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ABSTRACT 

Bone fragility in aging is a major unsolved health problem. Existing treatments for bone 
fragility are effective for about 50% of the population who suffer from loss of bone mass in 
aging. However, bone fracture resistance is also determined by the quality of bone tissue, 
including microarchitecture and matrix properties of the bone. Recently-emerging therapeutics 
targeting bone matrix quality present new avenues for addressing bone fragility. New data 
suggests that osteocytes, the most abundant and longest-living bone cells, interact with bone 
matrix in ways that have been likely overlooked. Osteocytes interact with the bone matrix 
through resorbing and replacing the bone tissue in their expansive lacunar canalicular system, in 
a process called LCS turnover. Osteocyte LCS turnover might play an important role in 
maintaining matrix quality and bone fracture resistance throughout life. However, fundamental 
knowledge gaps persist regarding this process and its impact on bone matrix properties. In this 
dissertation, we investigated the impacts of aging on abundance, frequency, and dynamics of 
osteocyte LCS turnover. We also studied the impacts of osteocyte LCS turnover on the matrix 
properties of its surrounding tissue. Our findings revealed that osteocyte LCS turnover is a 
prevalent, frequent, and dynamic process but this process significantly declines with aging. The 
large decline in LCS turnover in aging can have significant implications for bone quality and 
fracture resistance. We also demonstrated that osteocyte LCS turnover impacts the matrix quality 
of its local bone tissue, including modulus and energy dissipation, with nanoscale gradations 
around lacunae and canaliculi. We adapted contact-resonance atomic force microscopy for 
mapping the viscoelasticity of hydrated bone at the nanoscale. Findings from this study 
demonstrate that bone viscoelasticity is highly variable at the nanometer-scale and is higher than 
bulk bone around some canaliculi. Our data highlight a need to revisit how osteocytes perceive 
strains, since bone properties differ near lacunae and canaliculi compared with bulk bone tissue. 
Our findings together demonstrate, for the first time, that the quality of a substantial amount of 
bone surrounding the LCS is influenced by the frequent and abundant osteocyte LCS turnover, 
and this process declines with aging. These findings motivate investigating the direct influence 
of the osteocyte on bone matrix properties in aging and disease. 

 
.
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INTRODUCTION 

1.1 Overview 

Despite decades of research related to osteoporosis and related drug development, bone 

fractures in aging are still a major public health issue1–5. It is estimated that more than half of 

women and one third of men over 50 will experience a bone fracture1,2. Direct healthcare costs 

for fragility fractures are estimated to reach 100 billion dollars by 20406. Bone mass decreases 

with aging due to dysregulation in the activities of bone-resorbing osteoclasts and bone-forming 

osteoblasts7,8. This loss of bone mass is clearly evident in patients with osteoporosis, as indicated 

by low bone mineral density (BMD) scores9–11. However, BMD does not fully predict fracture 

risk. The loss of bone mass only accounts for about 50% of fragility fractures, with the remainder 

occurring in individuals who are not osteoprotic12,13. Further, treatments for loss of bone mass, 

including antiresorptive and anabolic antibody treatments, are not always sufficient to prevent 

fractures for many individuals14–18. The quality of bone tissue also plays a role in determining 

bone fracture resistance. Bone quality’ is an umbrella term that encompasses all bone features, 

other than bone mass14,19–24. This includes features spanning multiple length scales, from macro 

to nanoscale, such as bone microstructure and geometry, bone hierarchical organization, bone 

tissue composition and the quality of extracellular matrix3,5,21,22,24,25. Bone matrix properties play 

crucial roles in determining bone strength and toughness14–18. Bone matrix quality may offer 

opportunities for new therapeutic targets for bone fragility, particularly because new data 

suggests that osteocytes, the most abundant and longest-living bone cells, interact with bone 

matrix in ways that have been likely overlooked26–31. 
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The purpose of this dissertation is to investigate the ability of the osteocyte to impact the 

material properties of bone matrix through a process called lacunar-canalicular turnover. This 

introductory chapter serves to frame the critical gaps in how osteocytes interact with bone 

matrix, the scale and prevalence of these interactions, the impacts on bone matrix properties, and 

the need for new methodologies to assess these interactions.  

1.2 Bone Fracture Resistance Includes Strength and Toughness 

Bone is made of 65 wt.% mineral phase, 25 wt.% organic matrix phase, and 10 wt.% 

water23,32. Bone mineral primarily consists of hydroxyapatite, which is among the smallest 

naturally occurring crystals33,34. The organic component of bone is primarily composed of 

collagen type I, but also include collagen types II, III, V, and others, as well as non-collagenous 

proteins such as osteocalcin and osteopontin35–40. Mineralized collagen fibers, the basic building 

blocks of bone, form when layers of plate-shaped mineral aggregates, measuring up to a couple 

of hundred nanometers in length, combine with collagen microfibrils38,41. Collagen microfibrils 

are assembled from collagen triple helices, which are self-assembled collagen chains38,41. 

Mineralized collagen fibrils, interconnected by enzymatic and non-enzymatic crosslinks, further 

assemble into organized and unorganized geometrical patterns, depending on the type of bone 

38,41. All bones feature an outer shell of cortical bone, either fully or partially filled with 

cancellous bone. Cortical or compact bone is a dense and solid structure with highly organized 

lamellae, which consist of organized sheets of fibrils with unidirectional sheets and twisted 

plywood patterns42. Lamellar layers in the cortical bone of large animals further assemble into 

osteons, forming concentric nested coils around the Haversian canal system42,43. Cancellous, 

trabecular, or spongy bone also comprises lamellae, but instead of unidirectional fibril bundles 
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with alternating orientations as seen in cortical bone, lamellae in cancellous bone arrange 

irregularly, in a lattice-like pattern with intersecting trabeculae41–44.  

Healthy bones have significant resistance to bone fractures because they are both tough 

and strong. Bone is strong because it can withstand significant loads without deforming 

permanently and failure45. Strength is important for withstanding high loads; therefore, it is most 

directly related to fractures during a single event such as a falling46–50. Bone is tough because 

when submitted to loads, it can absorb a considerable amount of energy from growth and 

propagation of a pre-existing crack, before breaking through plastic deformation4,15,21,50–56. Bone 

fracture toughness is essential for enduring moderate single loading events, especially when 

combined with a pre-existing crack4,15,21,50–56. Bone also has fatigue toughness, which means it 

can resist many loading cycles, at magnitudes below the material strength, without failure45,57. 

Fatigue toughness is essential for repetitive stress or impact over time46–50. The unique 

combination of these properties has given bone its extraordinary ability to resist fractures under 

various loading conditions3,5,21,22,24,25. For some skeletal sites like vertebrae, bone strength is the 

dominant tissue material property relevant to clinical fractures. For other sites like hip, fracture 

toughness and strength both significantly contribute to resistance against fractures48. Bones 

experience a variety of loading conditions in daily life, including sudden impacts, repetitive 

stresses, and bending moments48 and not all fragility fractures are caused by the same loading 

conditions48. Bone with low toughness is more prone to brittle fractures and bone with low 

strength, the post-yield regime would not be reached, and bone would fracture before yield58–60.  

Aging decreases bone fracture resistance, including both strength and toughness, through 

several multiscale changes to the musculoskeletal system. This includes alterations not only in 
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bone mass and microstructure3,7,61,62 but also in bone tissue material properties such as modulus 

and viscoelasticity, microdamage accumulation, degree of mineralization, collagen properties 

and cross-linking density, and bone water3,5,7,56,61–64. These factors, all related to bone toughening 

mechanisms and resistance to fracture across multiple length scales (more details in sections 1.4 

and 1.7), contribute to loss of bone toughness with aging45. 

1.3 Bone Fracture Resistance Is Determined by Bone Mass and 
Bone Quality 

Bone strength is determined in part by bone quantity. T-scores or Z-scores derived from 

dual-energy X-ray absorptiometry (DXA) are standardized ways to monitor bone mineral content 

and areal bone mineral density5. Currently, clinical assessment of fracture risk relies on this 

measurement as it is proven to successfully predicts more than half of bone clinical fracture 

cases1,12,13,65–68. Bone strength is also determined by bone quality. Bone microarchitecture, one 

important aspect of bone quality, contributes to bone strength through some measures, including 

cortical bone width and porosity as well as trabecular bone width, connectivity, and 

anisotropy16,23,32,69,70. Bone composition, another important aspect of bone quality, also 

contributes to bone strength. Bone mineral, which has a modulus of about of 120 GPa71,72, plays 

a major role in contributing to bone stiffness and strength73. The degree of enzymatic collagen 

crosslinking also positively influences bone strength73.  

Bone toughness has many contributing factors. Bone has a complex hierarchical structure 

with several levels of organic and inorganic components from whole bone level with trabecular 

and cortical components and major building blocks of bone down to nanoscale collagen 

microfibrils and mineral aggregates (Figure 1.1) 41,44,74–78. Because bone structure is hierarchical 
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and highly complex, bone fracture toughness and tissue toughening mechanisms must be 

considered at multiple dimensional scales. To understand these toughening mechanisms, we first 

need to understand how cracks advance in the tissue. Cracks initiate and propagate when the 

elastic energy dissipated by the advancement of a crack equals or exceeds the energy required to 

create new material surfaces49,50,57. Therefore, energy-dissipating or toughening mechanisms 

make it more challenging to break a material. In bone, energy dissipation and toughening 

mechanisms exist from nanoscale to macroscale.  

Bone has intrinsic and extrinsic toughening mechanisms. Intrinsic toughening 

mechanisms refer to the inherent properties and structures within the bone tissue that works 

ahead of a crack tip and includes characteristics related to tissue viscoelasticity and plastic 

deformation50,57,79–82. The intrinsic toughening mechanisms of bone serve to enhance bone 

fracture toughness by creating plastic zones around crack tips where bone undergoes plastic 

deformation in the vicinity of a crack tip50,57,79–82. These mechanisms enable localized failure 

through the dissipation of crack energy50,57,79–82. These multiscale mechanisms, from the 

nanoscale to the microscale, typically involve traits of the bone organic matrix, and interactions 

between bone organic matrix with the mineral phase and water50,57,79–82. Some of these 

mechanisms are microcracking, plastic deformation of collagen molecules, stretching and gliding 

of collagen fibrils, enzymatic collagen crosslinking, and sacrificial bonding of noncollagenous 

proteins such as osteopontin, and stabilizing of collagen-mineral interface by water through 

hydrogen bonding with the organic matrix and electrostatic attractions with the mineral 

phase39,83–86. The extrinsic toughening mechanisms of bone, which are the main source of bone’s 

toughness at larger scales, do not necessarily increase bone energy dissipation and resistance to 
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crack initiation50,52,87–92. Instead, they work behind a crack tip and "shield" the crack tip from the 

force needed for crack propagation50,93. Fibril bridging, crack deflection, crack twisting and 

formation of microcracks are among these mechanisms50,52,87–92. Therefore, the extracellular 

matrix can dissipate the energy of crack initiation and propagation, across multiple length scales, 

through various toughening mechanisms and contribute to bone quality and fracture resistance. 

 
Figure 1.1. Bone hierarchical structure. At the macroscale, bone comprises cortical (compact) 
and trabecular (spongy) components. Compact bone includes osteons (which are not present in 
mice), composed of sheets of lamellae and Haversian canals. Lamellae are made of mineralized 
collagen fibrils, the primary building block of bones, which consist of hydroxyapatite 
nanocrystals combined with collagen microfibrils in a helical structure at the nanoscale level. 
Adapted with permission from ref. 74 

1.4 The Properties of Bone Matrix Are Dynamic and Depend on 
Tissue Maturation and Aging 

Bone matrix has heterogeneous material properties in part because bone matures over 

time and not all components of a bone are the same age. The maturation of tissue from time of 

deposition is different from systemic aging. When bone tissue is deposited by osteoblasts, it 

initially consists of an unmineralized organic matrix, predominantly composed of collagen fibers 

and non-collagenous proteins94,95. This matrix, referred to as osteoid, provides the framework for 

bone formation94,95. As mineralization progresses, calcium and phosphate ions, sourced from the 

nearby blood supply and the extracellular fluid surrounding the bone cells, are deposited onto the 
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collagen matrix. This results in the formation of hydroxyapatite crystals, which transform the 

initially soft osteoid into hardened bone tissue94–96. As hydroxyapatite crystals grow, they become 

more densely-packed and orderly-organized, while the organic matrix starts to crosslink96,97.  

The mature bone tissue undergoes remodeling, where old or damaged bone is resorbed by 

osteoclasts and replaced with new bone by osteoblasts98–100. This cycle ensures that bone tissue 

remains healthy, adaptive, and capable of responding to changes in mechanical loading and 

metabolic demands over time98–100. These cells can also perform independently101. The bone 

modeling process involves the uncoordinated removal and deposition of bone and often serves to 

alter bone size and geometry during development, or to adapt bone shape to significant changes 

in skeletal loading102. Bone turnover is a broader term that describes the removal and 

replacement of bone, but it conveys that this process is uncoordinated (unlike remodeling) and 

does not have the functionality of bone modeling102. Bone remodeling occurs in larger animals, 

while tissue turnover occurs in both small animals (including rodents) and large animals 102 

Aging is associated with numerous changes to skeletal physiology that can impact bone 

matrix properties. These include increased inflammation, increased oxidative stress, alterations in 

hormonal and mechanical signaling, disruption in production of growth factors and cytokines, 

and changes to the activities of bone cells103–107. Bone cell turnover also changes in aging with 

deleterious disruptions in the exquisite balance between bone formation of osteoblasts and bone 

resorption of osteoclasts7,8,17,108. Increase in osteoclast bone resorption and decreases in 

osteoblast bone formation are important hallmarks of aging skeleton (details in section 1.5). 

