytes isolated from Camk2delta or Camk2gamma 

cKO mice and their Cre-negative littermate controls to validate our knockouts. Cells will 

be lysed in TRIzol for RNA isolation. Once all samples are collected we will isolate RNA 

for RT-qPCR, and isolate protein for western blot. We will quantify relative gene 

expression to demonstrate the efficacy of our knockout models and to determine whether 

elimination of one Camk2 isoform results in a compensatory increase of the other isoform. 

Protein will also be harvested from the TRIzol lysates and western blots will be used to 

verify whether there are changes in the expression of targets associated with bone mass 

and mineralization, like sclerostin, FGF23, or alkaline phosphatase.  

Histology was used to discover several types of defects in sections taken from 

Camk2delta/gamma double cKO mice. Samples have already been prepared for the 

production of plastic-embedded sections from both Camk2delta and Camk2gamma cKO 
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mice and their controls. Goldner’s Trichrome staining will be used to determine whether 

Camk2delta or Camk2gamma cKO mice express under-mineralized seams to the same 

extent as Camk2delta/gamma double cKO mice. Changes in osteoblast number and 

mineralization rate and osteoclast number will also be quantified.  

Hypophosphatemia appeared to be a major driver of the mineralization defect 

expressed by the Camk2delta/gamma double cKO mice. Blood was collected and serum 

was isolated from Camk2delta and Camk2gamma cKO mice and their controls. It will be 

commercially analyzed for phosphate concentration and other markers of kidney function. 

Blood samples will also be processed via ELISA to determine circulating concentrations 

of hormones like FGF23 and sclerostin as these proteins were significantly altered in 

Camk2delta/gamma double cKO mice.  

Our initial observations of CaMKII implicated it in bone mechano-transduction 

following loading, however, axial loading could not be performed on the 

Camk2delta/gamma double cKO as strain matching was not possible due to their 

significant mineralization defect. OCN Cre-ERT2, a tamoxifen-inducible Cre, can be used 

to selectively delete Camk2delta and Camk2gamma in skeletally mature mice prior to 

loading. Loaded tibiae and their unloaded contralateral limbs will be analyzed via dynamic 

histomorphometry to determine whether mechanical response is altered in these mice. If 

we utilize a dosing protocol and timing sufficient to eliminate Camk2 in a significant 

number of osteocytes, then we believe that apposition will be reduced because Camk2 is a 

necessary element in the mechano-response pathway that controls sclerostin protein 

abundance31.  
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The bone loss expressed by Camk2delta/gamma double cKO mice is profound. We 

would like to perform rescue experiments using clinically available treatments to determine 

whether our hypothesis that excess FGF23 and hypophosphatemia are in fact the cause of 

their bone phenotype. Burosumab is an anti-FGF23 antibody most commonly prescribed 

to persons with x-linked hypophosphatemia. We would treat 4-week-old 

Camk2delta/gamma double cKO mice with burosumab (anti-FGF23 antibody), asforase 

alfa (recombinant ALPL), or control for four weeks before euthanizing and comparing 

outcomes like bone volume and mineralization. If we are correct then the bone mass of 

burosumab-treated Camk2delta/gamma double cKO mice should be close to that of 

control-treated age-matched Cre-negative littermate controls. We would also expect 

bisphosphonate-treated Camk2delta/gamma double cKO mice to show preserved bone 

mass, though they may experience severe hypophosphatemia due to blocked resorption of 

phosphate from hydroxyapatite. If neither intervention preserves bone mass then the timing 

or duration of the study may need to be adjusted.  

 

6.3 Conclusion 

Bone is discounted by the public as a static and inert tissue that does not change 

outside of growth or fracture repair, but this could not be further from the truth. Bone is 

responsive, dynamic, and an important player in overall health and lifespan. Emerging 

technologies allow new discoveries every day, but much is still hidden. Bone loss and 

preservation are challenges of increasing importance. We must develop better therapeutics 

and techniques to prevent bone loss during spaceflight and to preserve bone health and 

functionality in an increasingly long-lived population. Almost all currently osteoporosis 
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therapeutics began in basic research and many promising new preventatives and treatments 

are still waiting to be discovered. 
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