Aging decreases collagen enzymatic crosslinks and increases nonenzymatic crosslinks3,5,7,56,61–64. 

Changes to bone mineralization are not consistent across studies; some studies report increased 
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or decreased mineralization with aging and some report no change3,109–112. These changes are 

directly and indirectly associated with disruptions in bone toughening mechanisms. For example, 

decreased enzymatic collage crosslinks and increased non-enzymatic crosslinks (e.g., advanced 

glycation end-products) in aging would decrease collagen fibril strain and plasticity and 

encourage the fiber separation during cracks, thereby diminishing bone's intrinsic toughening 

mechanism15,113. In another example, aging-related microstructural changes in osteons and tissue 

cement lines reduce the size of crack bridging and crack deflection, leading to decreased potency 

of extrinsic toughening mechanisms15,91,114,115. The functions of bone cells, their relationship with 

bone matrix, and changes to these relationships in aging are investigated in the next sections. 

1.5 Maintenance of Mineral Homeostasis by Bone Cells 

Bone has three primary types of cells: osteocytes, osteoblasts, and osteoclasts. The 

cellular and molecular mechanisms for osteoblasts and osteoclasts in bone remodeling and 

maintaining bone quality have been extensively studied99,100,102,116. While roles for the osteocyte 

in coordinating osteoblasts and osteoclasts are well-known, other roles, such as lacunar-

canalicular turnover, are less studied but may contribute to both mineral homeostasis and the 

maintenance of bone matrix quality. 

1.5.1 Osteoclasts 

Osteoclasts are the primary bone-resorbing cells. These large, multinucleated cells arise 

from the differentiation of hematopoietic stem cells into the macrophage lineage through the 

action of macrophage colony-stimulating factors (promote the proliferation and prolong the 

lifespan of osteoclastic precursor cells) and receptor activator of nuclear factor κB ligand 
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(RANKL, essential for osteoclast differentiation, fusion, and lifespan)117,118. Osteoclasts have a 

relatively short lifespan, typically ranging from a few days up to 6 weeks119,120. The primary role 

of osteoclasts is the demineralization and degradation of bone matrix. They achieve this by 

adhering to the bone surface, forming an actin-rich sealing zone, and releasing protons and 

proteases from their ruffled border at the membrane117,118. The acidic environment they create 

through the release of hydrogen ions facilitates the removal of bone mineral, while their secreted 

enzymes such as cathepsin K digest the remaining bone matrix121. Aging-induced increased bulk 

bone removal in osteoclasts is driven by pathways such as RANKL/RANK/OPG signaling108,122 

and forms the basis of many bone fragility treatments, such as antiresorptive drugs. The 

considerable success of antiresorptive drugs like bisphosphonate and denosumab primarily stems 

from their ability to reduce osteoclast population and functionality123,124. 

1.5.2 Osteoblasts 

Osteoblasts serve as the primary bone-forming cells, responsible for producing both the 

organic and inorganic components of the bone matrix. Osteoblasts are differentiated from 

mesenchymal stem cells and compete with other cell types for differentiation from mesenchymal 

stem cells, including adipocytes and chondrocytes depending on several factors such as aging, 

obesity, and osteopetrosis125,126. Osteoblasts produce a substantial volume of macromolecules, 

including collagenous and non-collagenous proteins during the process of generating 

unmineralized osteoid127. It has been suggested that osteoblasts mineralize the osteoid by 

depositing calcium phosphate in the form of hydroxyapatite when provided with a nucleation 

site127. The specific mechanisms of matrix mineralization are still being explored, and some 

recent work suggests that late-stage osteoblasts or even osteocytes may play more important 
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roles in tissue mineralization than has been previously appreciated128,129. Osteoblasts have a 

limited life spans ranging from days to few months130. At the end of their life cycle, osteoblasts 

can have three different fates: (i) they can undergo apoptosis, (ii) become bone-lining cells 

located at the bone surface, or (iii) become embedded in the bone matrix, undergo structural 

changes, and differentiate into osteocytes131–133. 

The formation, differentiation, apoptosis, and function of bone cells are tightly 

interdependent117,125,134–136. Osteoblastic-lineage cells are the primary producers of RankL and 

macrophage colony-stimulating factors, responsible for inducing osteoclast differentiation and 

through pathways like OPG/RankL/RANK they also affect osteoclast activity or 

apoptosis117,125,134–136. Conversely, osteoclasts can affect osteoblast formation and differentiation 

by secreting soluble factors like SEMA4D or influence formation by promoting or inhibiting 

osteoblastic precursors 117,125,134–136. Aging decreases the osteoblast population and bone 

formation activity7,108 through several factors including impaired mineralization capacity in 

senescent osteoblasts which also induces osteoclast bone resorption and osteoclastogenesis via 

pathways like IL-6137, reduced osteoblast numbers, dysfunctions in signaling pathways such as 

Wnt signaling, and increased osteoclast-induced sclerostin signaling7,8,17,108.  

1.5.3 Osteocytes 

Osteocytes are the most abundant bone cells, constituting 90-95% of all bone cells, with 

approximately 42 billion osteocytes in the adult human skeleton (> 20 years)131,138–140. They have 

an average half-life of 25 years, making them the longest-lived residents of the bone 

tissue131,138,139,141. Osteocytes are descendants of mesenchymal stem cells through osteoblast 

differentiation131. Some osteoblasts become trapped in the bone matrix during the bone formation 
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process and undergo dramatic changes in their cell body structure to become osteocytes131. Their 

polygonal structure starts to elongate into a football shape, and they begin to extend dendrites, in 

a polarized manner, toward the mineralizing fronts (when transitioning from osteoid osteocytes 

to mineralizing osteocytes)131. This is followed by dendrites extending to either the vascular 

space or bone surface (when transitioning from mineralizing osteocytes to mature 

osteocytes)131,142,143. Mature osteocytes usually maintain their polarity in the directionality of the 

dendrites and the directionality of their perilacunar mineralization, such that mineral deposition 

typically occurs on the side of the embedding cell144. Osteocytes, along with their dendrites, 

excavate the bone matrix into holes called lacunae and channels called canaliculi, forming their 

lacunar-canalicular system (LCS, Figure 1.2). Each cell body resides in one lacuna with 20-126 

dendrites extending into the canalicular space131,138,140. In the adult human skeleton, the surface 

area of LCS has been estimated to be more than 215 m2 (on par with a tennis court) with an end-

to-end length of 175 km140. This complex network allows osteocytes to connect with each other, 

osteoblasts, osteoclasts, nerve cells, bone vessels, and the bone marrow.  
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Figure 1.2. Osteocyte lacunar-canalicular system (LCS). Osteocytes reside within a vast and 
complex network of lacunar holes and canalicular channels. Basic fuchsin staining (magenta, ex 
vivo staining of embedded bones) illustrates the extensive porosity of the lacunar-canalicular 
system (LCS) in cortical bone. Calcein-stained tissue (yellow, in vivo fluorochrome injection 
administered 2 days before euthanasia) shows bone mineralization. We used an inverted confocal 
laser scanning microscope (CLSM- Leica Stellaris DMI8) to take this figure. This figure was 
used in 26,29. 

Osteocytes orchestrate the activities of osteoblasts and osteoclasts. They promote bone 

formation in osteoblasts through the mechanical loading-induced activation of the Wnt/β-catenin 

signaling pathway145. This pathway also plays a key role in regulating osteoblastic-lineage cell 

proliferation, differentiation, and apoptosis146,147. Osteocytes maintain bone formation activity in 

check by secreting sclerostin and dickkopf-1 (DKK-1), which are upregulated in response to 

proinflammatory cytokines. These molecules inhibit bone formation by suppressing Wnt 

signaling145–148. Osteocytes can also modulate bone resorption activity in osteoclasts as well as 

the osteoclastogenesis through RankL-OPG signaling148–150. The RankL/OPG pathway is 

upregulated by proinflammatory cytokines and downregulated by mechanical loading151–153. 

Osteocytes express RankL, especially in regions of osteocytic apoptosis, promoting osteoclastic 

activity. Additionally, osteocytes secrete OPG, which competes with RankL for the RANK 
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receptor, thereby suppressing osteoclast activity149,150,154–156. As previously discusses, these 

osteocyte mediated pathways, including Wnt/sclerostin and RankL/OPG form the basis for the 

antiresorptive and anabolic treatments of bone frgaility157.  

Osteocytes are endocrine cells. Despite being buried deep within the bone tissue, fluid 

flow through the LCS exposes osteocytes to hormones and factors circulating in the blood. 

Osteocytes secrete signaling factors, including fibroblast growth factor 23 (FGF23), into the 

circulatory system to modulate the behavior of distant organs such as the parathyroid, kidney, gut 

microbiome, and heart144,158–161. The communication between bone and kidney is essential for 

maintaining serum phosphate levels, which rely on the circulating levels of FGF23144,160. 

Moreover, the levels of circulating FGF23 and secreted parathyroid hormone (PTH) are directly 

linked, rendering the parathyroid gland an endocrine target for osteocytes144,161. PTH secretion 

directly elevates circulating FGF23 levels, while FGF23 reciprocally acts on the parathyroid 

gland to decrease PTH secretion162–164. PTH plays a well-known role in calcium homeostasis. 

Two primary theories have been proposed for how osteocytes sense mechanical signals 

and initiate the regulation of bone remodeling activity. (i) Osteocytes can directly sense the tissue 

strain and mechanical deformation of the perilacunar bone matrix. Studies show that tissue 

strains are amplified near osteocytes, but the reasons and mechanisms for this strain 

amplifications are not completely understood165–167. (ii) Mechanical loading on the skeleton 

triggers interstitial fluid flow within the LCS. Shear stresses resulting from these fluid flow 

changes are sensed by the osteocyte cell body and the dendrites and their processes168,169. 

Stimulation of the osteocytes either way activate osteocyte signaling pathways such as 

interleukin-6 (IL-6), RankL/OPG, Wnt/β-catenin, sclerostin, and the calcium signaling170–175. 
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A newer role for osteocytes is lacunar-canalicular bone turnover (reviewed in detail in 

section 1.6). In LCS turnover, osteocytes remove and replace bone mineral and possibly matrix 

adjacent to lacunae and canaliculi26–28,30,176–187. This process has the potential to influence bone 

matrix properties for a sizable quantity of bone in a manner that could be affected by aging. 

Aging increases osteocyte cell death and senescence and decreases osteocyte autophagy, 

which impairs cellular repair mechanisms and promotes cell death pathways like apoptosis156,188–

193. Apoptotic osteocytes decrease OPG expression and enhance RankL signaling of other 

osteocytes, boosting osteoclast activity193. Additionally, changes to osteocyte cell body, dendrite, 

and LCS morphology and architecture (details in section 1.6) with aging have deleterious effects 

on osteocyte mechanosensation and bone responsiveness to skeletal loading104,175. Whether aging 

affects LCS turnover is an unanswered question. 
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Figure 1.3. Bone cells. Osteoblasts, osteocytes, and osteoclasts secrete molecules that mutually 
influence each other in paracrine and endocrine manners, ensuring a balance between bone 
formation and bone resorption is maintained. Osteoblasts and osteocytes promote 
osteoclastogenesis through pathways such as RankL and inhibit bone resorption through 
pathways including OPG. Osteocyte-derived SOST promotes osteoclastogenesis and inhibits 
osteoblast differentiation. Osteoclasts secrete signaling molecules, which interact with 
osteoblasts and osteocytes, influencing bone formation. Figure created on BioRender. 

1.6 Osteocyte Lacunar-Canalicular Bone Turnover 

1.6.1 History 

Osteocytes can directly modify their surrounding bone tissue by resorbing the bone 

mineral and matrix and replacing at least the bone mineral. This process is known by various 

names such as perilacunar remodeling, LCS remodeling (as referred to in chapters 2 and 4), or, 

as termed in this thesis, LCS turnover26. Osteocytic osteolysis, or the enlargement of osteocyte 

lacunae and canaliculi, was first proposed by Belanger et al in the 1960s194. They observed 

lacunar enlargements in chicks on a low calcium diet or administrated PTH. However, the 

concept of osteocytes being able to remove their perilacunar tissue was dismissed until years 
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later26,144. Another study on rat tibia at that time reported tartrate-resistant acid phosphatase 

(TRAP) activity, marker of acidification and bone resorption, around osteocytes. However, this 

finding was also dismissed as a diffusion artifact from osteoclasts195.  

Although osteocytic bone resorption and formation were reported multiple times over the 

next decades195–200, advances in imaging technologies, gene analyses, and transgenic mice in 

more recent decades have convincingly determined that osteocytes are indeed capable of 

removing and replacing bone mineral182,184. In rodent models, osteocyte lacunar sizes were found 

to increase during lactation and return to their normal size after weaning182. It was also found in 

same rodent models that genes such as TRAP and cathepsin K, which were previously 

considered specific to osteoclasts, were elevated in osteocytes during lactation and returned to 

normal levels with weaning182,184,201. Similar results were replicated on different strains of mice 

and rats by other studies during lactation and other conditions of increased calcium demand, such 

as PTH treatment26,28,177,182,183,185,197,202–205. More recently, changes in aging were found to LCS 

geometry in humans and rodents, including smaller and less connected lacunae and canaliculi206–

208. These studies leave many questions about the purpose of osteocyte LCS turnover, occurrence 

outside of large perturbations to calcium homeostasis, the frequency and prevalence of this 

process, the mediators of LCS turnover, and how this process changes with aging and disease. 

1.6.2 What Drives LCS Turnover? 

While it is not entirely certain why LCS turnover occurs, the drivers of this process 

convincingly include the regulation of systemic mineral homeostasis, as evidenced by LCS bone 

resorption in response to lactation and other sources of calcium pressure. Considering the sheer 

amount of tissue adjacent to this very large network, LCS turnover is a much faster strategy for 
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calcium homeostasis than recruitment of osteoclasts26,131,184. Levels of circulating PTH and 

PTHrP increases in conditions such as lactation, egg production, or PTH treatments, which 

promotes osteocytic osteolysis26,209,210. Continued elevated systemic PTH signaling induces LCS 

resorption of both mineral and matrix components of tissue by inducing acidification through 

proton pumps and degrading enzymes such as ATPase family, cathepsins, and matrix 

metalloproteinases182,187,211. It is also observed that when the calcium demand ceases, bone 

mineral is re-deposited, enabling peri-osteocytic matrix homeostasis182,184,202,203.  

Although PTH signaling is largely systematic, research suggests that LCS turnover can 

be also mediated locally through osteocytic TGF-β signaling. Deletion of osteocyte-specific 

TGF-β signaling in mice disrupts LCS turnover and decreases LCS bone resorption180,186,212. 

Other works suggest that disruption in osteocyte mechanotransduction via deletion of 

transcriptional regulators such as Yes-associated protein (YAP) and transcriptional co-activator 

with PDZ-binding motif (TAZ) also disrupts LCS turnover179. Thus, LCS turnover is most likely 

mediated by both systemic and local factors. 

Osteocyte peri-LCS bone deposition has been observed in rodents and humans through 

the systemic injection of calcium-binding fluorochrome labels30,179,182,187,197,213. Although these 

labels are traditionally used to measure mineral deposition by osteoblasts, high-resolution 

imaging has enabled us to capture extensive fluorochrome labeling within both osteocyte lacunae 

and canaliculi (Figure 1.2). Extensive fluorochrome labeling has been observed around lacunae 

in several studies outside of the calcium pressure context30,179,187, which suggests that osteocyte 

LCS mineralization may be a more active and widespread phenomenon than has been previously 

appreciated. In one study, approximately 60% of lacunae in the femoral midshaft cross-section of 
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wild-type male and female C57BL/6 mice at 28 days exhibited calcein labels administered 2 

days prior to euthanasia179. Another investigation discovered that in the mid-cortical cross-

section of the tibia, about 55% of lacunae displayed calcein labels injected 5 days before 

euthanasia in 2-month-old male wildtype littermates of MMP13 (matrix metalloproteinase) 

knockout mice with a mixed C57BL/6 genetic background187. The dynamics of LCS turnover are 

not known, nor are the changes to these dynamics in aging. 

1.6.3 Changes to LCS Turnover in Aging 

In aging, osteocytes become senescent or apoptotic190,193 and require greater strains to 

engage in anabolic signaling8,175,214,215. Aging also decreases LCS morphology and 

architecture206,208,216–218. Previous works reported that in aged mice, lacunae are smaller, rounder, 

less-oriented, and less-abundant compared to skeletally-mature young mice206,208,219. Several 

works reported that aging decreases lacunar number density and increases lacunar sphericity in 

humans and rodents89,220–223. The canalicular network also degenerates with aging; canalicular 

and dendrite numbers both decrease in aged mice206. Altered lacunar morphology and number 

density alone cannot explain how aging alters osteocyte LCS turnover. For example, smaller 

lacunae with aging could result from either (i) fewer osteocytes to activate LCS turnover, (ii) 

decreased LCS bone resorption per osteocyte, (iii) increased LCS bone formation/mineralization 

per osteocytes, or (iv) a combination of altered cellular participation and activity.  

1.6.4 Does LCS Turnover Impact Bone Matrix Properties? 

Several prior studies utilizing transgenic mouse models that produce an aging-like 

phenotype to LCS geometry suggest that suppressed LCS turnover has the potential to reduce the 

quality of bone matrix179,186,187. Mice with an osteocyte-intrinsic defect in TGF-β signaling had 



19 
 

decreased bone fracture resistance186. The authors highlighted that LCS turnover defects can 

cause severe bone fragility even when the bone quantity is normal. In another study on mice with 

systemic MMP13 deletion, researchers reported suppressed LCS turnover and also bone quality 

(e.g., increased nonenzymatic crosslinks and decreased collagen orientation) and lower fracture 

toughness187. Interfering with osteocyte-intrinsic YAP/TAZ signaling in mice was also reported 

to impact LCS turnover and decrease fracture toughness179. Given the similarity of these 

phenotypes and aged LCS, a compelling hypothesis is that LCS turnover has an important role in 

regulating bone quality but that this process diminishes in aging. However, several critical gaps 

must be overcome with regards to understanding the amount of bone matrix that osteocytes 

interact with through LCS turnover and the impacts on bone matrix properties, as well as 

whether these processes change in aging.   

Osteocytes can demineralize bone and does so during skeletal calcium 

mobilization26,28,177,182,183,185,197,202–205. Osteocytes can also re-mineralize bone, as visualized by 

fluorochrome labels around LCS as well as the decrease in LCS size after removing calcium 

pressure182,184,202,203. However, the spatial extent and dynamics of this process is not yet defined. 

 
Figure 1.4. Osteocyte lacunae can show double labels when administered at short timepoints 
before euthanasia. In vivo serial fluorochrome labeling (calcein in yellow, 2 days before 
euthanasia; alizarin in magenta, 8 days before euthanasia) in a female 5 mo C57BL/6JN mouse 
reveals double-labeled lacunae.  
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The ability of LCS turnover to remove and deposit the bone matrix is not as established 

as for bone mineral, in part due to technical challenges to performing these assessments26,28. 

Some evidence points toward the possibility that osteocytes can impact bone matrix. For 

instance, one study showed rings of demineralized bone around osteocyte lacunae that stained 

positive for hematoxylin and toluidine blue197. However, these rings could be residual matrix 

after mineral resorption or new osteoid produced by osteocytes. Older radiolabeling studies on 

egg-laying hens during a period of calcium repletion showed [3H] proline-labeled collagen 

around osteocyte lacunae224,225. Additionally, Villanueva osteochrome-stained transiliac bone 

biopsies revealed osteoid-positive lacunae213. In experiments with GFPtpz inserted into the 

mouse pro α2(I) collagen N-terminus under the control of the 3.6-kb type I collagen promoter, 

strong bright bands of GFP signals were observed around osteocytes226. Although direct 

investigation of osteocytes' ability to produce osteoid is lacking, numerous transcriptomic studies 

have revealed that the osteocyte transcriptomic signature is enriched for genes involved in both 

mineral and matrix resorption (e.g., cathepsin K, tartrate-resistant acid phosphatase, vacuolar 

ATPase family, DMP1, MEPE) as well as tissue deposition (osteocalcin, osteonectin, Col1a1, 

Col1a2), sometimes surpassing osteoblasts227–230.  

In summary, fundamental critical gaps persist regarding the osteocyte lacunar canalicular 

turnover. What are the extent and dynamics of LCS turnover? How much bone tissue is affected 

by LCS turnover? How often LCS turnover happens? Is this process different among osteocytes 

from different bone types and skeletal sites? Does this process impact material properties of the 

tissue surrounding LCS, and if so, how? Does aging impact LCS turnover and the interaction of 
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this process with the bone matrix, and if so, how?  Filling these fundamental gaps would provide 

the platform to investigate osteocyte LCS turnover as a therapeutic target for bone fragility. 

1.7 Measuring the Impacts of LCS Turnover on Bone Tissue 

LCS turnover can impact bone quality and tissue level material properties of the matrix 

surrounding the LCS28. However, a crucial gap in the literature is that most investigations into 

the impacts of LCS turnover on bone matrix quality relied on microscale tools such as 

nanoindentation, Raman spectroscopy, or backscattered SEM (discussed further in Chapter 2). 

These microscale tools lack the sensitivity and resolution required to assess the gradation of bone 

material behavior or composition that happens at sub-microscale distances from lacunae. Studies 

on young adult mice under normal conditions have reported similar tissue modulus or 

composition between bone located 1–5 μm from lacunae and farther away at 7-15 μm183,203. 

When there is a significant perturbation in mineral homeostasis, such as during lactation, PTH or 

glucocorticoid treatments, or metabolic diseases, bone located close to osteocyte lacunae, at 

similar distances as reported before, exhibits lower mineralization or stiffness compared to bone 

located farther away231–239. These results together signify a need to zoom in by at least an order 

of magnitude (from microscale to 10s – 100s of nanometers) to investigate the effects of LCS 

turnover on peri-LCS tissue properties. Indeed, ultrahigh-resolution synchrotron-based CT and 

transmission electron microscopy reveal a gradation in bone composition extending hundreds of 

nanometers away from LCS walls such that the lowest mineralization is observed immediately 

adjacent to lacunar and canalicular walls, with mineral density peaking at a distance of 200–400 

nm away240,241. Synchrotron-based techniques offer the necessary resolution to assess the 
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composition of peri-LCS tissue, yet they are accessible to only a few researchers and do not 

measure bone material properties. 

Atomic force microscopy (AFM) could be a promising tool to assess the nanoscale 

material properties of peri-LCS tissue. While AFM has been used to map the heterogeneity of 

bone modulus and hardness, prior studies did not studies quantify spatial variation in material 

properties near the LCS. It would be valuable to map spatial variations of material properties like 

modulus around lacunae for osteocytes that did or did not recently engage in LCS turnover (i.e., 

label-positive) and assess the impact of age on these spatial distributions. It would also be 

valuable to map nanometer-resolved spatial distributions of bone viscoelasticity near osteocytes, 

since these properties are relevant to understanding the impact of these cells on bone matrix and, 

conversely, the impacts of bone matrix on osteocyte mechanosensation.  

Contact resonance AFM (CR-AFM) is a promising approach for making these 

measurements but requires adaptation to use on bone. CR-AFM provides information about 

sample material properties, such as viscoelasticity or energy dissipation, through the resonant 

frequencies and mode shape of an oscillating cantilever beam in contact with a sample242. The 

viscoelasticity of biological specimens, including bone, depends on their hydrated state243–245. 

Therefore, conducting CR-AFM in liquid environment has significant applications. However, 

there are some challenges associated with applying this methodology to bone or materials similar 

to bone, which is why there have been no CR-AFM investigations in these types of tissue to date. 

First, implementing previously established CR-AFM dual-AC resonance tracking for continuous 

mapping of viscoelasticity242 proves challenging on stiff or non-uniform structures. Next, 

conducting CR-AFM in liquid is challenging due to the complexities introduced by fluid 
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interactions with the cantilever beam, which impacts the contact mechanisms and the subsequent 

measurements. A few studies have proposed corrections for the hydrodynamic effect242,246–248 , 

but the specific adjustments to implement the technique on bone or other stiff, complex material 

systems have yet to be made.  

1.8 Dissertation Aims 

The overarching hypothesis of this dissertation is that osteocyte LCS turnover is an 

abundant, frequent and dynamic process that plays an important role in maintaining the matrix 

quality of peri-LCS tissue, and that aging decreases the prevalence and dynamic LCS turnover 

process. The long-term goal of these projects is to understand the impacts of changes to LCS 

turnover in aging on bone fracture resistance and mechanosensitivity. 

Chapter 2 provides a detailed literature review of the current understanding of the effects 

of LCS turnover on bone quality and discusses available tools to study LCS turnover at length 

scales relevant to these investigations.  

Chapter 3 reports “Study 1- “Aging decreases osteocyte lacunar-canalicular turnover 

in female C57BL/6JN mice”. The purpose of this study was to determine the percentage of 

osteocytes engaged in LCS bone mineralization and resorption in the femur of skeletally-mature 

young adult (5-month) and early-old-age (22-month) female. We also explored the impact of 

aging on the dynamics of these processes. We conducted serial fluorochrome labeling, confocal 

microscopy, and immunohistochemistry studies of both cortical and cancellous compartments of 

the femur. We also tested the hypothesis that the LCS turnover activity depends on natural 

variations in tissue strain and that this relationship changes in aging by comparing LCS bone 

mineralization dynamics between femur regions with distinct natural strain variations. In this 
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study, we presented the first evidence that osteocyte participation in mineralizing their 

surroundings is highly abundant in both cortical and cancellous bone of young adult female 

mice. We showed that aging significantly reduces cortical and cancellous osteocyte participation 

in perilacunar bone mineralization and resorption, in a manner likely dependent on tissue strain.  

Chapter 4 discusses Study 2- “Perilacunar bone tissue exhibits sub-micrometer 

modulus gradation which depends on the recency of osteocyte bone formation in both 

young adult and early-old-age female C57Bl/6 mice”. The purpose of this study was to 

investigate whether sub-microscale gradation of tissue modulus exists in peri-lacunar tissue and 

if these modulus gradations are impacted by LCS turnover activity. We also explored whether 

aging impacts perilacunar modulus gradation. We employed atomic force microscopy (AFM) to 

generate nanoscale-resolution modulus maps for embedded cortical femur osteocyte lacunae 

from young adult and early-old-age female mice. We used fluorochrome labeling and confocal 

microscopy to identify the lacunae with and without active LCS turnover activity. In this study, 

we reported, for the first time, that bone modulus is graded at the sub-micrometer scale around 

osteocyte lacunae and that this gradation depends on recent osteocyte LCS turnover activity. 

Lacunae with recent turnover activity are surrounded by a region of lower modulus tissue. We 

also show that aging alters some features of perilacunar bone modulus gradation. I am the second 

author of this paper, and my role involved contributing to AFM method development and data 

collection. I was responsible for developing confocal laser scanning microscopy methods, 

collecting data, conducting data analyses, and creating visualizations. I contributed to writing the 

original draft of the paper, reviewing and editing it, as well as responding to reviewers. 
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Chapter 5 reports Study 3- “Contact resonance atomic force microscopy on hydrated 

bone reveals nanometer-scale heterogeneity in energy dissipation that depends on 

proximity to canaliculi”. The purpose of this study was to employ and adapt a liquid CR-AFM 

approach for its first usage on bone to evaluate the viscoelastic properties of hydrated bone tissue 

at the nanometer length-scale. We quantified the tissue's energy dissipation (tan δ) and its 

heterogeneity, both adjacent to osteocyte canaliculi and in bulk bone tissue away from these 

structures in hydrated cortical bone for young adult female C57BL/6JN mice. We demonstrated 

that bone tissue energy dissipation (tan δ) is highly heterogenous in hydrated bone tissue. We 

also showed that tan δ frequently shows spatial patterning near canaliculi. These data necessitate 

an updated understanding to the role of bone material property heterogeneity in bone 

biomechanics as well as the role of local viscoelasticity to osteocyte mechanosensation. 

Moreover, the approach developed in this study is expected to make CR-AFM measurement 

more accessible to bone researchers. 

Chapter 6 provides concluding remarks on my dissertation studies and proposes future 

directions for this research. Collectively, these studies signify that LCS turnover has important 

impacts on bone matrix properties and that aging changes how osteocytes interact with bone 

matrix. The data generated in this thesis will provide novel insights into osteocyte-matrix 

interacts that can hopefully be used by others to help design new therapies that target the 

improvement of bone matrix properties in aging. 
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Abstract 

Osteocytes can resorb as well as replace bone adjacent to the expansive lacunar-

canalicular system (LCS). Suppressed LCS remodeling decreases bone fracture toughness, but it 

is unclear how altered LCS remodeling impacts bone quality. The first goal of this review is to 

assess how LCS remodeling impacts LCS morphology as well as the composition and 

mechanical properties of surrounding bone tissue. The second goal is to compare tools available 

for the assessment of bone quality at length-scales that are physiologically-relevant to LCS 

remodeling. We find that changes to LCS morphology occur in response to a variety of 

physiological conditions and diseases and can be classified in two general phenotypes. In the 

‘aging phenotype’, seen in aging and in some disuse models, the LCS is truncated and osteocytes 

apoptosis is increased. In the ‘osteocytic osteolysis’ phenotype, which is adaptive in some 

physiological settings and possibly maladaptive in others, the LCS enlarges and osteocytes 

generally maintain viability. Bone composition and mechanical properties vary near the 

osteocyte and change with at least some conditions that alter LCS morphology. However, few 

studies have evaluated bone composition and mechanical properties close to the LCS and so the 

impacts of LCS remodeling phenotypes on bone tissue quality are still undetermined. We 

summarize the current understanding of how LCS remodeling impacts LCS morphology, tissue-

scale bone composition and mechanical properties, and whole-bone material properties. Tools are 

compared for assessing tissue-scale bone properties, as well as the resolution, advantages, and 

limitations of these techniques. 
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2.1 Introduction 

Osteocytes are terminally-differentiated osteoblasts that reside in holes in the bone matrix 

termed lacunae. Dendritic processes from the cell wall extend through a network of canaliculi to 

form gap junctions with other osteocytes.249–251 The osteocyte performs many functions, 

including mechanotransduction, coordination of osteoclasts and osteoblasts, and participation in 

systemic mineral homeostasis.249–251 In recent years, the lacunar-canalicular system (LCS) is 

acknowledged to directly participate in bone tissue remodeling. The impact of LCS remodeling 

on bone tissue composition and mechanical properties is potentially very significant. There are 

~42 billion osteocytes in the adult human (>20 years old) skeleton252, with 20-126 canaliculi 

each235,252–255, which together have a surface area of ~215 m2.252 The expansive network of bone 

that can potentially undergo LCS remodeling far exceeds the surface available for remodeling by 

osteoclasts and osteoblasts.256 

The first observations that the osteocyte can modify surrounding bone matrix were made 

more than 50 years ago by Belanger, who reported proteolytic activity in mature osteocytes.257 

The first of many reports of altered LCS remodeling were for osteocytic osteolysis – the 

enlargement of lacunae and canaliculi.257–261 In the last decade, interest in LCS remodeling has 

greatly increased. It is now identified that altered LCS remodeling can also contract, as opposed 

to expand, lacunar and canalicular morphologies.262–266 Several mechanisms are now identified 

for how osteocytes modify their surrounding bone tissue environment. Osteocytes resorb bone by 

acidification267, as well as by production of matrix metalloproteinases259,268–270, cathepsin 

K259,271, and tartrate-resistant acid phosphatase.259,272 Osteocytes can build bone by deposition of 
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new osteoid.259,272,273 Bone resorption and deposition occurs along the osteocyte lacuna as well as 

along dendrites extending into canaliculi.259,274,275 

LCS remodeling has the potential to impact bone tissue maturity, the effective age of a 

packet of bone tissue.276 With time from osteoid deposition, bone tissue undergoes rapid primary 

mineralization (days) and then slower secondary mineralization (months).276,277 Mineral 

characteristics also change with maturity; more mature hydroxyapatite crystals are larger, more 

perfect, and have increased carbonate substitution.278,279 Enzymatic and non-enzymatic collagen 

crosslinks both accumulate in the maturating tissue.280 More mature tissue is compositionally 

less heterogeneous281,282 and has increased microcracks.283 Conventionally, bone tissue maturity 

is considered to result from a balance between osteoblastic deposition and osteoclastic 

resorption.276 Because the osteocyte can both resorb and replace bone, it is possible that tissue 

maturity can be ‘refreshed’ for tissue adjacent to lacunar and canaliculi by more frequent LCS 

remodeling.  

A growing body of knowledge demonstrates that LCS morphologies change in aging, 

unloading, estrogen deficiency and other conditions that lower bone fracture resistance.231,262,264–

266,284–286 Several questions need to be addressed to improve the understanding of the role of the 

LCS in tissue-scale bone quality and whole-bone fracture resistance. First – what is the impact of 

altered LCS remodeling on tissue-scale bone tissue composition and mechanical properties? 

Second – when are changes to LCS remodeling adaptive versus maladaptive from the 

perspective of bone quality maintenance? These questions currently complicate interpreting the 

significance of altered LCS morphologies that occur in many physiological conditions. 
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The purpose of this Review is to summarize current knowledge about the role of the LCS 

and its regulation of bone tissue quality. We consider the current state of knowledge about how 

LCS remodeling affects network morphology, bone tissue composition and mechanical 

properties, and the impacts of these tissue-scale changes to whole-bone material properties. In 

addition, we compare the advantages, limitations, and resolution of tools available to study bone 

quality local to the LCS. Finally, we address current gaps of knowledge to drive future 

directions. 

2.2 The Significance of LCS Remodeling on Bone Quality and 
Fracture Resistance 

2.2.1 Does LCS Remodeling and Perilacunar Bone Quality 
Impact Bone Fracture Resistance? 

Genetic mouse models suggest that reduced LCS remodeling, which is sometimes termed 

perilacunar remodeling (PLR) or perilacunar-canalicular remodeling (PLCR) diminishes bone 

quality and fracture toughness.270,287,288 Mouse models producing a phenotype of decreased LCS 

remodeling concurrent with decreased notched fracture toughness include MMP13-/- 287 and 

DMP1-Cre+/-; TGFβfl/fl 270, both in 2-month old male mice. DMP1-Cre+/-;MMP13fl/fl does not 

reduce bone work to failure from three-point bending in 2-month or 4-month male mice289, 

although this quantification of bone toughness is known to be more variable that notched fracture 

toughness.290 Together, these genetic models implicate the TGFβ pathway in the maintenance of 

bone fracture resistance. The specific reasons why diminished LCS remodeling affects fracture 

resistance in these models are not clear. These models result in reduced perilacunar bone 

resorption or deposition287,289 and also result in smaller lacunar morphology270,289, increased 

nonenzymatic collagen crosslinks287, and decreased flexural and tissue-scale moduli270, all of 
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which have the potential to impact whole-bone fracture resistance. These models are a 

compelling basis for considering that LCS remodeling is important for bone quality, but there 

several important gaps in understanding. First, the relationship between LCS bone remodeling 

and fracture resistance is not clear. For example, it is not reported if conditional knock out mice 

have a positive correlation between LCS remodeling and fracture resistance, and if this 

relationship would also be detected in wild type mice. Second, these deletions occur while the 

skeleton is growing, which may confound the role of the osteocyte in development versus 

maturity in maintaining bone tissue quality. Ultimately, it is not yet understood if LCS 

remodeling is important for maintaining bone quality and fracture resistance in health, as well as 

what would constitute a deleterious alteration to the frequency or extent of this remodeling. As 

reviewed in subsequent sections, LCS network geometries as well as the composition and 

mechanical properties of bone tissue local to the LCS may all change in response to altered 

remodeling (Table 2.1). These changes, in turn, may influence whole-bone mechanics, including 

fracture resistance.  

2.2.2 The Impact of LCS Remodeling on LCS Morphology 

The role of the osteocyte in remodeling bone tissue is currently most studied from the 

perspective of LCS morphology, which is readily assessed using a number of imaging 

techniques. Osteocytes participate in calcium homeostasis, partly through PTHrP stimulation, by 

resorbing bone surrounding lacunae and canaliculi to liberate calcium.267 Osteocyte lacunae and 

canaliculi enlarge for lactating C57Bl/6 and CD1 mice, and then recover after weaning, 

indicating that osteocytes are capable of producing bone matrix.259,275,285 However, the effects of 

lactation on lacunae may depend on the genetic strain of the animals tested. For example, Naval 
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Medical Research Institute (NMRI) mice291 do not undergo lacunar morphological changes with 

lactation. Some of these effects could also relate to litter size, as smaller litter sizes (which occur 

with some strains) produce less calcium demand for the lactating mother.292–294 Exogenous 

parathyroid hormone (PTH) treatment stimulates calcium release and affects lacunar geometries. 

Lacunae enlarge for Wistar rats treated continuously261 or C57Bl/6 mice treated intermittently295 

with PTH (1,34). Intermittently elevated PTH due to exercise may only have a mild effect on 

lacunar morphology in areas that are receiving sufficient baseline mechanical loading, but this 

requires further investigation.232 Lacunar morphologies are also responsive to disruptions in 

phosphate homeostasis. The underlying pathologic conditions in these studies complicates 

interpretations of the involvement of LCS remodeling. For example, osteocyte lacunae are larger 

for mice with x-linked hypophosphatemia than for wild type controls.296 LCS remodeling could 

be altered, but these results could also be related to global differences in phosphate availability 

and bone mineralization. Lacunar morphology appears to be altered in chronic kidney disease 

(CKD), which affects phosphate homeostasis. In humans, iliac crest biopsies from patients with 

high-turnover CKD do not have different lacunar areas from low-turnover CKD, but do have 

increased lacunar number density, perimeter, and porosity. Further, lacunar number density and 

area were positively correlated with serum PTH.297 However, it is important to note that it is not 

yet clear whether changing lacunar morphologies in CKD are a product of altered phosphate 

levels or may instead reflect changes from other features of the disease, including inflammation 

and oxidative stress.  

Lacunar morphologies also change with aging and this appears to be conserved across 

species. 3D measurements reveal that aged mice (24 mo) have less-abundant osteocyte lacunae 
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compared with skeletally-mature young mice (6 mo), and are smaller, rounder, and less-oriented 

(Figure 2.1 and Figure 2.2).262,298 Lacunar number density declines with aging for male262,286 

and female286 mice, which recapitulates the same effect in humans.299–302 Further, an association 

between increased age and decreased lacunar volume and increased lacunar roundness is seen for 

mice at several load-bearing skeletal sites262,284,286 as well as for female humans.303 These effects 

are dependent on sex; female 22 month-old mice have smaller osteocyte cell volume but not 

lacunar volume compared with 5 month-old comparisons, yet males have decreased lacunar 

volume over the same time period.286 The canalicular network also degenerates with aging. 

Canalicular and dendrite numbers each decrease with aging in male and female mice.286 It is 

unclear why aging produces changes to LCS morphology, but the increased osteocyte apoptosis, 

autophagy, and senescence in aging may have roles in these network changes due to the 

accompanying loss of mechanical sensitivity.304–306 

Lacunar morphologies appear to be sensitive to unloading. Common models of disuse 

and the osteocyte include sciatic neurectomy, hindlimb unloading, Botox immobilization, and 

microgravity.264–266,307,308 These studies mostly agree that unloading results in smaller and more 

spherical lacunae and increased osteocyte apoptosis. In a study of 30-week female Sprague 

Dawley rats, sciatic neurectomy at 3 weeks of age reduced both lacunar volume and number 

density.265 Hindlimb unloading of 6 mo old male Sprague Dawley rats for 28 days increased 

osteocyte apoptosis and decreased lacunar number density.266 Additionally, 1 month of 

spaceflight for 23-week old C57Bl/6N male mice also resulted in smaller, more spherical, and 

less-abundant lacunae, as well as increased fraction of empty lacunae.264 However, not all 

unloading studies find this ‘aging’ phenotype. In a study of 14-week old Wistar female rats 
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administered Botox in a hindlimb, osteocyte lacunar size, shape, and density were not affected in 

a 28-week period following injection.307 Spaceflight can also produce an osteocytic osteolysis 

phenotype. Female C57Bl6/mice subjected to 15 days of flight had larger and more elongated 

lacunae in ischial cortical bone, with no evidence of osteocyte death.308 

Exercise does not have a simple relationship with LCS morphology. Aerobic exercise 

causes an increase in PTH to counteract the loss of ionized calcium, which occurs in the first 

couple of minutes of exercise and persists until the end of the bout of exercise.309,310 However, 

aerobic exercise does not clearly increase lacunar size.232 Lacunar area was not significantly 

increased for 16-week old C57Bl/6 mice subjected to 30-min of running for 21 days, although 

the perilacunar bone was significantly less mineralized232. Zebrafish exercised in a swim tunnel 

for 4 weeks had similar lacunar volume and sphericity in vertebral bone compared with non-

exercised controls.311  Importantly, the effect of exercise paradigms that engender high 

mechanical strains (e.g., resistance training, jumping) on LCS has not been tested. Resistance 

training decreases PTH during the exercise and jumping decreases PTH after exercise, which 

may further affect the osteocyte in comparison with aerobic training.312,313 Ultimately, the 

paucity of studies about the effects of loading and unloading on LCS remodeling, as well as 

inconsistent loading/unloading models, species, skeletal site, sex and age of study animals across 

investigations contribute to a persistant gap in understanding about the effects of loading on the 

osteocyte. 

Both estrogen deficiency314 and antiresorptives315 affect osteocyte viability and behavior, 

and so several investigations assessed whether OVX or common osteoporosis treatments also 

affect osteocyte lacunar morphologies. Lane and coworkers found that osteocyte lacunae were 
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~5% larger at 21 days after OVX for 6 month old Swiss-Webster mice compared with sham 

controls.231 Sharma et al found increased lacunar-canalicular porosity and canalicular diameter, 

but no change in lacunar number density for Sprague Dawley rats 6 weeks from OVX versus 

sham controls.233 However, OVX is not always found to influence the LCS. Stern and coworkers 

found that lacunar sizes and number density were not different 8 weeks after OVX, with or 

without sequential osteoporosis treatment, for 6 month Sprague Dawley rats compared with 

sham controls.234 

 
Figure 2.1. Two phenotypes for LCS remodeling.  Compared with healthy reference bone, the 
'aging' phenotype is associated with smaller, more spherical, and fewer lacunae, with higher 
osteocyte apoptosis. The 'osteolytic osteolysis' phenotype is more variable. In all cases, lacunae 
and canaliculi are enlarged. Sometimes lacunae are elongated and surrounded by less-
mineralized bone, while osteocyte viability usually does not decrease. 

Data across physiological models suggest that the osteocyte could have ‘adaptive’ and 

‘maladaptive’ responses to changing physiological conditions (Figure 2.2). The ‘aging’ 

phenotype of smaller and more spherical lacunae, together with increased apoptosis, is likely 

maladaptive. This phenotype appears in aging262,263 and unloading265,266 and sometimes appears 

in spaceflight264 and glucocorticoid therapy.268 It is not clear whether this phenotype emerges 
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because of increased senescence, apoptosis, inflammation, osteocyte metabolic dysfunction, of 

some combination of these events. It is further unclear whether the ‘aging’ phenotype is caused 

by, or instead causes, impaired mechanosensation. A separate phenotype of abundant large and 

elongated lacunae is not clearly adaptive nor maladaptive. Sometimes, this ‘osteocytic osteolysis’ 

phenotype may be adaptive, as for lactation259,275 or PTH treatment.295 Other times, this 

phenotype may be maladaptive. For instance, in high-turnover CKD, lacunar size is positively 

correlated with serum PTH297, and LCS remodeling increases.273 Interestingly, this phenotype is 

generally not associated with apoptosis, indicating a continued active role of the osteocyte 

whether in health or disease. There may be additional adaptive functions of the ‘osteocytic 

osteolysis’ phenotype. From FEA results (reviewed in 1.7), increased lacunar size and decreased 

perilacunar tissue modulus, which often accompanies increased lacunar size, both increase 

perilacunar tissue strain.234,316 It is possible that osteocytes may be able to amplify local bone 

tissue strains, which could sometimes represent an adaptive functionality. Studies that investigate 

LCS geometries together with perilacunar bone composition are needed for better 

contextualizing whether LCS remodeling is adaptive or maladaptive in particular physiological 

conditions. Further, the region of bone investigation should be carefully decided. Lamellar bone 

has fewer but larger and more elongated lacunae, while woven bone has more lacunae which are 

also more spherical and randomly oriented.236 Thus, lacunar morphological differences in 

diseases that increase woven bone formation, such as diabetes and obesity, may be a reflection of 

the differences in bone tissue organization as opposed to an indication of adaptive or maladaptive 

osteocyte response.317,318 
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Figure 2.2. 3D osteocyte lacunar geometries change with age. Compared with 6-month male 
mice (A), lacunae in bones from 24-month male mice (B) are smaller, more spherical, and 
sparser. (reprinted from262) 

2.2.3 The LCS and Bone Mineralization 

The distribution of hydroxyapatite mineral in bone tissue is not homogenous and is 

impacted by proximity to the LCS. Most bone mineral is located within 1.2-1.4 micrometers of a 

canalicula.319,320 Bone mineral quantity appears to be graded within the immediate vicinity of the 

LCS.274,319–321 Hesse et al studied human jaw bone specimens from adult donors (ages 19-72) 

that were healthy or had bisphosphonate-induced osteonecrosis with synchrotron x-ray computed 

tomography.319 Most mineral was located very close (< 0.5 µm) to canaliculi and lacunae, and 

then mineral density decreased radially outwards until reaching asymptotic values. Mineral 

gradients were more profound for healthy patients than for those with osteonecrosis, in which 

case there was less contrast between the high mineralization alongside the LCS walls and the 

mineral-saturated osteonecrotic bone matrix. These data suggest that a larger mineral gradient is 

indicative of recent or continuous remodeling. Another study, by Kerschnitzki and coworkers, 

assessed healthy ovine cortical bone with both CLSM and synchrotron small-angle x-ray 
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scattering and determined that hydroxyapatite mineral platelets were thicker alongside the 

LCS.320 Minerals were larger and more oriented in regions with denser lacunae and canaliculi. 

Also in support of higher mineral adjacent to lacunae, Gardinier et al found that the first 2.5 µm-

thick concentric ring away from the lacunar wall in male control C57Bl/6 mice had higher 

backscattered scanning electron microscopy (BSEM) grey level and thus mineralization when 

compared with bone further from the lacuna.232  

Not all studies agree that mineral density is greatest at the LCS boundary. Nango and 

coworkers, using synchrotron x-ray CT and also transmission electron microscopy (TEM), found 

the opposite effect in terms of mineral graduation and distance from canaliculi.274 These authors 

studied healthy adult C57Bl/6 mice, as well as mice that were lactating, receiving PTH 

treatment, or osteopetrotic. In all conditions studied, mineral density was lowest in the hundreds 

of nanometers alongside the canalicular wall and gradually increased within the first 2 

micrometers. Similar mineralization gradients were found around lacunae, including some with 

higher mineralization local to the lacuna wall. In agreement with these findings, Kaya et al 

reported that bone mineralization assessed by backscattered electron microscopy was decreased 

near canaliculi for both lactating and control mice.275 Importantly, the tissue age for lacunae and 

canaliculi with these different mineralization profiles is not determined. It is possible that high- 

or low-mineralization adjacent to the LCS is an indicator of tissue maturation (i.e., lower 

mineralization indicates recent remodeling) but this idea requires investigation.  

Comparisons of mineralization between bone adjacent and farther away from the LCS are 

probably dependent on the choice of technique. For example, while BSEM, synchrotron x-ray 

CT, and TEM find mineral gradients near the LCS in healthy bone232,274,275,319,320, Raman 
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spectroscopy studies often do not find differences in mineralization between perilacunar and 

non-perilacunar bone except for extreme osteocyte osteolysis phenotypes.231,232,295,322 Part of this 

discrepancy might be that most Raman spectroscopy studies have termed the first 5 µm line of 

bone extending from the lacunar wall the ‘perilacunar’ region232,295,322, while high-resolution 

imaging demonstrates that most of the mineral gradient exists within the first micrometer from 

the LCS.274,319,320 Indeed, Gardinier et al found no difference in mineral:matrix or 

carbonate:phosphate between perilacunar and non-perilacunar bone in sedentary controls (not 

treated with PTH) rats for the same study that found higher mineral in the first 2.5 µm near 

lacunae using BSEM.232 

The LCS may also participate in the process of bone tissue mineralization. Finite element 

modeling of bone primary and secondary mineralization demonstrates that diffusion alone cannot 

account for the amount of calcium transported from a Haversian canal surface to mineralizing 

bone tissue.277 Some experimental data supports the concept of the LCS participating in bone 

mineralization. In a study of rhodamine-stained femur sections from female adults and children, 

mineral density measured from quantitative backscattered electron imaging (qBEI) was increased 

in osteons with greater canalicular network length.323 However, whether the LCS has passive or 

active roles in bone mineralization is yet to be determined.  

2.2.4 The Impact of Altered LCS Remodeling on Bone 
Composition  

Altered LCS remodeling may affect either bone mineral content, mineral maturity, or 

both. Not surprisingly, conditions associated with calcium homeostasis and the ‘osteocytic 

osteolysis’ lacunar phenotype can produce lower mineralization near the LCS.231,274,275 When 

glucocorticoid treatment produces this phenotype, profound hypomineralization halos are 
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detected in 25 µm-radius regions surrounding lacunae.231 PTH(1,34) treatment of young adult 

male C57Bl/6J mice increases lacunar area and decreases bone mineralization in the first 5 µm of 

perilacunar bone compared with bone farther away.295Exercise does not significantly increase 

lacunar size, but does decrease mineral:matrix from Raman spectroscopy in the first 5 µm of 

perilacunar bone compared with sedentary mice.232 Interestingly, while the expansion of lacunae 

and canaliculi during lactation inherently imply mineral resorption, changes to peri-LCS bone 

tissue mineralization in lactation are not greater than for non-lactating controls.274,275 Thus, 

osteocytic osteolysis is not necessarily associated with detectable differences in bone 

mineralization near the LCS. 

In some cases, altered mineral maturity is observed for the ‘osteocytic osteolysis’ 

phenotype. Differences were not detected in Raman spectroscopy mineral:matrix or BSEM 

mineralization for lactating, 1-week post weaning, and control C57Bl/6 mice, but a decrease in 

carbonate:phosphate was detected for lactating mice when compared with controls.275 These 

measurements were not collected for bone immediately adjacent to the LCS but were instead 

collected away from periosteal and endocortical forming surfaces, suggested that this change in 

bone composition were nonetheless the result of altered LCS remodeling. After 21 days of 

exercise for male C57Bl/6 mice, perilacunar bone (first 5 µm from lacunar wall) had lower 

mineral:matrix and higher carbonate:phosphate than sedentary controls.232 PTH(1,34) treatment, 

meanwhile, decreased carbonate:phosphate in male C57Bl/6 mice.295 Changes in mineral 

maturity may have a different meaning for LCS remodeling than changes in mineralization. 

Decreased carbonate:phosphate indicates lower average mineral maturity, and thus this may 

indicate that bone replacement is relatively frequent.279,324 Alternatively, lower 
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carbonate:phosphate may indicate recent bone resorption, as hydroxyapatite with higher 

carbonate substitution may dissolve first.275,324 

To our knowledge, bone tissue composition has not been studied around lacunae or 

canaliculi in aging or in disease models that produce the ‘aging’ phenotype of LCS remodeling. 

However, infilling of osteocyte lacunae with dense mineral is noted to occur in studies of aged 

human bone.299 The lack of compositional data corresponding to this phenotype of altered LCS 

remodeling represents a major gap in knowledge that may yield insights into maintenance of 

skeletal fracture resistance through the lifespan.  

2.2.5 The Impact of LCS Remodeling on Bone Tissue 
Mechanical Properties   

Bone mechanical properties vary surrounding the LCS (Figure 2.3). Zhang and 

colleagues325 used nanoindentation and atomic force microscopy (AFM) to map moduli for 

lacunae and canaliculi for 4-month old female Wistar rats. Moduli were lower and more variable 

for 1-5 µm thick non-concentric regions adjacent to lacunae. The modulus of peri-canalicular 

bone was also lower adjacent to canaliculi, although the modulus increased with distance down 

the canaliculi, away from the lacunar wall. For some studies, modulus appears to vary more than 

bone tissue composition with distance from the LCS. Stern and coworkers234 studied sham or 

OVX rats treated with various sequences of osteoporosis drugs or vehicle. Six-linear profiles 

extending 20 µm (1 µm spacing) were placed for each studied lacuna. For sham rats, the 

modulus of bone in the first 5 µm away from the lacunar wall was ~13% lower than the modulus 

of bone 16-20 µm from the lacuna. The decrease in modulus for perilacunar from non-

perilacunar bone was less with OVX (~6%) and varied for OVX-treatment groups (3-11%). In a 

later study, Taylor et al studied the same bone samples, but different individual lacunae, and 
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collected 20-µm linear profiles (1 µm spacing) using Raman spectroscopy.322 For data pooled 

across all groups, there were small (≤ |2|%) but significant increases in mineral:matrix and 

collagen maturity and decreases in crystallinity and carbonate:phosphate for perilacunar 

compared with non-perilacunar bone. There may be several reasons for the greater changes in 

modulus, as opposed to tissue composition, for perilacunar versus non-perilacunar bone. 

Nanoindentation modulus of bone is affected by mineral content and mineral/matrix maturity but 

also the nanoporosity and organization of the bone tissue composite.326,327 

The ‘osteocytic osteolysis’ phenotype is sometimes associated with a larger region of 

lower bone modulus near the LCS. Lane and coworkers found that glucocorticoid treatment 

lowered nanoindentation modulus by ~40% in the hypomineralization ‘halos’.231 Kaya et al 

found that modulus from microindentation was 10-13% lower, depending on cortical location, 

for lactating versus control mice.275 The authors attributed the variation in modulus to increased 

microporosity in lactation as opposed to changes in mineralization. Importantly, 

microindentation creates much larger indents than nanoindentation, and thus averages bone 

material properties over a larger volume. Differences in perilacunar bone mechanical properties 

for the ‘aging’ phenotype are not yet determined. 

The mechanical properties of bone tissue near the LCS may impact whole-bone material 

properties. Stern et al234 found that ultimate stress, work to failure, yield stress, and elastic 

modulus of the whole bone were modestly but significantly negatively correlated to the elastic 

modulus of perilacunar bone, but not non-perilacunar bone matrix, for OVX rats receiving 

sequential osteoporosis treatments. Importantly, it is not known if these treatments affected LCS 

remodeling activity or osteocyte viability. The heterogeneity of bone near osteocytes could also 
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impact whole-bone fracture resistance. Tai and colleagues, using nanoscale bone mechanical 

property maps collected from AFM as inputs to FE models, proposed that bone’s nanoscale 

heterogeneity allows for energy dissipation and could inhibit crack propagation.328 In support of 

these ideas, the AFM study from Zhang and coworkers325 found that the mechanical 

heterogeneity and also average dissipated energy were both higher in perilacunar and 

pericanalicular bone compared with bone farther away. However, the influence of LCS 

remodeling frequency and peri-LCS material properties on whole-bone fracture resistance is not 

yet determined. 

2.2.6 Influence of Altered LCS Remodeling on Strain 
Experienced by the Osteocyte  

Changes to lacunar morphologies may influence the applied mechanical strain to the 

osteocyte environment. McCreadie et al performed a finite element (FE) analysis on two 

different-shaped lacunae with 12.0 mm×6.8 mm×5.8 mm and 17.4 mm×4.8 mm×3.8 mm 

dimensions for an applied triaxial strain resembling a physiological load in trabeculae.329 The 

lacuna with greater aspect ratio experienced higher maximum principal strains along the lacunae 

major axis. These strains (up to about 10,000 µstain along the perilacunar bone major axis, but 

less than 2000 µstain for the osteocyte) would be classified as ‘overload’ from in vivo movement 

studies, demonstrating that the osteocyte may experience very different loading than the overall 

bone tissue environment.330 In a different study, an FE model of an ellipsoid osteocyte 

lacuna interconnected with cylindrical channels representing groups of canaliculi was developed 

to examine how the dimensions of lacunar axes impact surrounding tissue strains.331 A 

compressive load representative of walking was applied to a simulated whole femur. When the 

major lacunar axis increased from 10 µm to 20 µm, a 3.50% increase of the maximum 
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compressive strain (~10,000 µstrain) was found at sites where these canaliculi meet the lacuna. 

In this study, the anisotropy ratio and dimensions of canaliculi remained constant between 

models. Prendergast and coworkers reported that lacunae perpendicular to a tensile load 

experienced greater strain than those parallel to the load.332 Taken together, these studies imply 

that lacunar size and shape may affect mechanical sensitivity because of higher received strains 

at the osteocyte. Further, applying loads from a novel direction could induce greater bone 

adaptation because of the higher strains engendered. 

 The contrast between perilacunar and non-perilacunar bone moduli may also influence 

strains experienced by the osteocyte, separately from the effects of changing lacunar size. Stern 

et al measured perilacunar and non-perilacunar bone moduli for OVX mice treated with various 

sequences of osteoporosis treatments or sham controls, and then utilized FEA to assess the 

impact of perilacunar modulus on lacunar strain.234 The highest strains were found for sham 

mice, which also had the highest contrast between perilacunar and bone matrix moduli. In 

another study, Bonivtch (Stern) and coworkers316 used an FE model with variations in 

canalicular diameter, perilacunar modulus, and size of the perilacunar zone. They found that a 

lower perilacunar tissue modulus and increased canalicular diameter both increased strain at the 

canalicular-lacunar insertion. For a decrease in perilacunar modulus of 15% and 40% (taken as 

examples from the study’s modulus-strain curves), the tissue strain increased by ~5% and ~15%, 

respectively. These relationships were independent of the size of the perilacunar zone and 

minimally influenced by the canalicular diameter. Changes in perilacunar tissue strains may 

affect how osteocytes sense their external environment and regulate the activities of osteoblasts 

and osteoclasts.249,251,333 Taken together, these FE models suggest that lacunar size, shape, and 
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orientation have modest influence on the strain experienced by osteocytes and that perilacunar 

modulus may have a greater impact. Changes to osteocyte strain would be expected to affect 

osteocyte mechanosensitivity and the coordination of osteoblasts and osteoclasts.334 
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Table 2.1. LCS properties with different physiological and disease conditions 
Physiological 

condition 

Experimental 

model and skeletal 

sites 

Changes to 

osteocyte 

viability 

Changes to LCS 

morphology 

Peri-LCS tissue 

composition & 

mineralization 

Peri-LCS 

mechanical 

properties 

Mineral homeostasis 

Lactation C57Bl/6 mice 
14-20 week females275, 
midshaft femur. 

 
3-5 month females285, 
fibula. 

 Lactation vs control or 
1 week post weaning 
↑ lacunar area275 

 
Lactation vs virgin 
control 
↑ lacunar volume285 

 
 

Lactation vs control or 1 
week post weaning 
↓ carbonate:phosphate 
ratio275 
No changes in 
mineral:matrix ratio275 

Lactation vs 
control  
↓ elastic 
modulus for 
bone tissue 
with greater 
canalicular 
density275 

CD1 mice9 
12 weeks before 
pregancy and weaning, 
multiple skeletal sites. 

 Lactation vs control or 
1 week post weaning 

 
↑ lacunar area for 
cortical and trabecular 
tibiae, cortical lumbar 
vertebrae, but not 
calvaria 

  

NMRI mice291 
10-19 week females, 
cortical tibia. 

 Lactation vs control or 
28 days post weaning 

 
No changes in lacunar 
area 

  

PTH Wistar rats261 
8 months of age (sex not 
stated) 

 PTH(1,34)-treated 
continuously vs 
vehicle: 
↑ lacunar area 
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4 week PTH treatment. 
Cortical tibia. 
C57Bl/6J mice295  
16 week males 
3 week treatment, 
cortical tibia 

 Intermittent PTH(1,34) 
treatment vs saline 
vehicle: 

 
↑ lacunar area 

Perilacunar vs. non-
lacunar region 
PTH(1,34)-treated 
groups: 
↓ mineral:matrix ratio 

 
 

 

X-linked 
hypophosphatemia 

C57BL/6J mice296 
75 day females and 
males, cortical tibia 

 

 Hyp vs WT: 
 

↑ lacunar volume, 
surface area, lacunar 
number density 
↓ canalicular number 
density and branching 

  

Chronic kidney 
disease (CKD) 

Human iliac crest297 
Men and women, mean 
age 56 

 High turnover vs low 
turnover CKD: 

 
No changes in lacunar 
area. 

 
↑ Lacunar number 
density, lacunar 
perimeter, lacunar 
porosity. 

 
 

  

Bisphosphonate and glucocorticoid treatments 

Bisphosphonate-
related osteonecrosis 
(BRONJ) 

Human jawbone319 
BRONJ or healthy 
controls; females and 
male adults. 

 

  BRONJ vs controls: 
↓ mineral gradient from 
LCS wall to adjacent 
bone tissue. 
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Glucocorticoid 
treatment (GC) 

Swiss‐Webster 
mice231 
6 month males 
21 days of prednisolone 
treatment or placebo. 
Lumbar vertebra. 

GC treatment vs 
placebo: 
↑ osteocyte 
apoptosis 

GC treatment vs 
placebo: 

 
↑ lacunar area 

GC treatment, 
perilacunar vs non-
perilacunar bone: 

 
↓ mineral:matrix ratio 

 

GC treatment, 
perilacunar vs 
non-
perilacunar 
bone: 

 
↓ elastic 
modulus 

Sex hormones and osteoporosis 

Ovariectomy (OVX) Swiss‐Webster 
mice231 
6 month females, 21 days 
post OVX or Sham 
surgeries. Lumbar 
vertebra. 

 

OVX vs Sham: 
No difference in 
osteocyte 
apoptosis 

OVX vs Sham: 
 

↑ lacunar area 
 
 
 
 

OVX vs Sham treatment, 
perilacunar vs non-
perilacunar bone 

 
No changes in 
mineral:matrix ratio 

OVX vs Sham 
treatment, 
perilacunar vs 
non-
perilacunar 
bone 

 
No changes in 
elastic 
modulus 

 
 

Sprague-Dawley 
rats233 
20 week females 
6 weeks post-OVX or 
Sham surgeries. 
Proximal tibia. 

 

 
 

OVX vs Sham: 
 

↑lacunar-canalicular 
porosity and 
canalicular volume at 
metaphysis. No 
changes in lacunar 
volume or lacunar 
number density.  

 

  

Sprague-Dawley rats 
6 month females 
8 week post-OVX 
270 days of different 
sequences of 

 OVX & OVX-treatment 
groups vs Sham: 

 

Perilacunar vs non-
lacunar regions for 
pooled samples across 
groups: 

Perilacunar 
vs. non-
lacunar 
regions for 
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osteoporosis 
treatments234,322Cortical 
tibia. 

 

No difference in 
lacunar size or lacunar 
number density234 

↓ carbonate:phosphate 
ratio  
↑ mineral:matrix ratio 
↑ collagen maturity 
↓ crystallinity322 

pooled 
samples: 
↓ elastic 
modulus234 

 
OVX & OVX-
treatment 
groups vs 
sham: 
↓ elastic 
modulus 
contrast for 
perilacunar vs 
non-
perilacunar 
region234 

Unloading 
Sciatic neurectomy Sprague Dawley 

rats265 
30 week  females; sciatic 
neurectomy at 3 weeks. 
Cortical tibia. 

 Sciatic neurectomy vs 
control: 
↓ lacunar volume  
↓ lacunar number 
density 

  

Hindlimb unloading Sprague Dawley 
rats266 
28 week males 
HLU via tail suspension 
for 28 days. Distal 
femur. 

HLU vs control: 
↑ osteocyte 
apoptosis 
↓ occupied 
lacunae 

HLU vs control: 
↓ lacunar number 
density 

  

Spaceflight C57Bl/6N mice264 
23 week males 
1 month of flight, 
cortical femur. 

Flight vs control: 
↑ fraction of 
empty lacunae 

 

Flight vs control: 
↓ lacunar volume:total 
volume (medial zone 
only) 
↓ lacunar volume 
(posterior zone only) 
↑ sphericity of lacunae 
(posterior zone only) 
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C57Bl/6 mice308 
16 week females 
15 days of flight, ischia 

Flight vs control: 
No changes in 
empty lacunae 

Flight vs control: 
↑ lacunar area and 
perimeter 
↓ sphericity of lacunae 
↑ canalicular diameter 
No changes in lacunar 
number density 

 

  

Botox Wistar rats307 
14 week females, 28 
week period post-
injection, cortical femur. 

 Botox vs contralateral 
or external control: 
No changes in lacunar 
size or number density 
over 28 weeks post-
injection 

  

Exercise 
Aerobic exercise C57Bl/6 mice232 

16 week males 
30 min of running for 21 
days, cortical tibia. 

 No changes in lacunar 
area 

Perilacunar vs. non-
lacunar region in 
exercise group: 
↑ carbonate:phosphate 
ratio  
↓ mineral:matrix ratio 

 

 Zebrafish311 
4.5 month old 
4 weeks of exercise in a 
swim tunnel. Vertebrae. 

 No changes in lacunar 
volume and sphericity 

  

Aging 
Mouse models C57Bl/6 mice286 

5, 22-23 month females 
and males. Cortical 
femur. 

With increase in 
age: 
↓ osteocyte cell 
volume 
↓ fraction of 
empty lacunae in 
females  

With increase in age: 
↓ lacunar volume in 
distal but not midshaft 
femur, in males  
↓ lacunar number 
density 
↓ canalicular and 
dendrite number 

  

C57Bl/6 mice262,298  With increase in age: 
↓ lacunar area and 
volume  
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6, 18, 24 month males.  
Cortical tibia. 

↓ lacunar number 
density  
↑ sphericity of lacunae 

C57BL/6JRccHsd 
mice284 
5, 23 month females. 
Fibula. 

 With increase in age: 
↓ lacunar volume  
↑ sphericity of lacunae 

 

  

Human models  Human cortical 
femur299 
10-90 year old females 
and males.  

 With increase in age: 
↓ lacunar number 
density 

With increase in age: 
↑ number of highly 
mineralized lacunae 

 

Human cortical 
femur300 

16-73 years. 
Females and males. 
Cortical femur. 

 With increase in age: 
↓ lacunar number 
density 

  

Human iliac crest 
bone301 
Females and males, 
mean age 57 years 

For >55 years 
years vs <55 
years 
↓ Osteocyte 
number density 

 
No changes in 
fraction of empty 
lacunae 

For >55 years vs <55 
years 
↓ lacunar number 
density 

 
 

No change in lacunar 
area 

  

Human iliac crest 
bone302 
19-97 year old females 
and males 

 With increase in age: 
No changes in lacunar 
volume 
↓ lacunar number 
density 

  

Human femur cortical 
bone303 
20-86  year females 

 With increase in age: 
↓ lacunar volume 
↓ sphericity of lacunae 
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2.3 Choosing Tools to Study LCS Bone Quality 

The focus of this section is on techniques with microscale or sub-microscale resolution 

appropriate for resolve changes to bone tissue local to the LCS (Table 2.2). Tools that require 

synchrotron radiation, which delivers high-resolution imaging of bone structure and 

mineralization 274,307,319,335 but is limited to very few researchers, are reviewed briefly here and 

thoroughly elsewhere.336–339 

2.3.1 Chemistry and Composition 

In Raman spectroscopy, molecules within the specimen are excited by the incident 

monochromatic laser light. While the majority of photons elastically scatter from the sample and 

return to the detector with no change in energy, a small fraction of the light (~1 in 107 photons) 

inelastically scatters off of the sample and either gains or loses energy.340 The wavelength 

differences between the scattered and incident light correspond with specific molecular 

vibrations, leading to characteristic frequency shifts in the Raman spectrum.341 Raman 

spectroscopy is appropriate for the surface analysis of bulk samples and thus does not require 

preparing transparent sections. 

Raman spectroscopy produces a bone ‘signature’ that can be studied for characteristics of 

bone mineral, collagen, and noncollagenous proteins. The bone mineral phase is primarily 

monitored through phosphate vibrations, including symmetric stretching of the phosphate to 

oxygen (P-O) bonds (v1 PO4), doubly degenerate O-P-O bending (v2 PO4), asymmetric P-O 

stretching (v3 PO4), and triply degenerate O-P-O bending (v1 PO4). Meanwhile, carbonate is 

present within the hydroxyapatite lattice as substitutions, including A type (carbonate substitution 
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in hydroxide site) and B type (carbonate substitution in phosphate sites). 324,341–343 The carbonate 

measured at ~1070 cm-1 by Raman spectroscopy is B-type.324 Collagen is monitored through 

amide I, amide II and amide III bands, as well as proline, hydroxyproline, and phenylalanine. 

The CH2 band is associated with collagen side chains but also noncollagenous proteins. 341–343 

Raman measurements are usually provided in peak ratios, due to the sensitivity of the 

technique to surface roughness and height. Mineral to matrix ratio is assessed from ratios of the 

phosphate and collagen bands. While the v1PO4 and amide I bands have the greatest signal 

intensity, these bands have a major polarization mismatch and thus their relative intensities 

depend on sample orientation.344 Several other ratios, including v1PO4:proline and v2 PO4:amide 

III have minimal polarization sensitivity and are often better choices.344,345 The degree of 

carbonate substitution is usually measured as carbonate to  v1PO4 ratio.341 Crystallinity, shown to 

correlate with the mineral c-axis length from XRD, is measured as the inverse of the full-width at 

half maximum intensity of the v1PO4 band.346 Each of these ratios can be measured from 

intensities or areas, for hydrated and dehydrated specimens. It is typical to subtract the 

contributions of embedding media (e.g., PMMA) from Raman spectra, and various protocols 

exist to subtract background fluorescence.341–343 

Raman spectroscopy achieves microscale lateral and depth resolution. The depth 

resolution is a function of sample refractive index, incident wavelength, and microscope 

numerical aperture. A relationship between depth resolution and these parameters was estimated 

by Juang et al347 as in Equation 1: 

∆𝑧𝑧 = ± 4.4𝜆𝜆𝜆𝜆
2𝜋𝜋(𝑁𝑁𝑁𝑁)2

   Equation 1 
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Where ∆𝑧𝑧 is the depth of focus that measures the tolerance of placement of the image plane in 

relation to the lens, NA is the numerical aperture of the objective lens, n is the refractive index of 

the immersion medium, and 𝜆𝜆 is the wavelength of the light. For a NA of 0.75, a wavelength of 

785 nm, and an estimated refractive index of bone tissue set to 1.56, the estimated depth for bone 

would be around 1.5 µm.348,349  The lateral resolution for Raman microscopy is given by 

Equation 2:344 

∆𝑥𝑥 = 0.61𝜆𝜆(𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙)
𝑁𝑁𝑁𝑁

   Equation 2 

where ∆𝑥𝑥 is the radius of lateral resolution. For a NA of 0.75 and a wavelength of 785 nm, the 

estimated lateral resolution for bone would be ~0.6 µm. Both lateral and depth estimates 

represent ‘best case resolutions’ which are, in reality, greater because of sample roughness. 

Raman spectroscopy has appropriate resolution to detect tissue maturation in the days to 

weeks after osteoid deposition in cortical rat bone.278 Thus, it is compelling to consider how 

Raman spectroscopy can also yield information about the tissue maturity local to the LCS. 

However, several challenges limit this approach. First, tissue remodeling may be limited to the 

first micrometer from a lacuna, which competes with the resolution limit of this technique.341,342 

Next, while mineral:matrix ratio would be expected to change with tissue maturation, 

simultaneous changes to both the mineral and collagen phases local to the LCS can reduce the 

‘signal’ of this biological effect (i.e., ratio stays close to constant despite changing numerator and 

denominator).  

In Fourier transform infrared spectroscopy measurement of bone, transmitted light 

excites the bond vibrations of bone tissue. The characteristic wavelength of these excited 

vibrations corresponds to the IR absorption peaks. It is required to study thin (2–5 µm) 
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transparent sections. Common outcomes include mineral to matrix ratio, carbonate to phosphate 

ratio, crystallinity (mineral size and perfection), and collagen crosslinking maturity. However, 

the lateral resolution of FTIR is 6-10 µm, which competes with the spatial dimensions of lacunae 

themselves.343,350–352 For this reason, FTIR may be appropriate for surveying compositional 

properties of bone matrix as influenced by changes in LCS networks but is less appropriate for 

ascertaining gradients in bone composition local to individual features of these networks. 

In scanning electron microscopy, incident electrons interact with the bone sample surface 

to acquire either morphological or compositional images. Several types of imaging are available, 

probing different interactions between the incident electrons and the sample surface and 

delivering height and/or compositional data at a range of spatial resolutions spanning many 

orders of magnitude.  

Secondary electrons (SE) are generated when the incident electron beam interacts with 

and ejects weakly bound valence or conduction-band electrons in the sample due to inelastic 

scattering.353 SE electrons have low kinetic energy, which is reduced further through energy loss 

while traveling through the material. Thus, secondary electrons that reach the detector are 

generated from the top few nanometers from the surface of the bone tissue. SE imaging yields 

topographic contrast to reveal morphologic features that can be used for measuring two-

dimensional, nanoscale geometric information about the LCS, but not about bone mineral or 

matrix density. The finely focused beam produces excellent depth of field which provides for 3D 

representation of the imaged object. Secondary mode SEM can be complemented with acid 

etching to reveal canalicular attachments to osteocytes.234,235,259  
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Backscattered scanning electron microscopy (BSEM) provides compositional contrast, 

where mean atomic number elements are more efficient at generating backscattered electrons and 

thus appear brighter.353 The backscatter coefficient, η, is the proportion of the incident electrons 

that return to the sample detector. The backscatter coefficient increases nonlinearly with 

increasing atomic number, Z, as described by Arnal et al354,355 (Equation 3): 

𝜂𝜂 = 2
−9
√𝑍𝑍   Equation 3 

When measurement conditions are the same, a linear relationship is expected between 

grey level and backscattered coefficient356, thus measured grey level from BSEM can be related 

to the effective Z for the bone tissue composite.   

BSEM, when used qualitatively, provides definition between bone matrix and void 

spaces. Quantitative BSEM, usually referred to as either quantitative backscattered electron 

imaging (qBEI) or quantitative backscattered scanning electron microscopy (qBSE), delivers 

bone compositional data and is performed with the use of calibration materials. Reference 

standards of carbon and aluminum bracket the typical Z range of bone (9-13)357 and are typically 

used to calibrate the sample grey levels.282,323,358 Other reference standards, such as custom-made 

lithium borosilicate glasses, are less frequently used but can closely bracket the expected 

elemental density range of bone.356,359 

qBEI and qBSE employ somewhat different approaches for measuring bone composition. 

In qBEI, the grey level of the sample as well as calibration standards are measured. Through 

setting the carbon and aluminum standards at specific grey levels (i.e., 25 and 225, respectively, 

for 8-bit images) the grey level of calibrated sample images can be related to weight percent 

calcium, where each grey level step represents an increase of 0.17% calcium.323,358 A histogram 
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of calcium weight percentages is generated from non-black pixels (which after calibration 

represent plastic or voids). The weighted average of this histogram is CaMean. CaPeak is measured 

at the peak position of the histogram, the most frequently occurring value. CaWidth is the full 

width at half maximum height of the histogram and represents heterogeneity of mineral 

content.276,282,323,345,358,360,361 This method assumes that variation in grey level intensity is solely 

due to variation in calcium content and not other elements. The calcium weight percent measured 

from qBEI was found to have a strong correlation with v2PO4:amide III from Raman 

spectroscopy in human osteons.345 Good correspondence is also seen with calcium weight 

percent measured from SEM-EDS.358 Meanwhile, in qBSE, the calibrated grey levels are related 

to a mineral volume fraction.327,356,359,362,363 This mineral volume fraction is based on treating 

bone like a two-phase composite with organic and mineral phases of with given densities.356 

Several considerations are important when using qBEI/qBSE for measurement of LCS 

bone tissue mineralization and quality. These techniques are able to monitor weight percentage 

of calcium, and thus provide an indication of tissue mineralization, but cannot measure collagen 

quantity or quality. qBEI/qBSE are also sensitive to a number of features that can affect the 

proportion of backscattered electrons arriving at the detector, including sample roughness, probe 

current and gain, and working distance, and thus care is required to assure low variance within 

and between imaging sessions. BSEM generally involves accelerating voltages of at least 10 kV 

(15-30 kV are common). As accelerating voltage decreases, charging effects increase as electrons 

concentrate near the sample surface. At very low accelerating voltages (< 2 kV), the relationship 

between atomic number and backscattered coefficient breaks down and the influence of the 

coatings and surface contamination on the backscattered coefficient can be problematic.364,365 
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BSEM generally requires that nonconductive samples, such as bone, have a conductive coating 

(usually carbon). The resolution of BSEM depends on accelerating voltage. From Monte Carlo 

simulations, the most common interaction depth and radius of collectable BSEs for bone are ~0.5 

and 1 µm at 15 kV and ~1 and 1.5 µm at 20 kV.366 Thus, BSEM techniques, while having several 

advantages, do not have the required resolution for all questions involving bone composition 

local to the LCS. 

Electron dispersive spectroscopy is a technique that can generate spot (~1 micron) 

elemental analyses or 2D elemental maps of sample surfaces by detecting characteristic 

secondary X-rays produced in the particle-beam interaction. When an incident electron interacts 

with an atom, a core electron is ejected and an outer electron fills the vacancy, releasing an x-ray 

with a wavelength that is proportional to the energy difference between the orbitals for that 

element. These x-rays occur at specific energy levels for each element; as a large number of 

atoms interact with the beam within the excitation volume, a spectrum of characteristic peaks is 

generated that that can serve to identify the elemental composition of the material.353,367  The 

elemental resolution depends on the detector. Beryllium windows, which are now antiquated, 

cannot detect elements below sodium. Ultrathin polymer windows can detect lighter elements 

(including C, N, and O). However, detection efficiency is still low, as it is more difficult to ionize 

atoms for light elements. Modern silicon drift detectors, which do not require a window, offer 

improved detection of light elements.368 SEM-EDS can deliver qualitative elemental maps or 

semi-quantitative measurement for spot analyses. Reliable semi-quantitative measurement 

requires studying flat samples with low surface roughness (i.e., well-polished), and are improved 

through studying elemental reference standards with the same beam conditions.367 
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SEM-EDS has sometimes been used in bone research to study Ca/P ratios, where higher 

ratios may be associated with more mature bone.235,369 SEM-EDS could be employed for 

elemental mapping of the LCS, but several considerations are important. First, while 

hydroxyapatite mineral would be readily mapped through monitoring calcium or phosphorus 

peaks, the ability to monitor the organic phase of bone depends on the instrument’s detector and 

window. For systems capable of reliably monitoring light elements, nitrogen may be a better 

choice to monitor collagen than carbon. This is because carbon is present in hydroxyapatite, 

embedding materials, and surface contaminants. Second, because bone is insulating, a 

conductive coating is required. Third, SEM-EDS detectors are usually mounted at an angle. In 

the authors’ experience, it is possible to observe ‘shadowing’ where the surface of a lacuna closer 

to the detector appears richer in the element of interest than the far surface. Rotating the sample 

and scanning the same area again can confirm whether or not this effect is happening. The lateral 

and depth resolution of SEM-EDS depends on accelerating voltage and material analyzed. From 

a Monte Carlo simulation performed by the authors of this Review using NIST DTSA II at 15 

kV, x-ray emissions for calcium are generated within a volume with radius and depth dimension 

of ~2.5 µm each. For nitrogen, this volume has lateral radius of about ~2 µm and a depth of ~1 

µm.370 Thus, while SEM-EDS may be able to monitor density of both mineral and collagen 

matrix, it still may not be sensitive to bone compositional changes, especially for mineral, 

immediately adjacent to the LCS. 

Auger electron spectroscopy (AES) is a technique commonly used in analytical surface 

characterization, but not yet commonly applied to mineralized tissues. When incident electrons 

interact with atoms, a core electron is ejected, and an outer electron fills the vacancy. The excess 
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energy of this transition can be emitted as an x-ray (see SEM-EDS) or can be transferred to an 

outer electron, which is then emitted from the atom (i.e., Auger emission). While the sum 

electron yield of these two processes is unity, they do not have the same probability. Auger 

emission dominates for light elements, while the emission of x-rays increases with atomic 

number. While atomic ionization can happen beyond a micrometer of depth, Auger electrons 

have relatively low energy and thus their mean free paths are small. Thus, AES is limited to the 

first few nanometers of depth from the surface.371  

AES is able to characterize elements characteristic of either bone mineral or matrix. The 

kinetic energy of the Auger emission is characteristic of the emitting atom. Because AES is a 

three-electron process, it is not able to identify H or He, but can identify all heavier elements. 

The AES detector is generally mounted coaxial to the electron beam, eliminating the shadowing 

effects that can interfere with SEM-EDS of the LCS (note: such detector geometries are available 

but uncommon for EDS detectors). As with other SEM techniques, AES can be used to inventory 

elements present on a material surface in survey mode,  it is possible for rastering scans to 

produce compositional maps of surfaces on a sub-micron scale, and ion beam sputtering 

procedures can be used to obtain compositional depth profiles into a material. Because Auger 

peaks are relatively small compared to background energy, it is common to analyze the first 

derivative of the spectra in order to identify elemental peaks, and published sensitivity factors 

can be used to determine sample surface composition.371,372 

Several considerations need to be maintained for AES analysis of bone. First, because 

ultrahigh vacuum (10-9 torr) is required, PMMA or other off-gassing resins should be avoided, 

even if the resins are acceptable in conventional SEM techniques. Next, the sample should be 
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thoroughly dehydrated. Third, insulating materials are challenging when using AES. Conductive 

coatings are not permissible because of the low interaction depth of the technique (i.e., the signal 

would only represent the coating). A number of strategies exist for studying insulating samples. 

These include tilting the sample, lowering the beam energy or current, neutralizing the surface 

with noble gas ions, or mounting thin sections on a conductive sample holder.371 Another strategy 

is to coat the sample surface with a metal coating and either mask an area of interest or sputter 

off the coating with argon, or another inert gas, for a specific a region of interest. This same 

technique can be used to mill the surface for depth-profiling, but care should be taken to not 

preferentially etch atoms or introduce sample roughness.371–373 

AES is only sparingly reported for bone369,374,375. A few studies employed AES to study 

calcium:phosphate ratio in bone pieces374 or ground bone pellets369,374, or mineralization and 

oxide formation of bone implant surfaces.372,375 AES was able to distinguish osteoporotic bone 

from healthy bone as SEM-EDS at several skeletal sites for adult New Zealand White rabbits.369 

AES has also delivered elemental composition, including mineral and collagen components, for 

dental tissues.373,376 To the best of our knowledge, AES has not been reported for studies of bone 

tissue surrounding the LCS. Although care needs to be taken to prepare appropriately smooth and 

dehydrated surfaces, AES does not require thin sections and, when performed properly, is not 

destructive. Thus, it is possible to pair AES and other techniques, such as atomic force 

microscopy, to generate complementary nanoscale maps of bone material properties near the 

LCS.  

Transmission electron microscopy (TEM) allows nanoscale resolution of bone 

morphology and mineralization. However, the technique requires bone tissue fixation, followed 
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by the preparation of ultrathin sections.377 TEM is useful for the study of mineralization of bone 

matrix around lacunae and canaliculi.274 Bright field imaging yields images of mineral as well as 

collagen, while dark field imaging delivers images that are dark except for where apatite scatters 

electrons from the 002 plane.378 Thus, TEM can deliver crystal morphology and arrangement of 

crystals on collagen fibers.377–380 TEM can also be used to identify crystal phase and thickness 

through diffraction-based techniques.380,381 It is also possible to decalcify ultrathin sections to 

allow comparisons of mineralized and demineralized surfaces, which is useful for studying 

collagen characteristics.377 However, TEM has a number of limitations. In addition to being 

particularly labor intensive to prepare, ultrathin sections are not suitable for nanomechanical 

assessment on the same regions due to both substrate and fixation effects. 

The use of high-resolution microcomputed tomography (µCT) to monitor bone, including 

LCS network architecture, is the subject of several recent reviews337,382,383 and is therefore 

discussed only briefly here. µCT allows for non-destructive three-dimensional analysis of 

internal bone tissue structure and mineralization.382 Standard µCT does not achieve adequate 

resolution to visualize the LCS. Higher resolution µCT is now available as laboratory systems. 

These systems (e.g. Zeiss Xradia, Scanco 50, Bruker SkyScan 2214) can achieve submicroscale 

voxel resolution and have been used to image lacunae288,384,385 and sometimes canaliculi.386 

Synchrotron-based CT systems (SRμCT) achieve higher resolution (50 nm to 150 nm319,387,388), 

which allows visualization of canaliculi389 as well as measurement of microcracks.390–392  When 

SRμCT is used in conjunction with XRD, mineral orientation can be estimated.393 When used 

with SAXS, mineral shape, orientation, and quantity are accessible.320,394–396 Ptychographic x-ray 

µCT is another technique relevant to LCS measurements.397–399 Multiple high-resolution 
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interference patterns are produced by scanning the specimen at several offset locations. These 

interference patterns are overlapped and then processed to reconstruct the 3D refractive index 

distribution of the specimen. This allows for quantitative volumetric mapping of both real (phase 

change) and imaginary (absorption) components of the reflective index. Using this approach, 

ptychographic x-ray tomography can achieve resolution (16-44 nm400,401) and contrast great 

enough to estimate nanoscale bone density variations of ~0.2%.402 

2.3.2 Mechanical Properties of Bone Tissue 

Nanoindentation is a technique for microscale assessment of mechanical properties. This 

instrumented indentation technique utilizes a diamond tip that presses into the sample surface as 

displacement is recorded.403 Tip actuators are either electrostatic or electromagnetic and allow 

either driving either a load-control or displacement-control indentation. Most nanoindentation 

tips are machined from diamond. Pyramidal (i.e., Berkovich) and conicospherical geometries are 

most common. While a sharp, unworn Berkovich tip has an apical radius of ~125 nm, most 

indentations in bone are placed to depths of 300 nm – 1 micrometer and thus engage contact radii 

of 1-2 micrometers. Indentation plastic zones are assumed to extend to 1.5 times the contact 

radius for bone, and thus consecutive indents are usually spaced a minimum of 3 times the 

contact radius.404,405 The lower limit of lateral and depth resolution is also influenced by the 

indenter noise floor and the sample surface roughness.406 

In nanoindentation, typical measurements include modulus and hardness. Assuming 

elastic-plastic contact (a reasonable assumption for PMMA-embedded bone), the unloading 

curve is assumed to represent primarily elastic behavior. Thus, the stiffness is measured from a 

tangent line taken near the beginning of unloading. Stiffness is converted to modulus through 
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measuring the tip contact area. Unlike traditional hardness testing, where residual tip areas are 

measured optically, nanoindentation tip areas are too small to efficiently measure directly. 

Instead, the tip is calibrated with respect to contact depth on reference standards (e.g., fused 

quartz), and contact depth is measured as a function of maximum depth.403,407 Nanoindentation 

hardness is measured from the peak load divided by the contact area. Because elasticity is not 

neglected, nanoindentation hardness differs from conventional hardness testing for materials that 

are not perfectly plastic.408 Measurement of time-dependent material properties through either 

performing creep or stress-relaxation tests or using dynamic nanoindentation are also well-

developed for bone.326,403,409,410 Most nanoindentation systems are capable of time-efficient two-

dimensional mapping. Correlative work has also been used, where site-matched nanoindentation 

and either Raman spectroscopy or qBSE/qBEI allow correlation of composition and mechanical 

properties.278,281,298,359,404 

Atomic force microscopy (AFM) is a technique that utilizes a tip with specified geometry 

attached to the end of a cantilever of known stiffness to provide nanoscale-resolution maps of 

material morphology and modulus. Features as small as canaliculi can be accurately mapped.325 

A stiff tip (e.g., silicon nitride) is attached to a cantilever, which can interact with the sample in 

various contact (i.e., dragging) or tapping type modes in raster scans of the material. The 

deflection of the cantilever during contact with the sample is monitored through the reflection of 

the laser off of the cantilever and onto a photodiode. AFM can be used to calculate sample 

modulus. Indentations can be applied to the material to generate force-distance curve. The force 

is calculated assuming that the cantilever behaves as a Hookean spring (Force = k*deflection), 

where k is the cantilever spring constant. From each curve, the modulus is calculated from the 
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Hertzian contact model or variations upon it (e.g., adjusting for adhesion with models such as the 

Derjaguin-Muller-Toporov).411 The position of the tip when it engages with the sample surface is 

also calculated and stored. This allows for sample topography to be determined simultaneously 

with modulus. Material properties can also be calculated through contact resonance AFM, where 

the tip is oscillated through a range of frequencies in contact with the sample. The contact and 

free (i.e., not touching the sample) resonant frequencies are used to calculate sample material 

properties, including modulus.405 

 
Figure 2.3. Bone tissue modulus varies at the submicroscale surrounding an osteocyte lacuna. 
This modulus map was generated for PMMA-embedded and polished murine bone using atomic 
force microscopy. 

Several considerations should be maintained for reliable AFM stiffness mapping. 

Relatively high stiffness tips need to be used to obtain reliable data on stiff materials, such as 

bone.405 These tips are typically more expensive and more difficult to tune due to their relatively 

high fundamental frequency. They also tend to wear quickly, which necessitates frequently 
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calibrating the tip to ensure accurate measurement data. Despite these challenges, AFM is a 

promising way to study bone topology and material properties on the nanometer length scale and 

can be employed to study a variety of questions surrounding the osteocyte (Figure 2.3). 

Table 2.2. Tools for assessing peri-LCS bone quality 
Technique Resolution Advantages Limitations References 

*use of 
technique 
for LCS 
analysis 
# General 
reference 
papers 

Vibrational spectroscopy 

Raman 
spectroscopy 

Lateral: 0.6 
-1 µm  
Depth: 1.5 
µm  

•  Sensitive to bone 
mineral density as well 
as mineral and matrix 
maturity.  

•  Hydrated, dehydrated, 
and embedded samples 
can all be studied. 

•  Not limited to 
transparent samples. 

•  Changing 
mineral:matrix ratio 
may result from either 
altered mineral, matrix, 
or bone. 

•  Large maps are time 
intensive. 
 

231,232,275,295,

322* 

 
341–343# 

 

Fourier-transform 
infrared 
spectroscopy 
(FTIR) 

Lateral: 6-
10 µm. 
Depth: 2-5 
µm 
(thickness 
of 
transparent 
thin 
sections). 

•  Sensitive to bone 
mineral density as well 
as mineral and matrix 
maturity. 

• High signal:noise ratio. 

•  Transparent sections 
required. 

•  Resolution is low 
compared with LCS 
dimensions. 

•  Significant 
interference from 
water; embedded 
samples required. 

343,351,412# 

Electron microscopy 

Secondary mode 
SEM  

Lateral and 
depth: As 
low as ~10 
nm for 
field-
emission 
SEM 

•  Possible to image 
lacunar and canalicular 
geometries. Acid-
etching aids the 
visualization of 
canaliculi. 

•  Low accelerating 
voltages can be used. 
 

•  High vacuum 
generally required for 
high magnifications. 

•  Metal surface coating 
typically required for 
bone. 

235,259,413,41

4* 

353# 
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Backscattered 
SEM (BSEM) 
and quantitative 
backscattered 
electron imaging 
(qBEI) 

Lateral: 
~0.4 µm at 
15kV 
Depth: ~ 
0.9 µm at 
15 kV 

•  Displays 
compositional contrast. 

•  Rapid mapping 
possible. 

•  High contrast between 
bone tissue and LCS 
features. 

•  Can deliver %Ca or 
mineral volume 
fraction when 
reference standards are 
used appropriately. 
 

•  Not sensitive to bone 
matrix. 

•  Samples need carbon 
coating. 

•  Low accelerating 
voltages not possible 
for quantitative work; 
limits resolution. 
 

BSEM: 

259,267,271,27

3,275,291,414* 

qBEI: 

232,235,236,41

5* 

 

SEM-electron 
dispersive 
spectroscopy 
(SEM-EDX) 

Lateral: 
0.5-2.5 µm 
Depth: 0.5-
1 µm 

•  Detects mineral 
content (Ca and P 
maps). 

•  Samples can also be 
imaged with other SE 
or BSE. 

•  Older detectors cannot 
detect matrix elements. 

•  Shadowing effect from 
detector angle. 

232,369* 

368,416# 

Transmission 
electron 
microscopy 
(TEM) 

Lateral: < 1 
nm 
Depth: 50-
100 nm 

•  Can measure lacunar 
and canalicular 
ultrastructure 

•  Can measure mineral 
size, shape, and phase. 

•  Demineralized 
samples can be 
assessed for collagen 
orientation. 

 

•  Sample fixation 
necessary. 

•  Ultrathin samples 
required. 

 

274,414,417* 

377–380# 

High resolution 3D imaging 

High-resolution 
computed 
tomography 
(µCT)  
(commercially-
available lab 
systems) 

Pixel: 0.6-2 
µm 

 

•  Non-destructive 3D 
imaging. 

•  Can measure lacunae 
and sometimes 
canaliculi. 

 

•  Beam hardening 
artifacts. 

•  Insufficient spatial 
resolution for some 
structural questions. 

288,418–420* 

383# 

Synchrotron-
radiation (SR-
µCT) 

Pixel: 50 
nm- 150 
nm 

 

In addition to μCT 
advantages: 

•  Resolution allows 
detection of canaliculi 
and microcracks. 

•  No beam hardening 
artifact. 

•  Limited access. 
•  Complex additional 

instruments. 
•  High radiation rate. 

 

274,307,319,33

5,389,421–

432* 
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2.4 Key Questions and Future Directions 

Substantial evidence supports that osteocytes can resorb and replace tissue local to the 

lacunar-canalicular system (LCS) but we do not yet fully understand the reasons for, or 

repercussions of, LCS remodeling (Error! Reference source not found.). It is not contentious that 

the LCS participates in calcium homeostasis, but participation in phosphate homeostasis is less 

• When combined with 
SAXS/XRD can 
measure crystal 
orientation, size, and 
distribution. 

337,382,383# 

Ptychographic x-
ray µCT  

Pixel: 16-
44 nm  

 

•  Higher resolution than 
SR-µCT. 

•  The resolution does 
not depend on the lens 
(only wavelength 
limited). 

•  Similar limitations as 
SR-µCT. 

402,433–435* 

337,399,402,43

5–437# 

Tissue-scale indentation 

Atomic force 
microscopy 
(AFM) 

Lateral: 
~20 nm 
Depth: ~20 
nm 

  

• Hydrated, dehydrated, 
and embedded samples 
can all be imaged. 

•  Sufficient resolution to 
determine modulus for 
nanoscale LCS 
structural features. 

•  LCS geometries can 
also be measured. 

•  Difficult to image high 
modulus materials. 

•  Requires fine surface 
polish. 

•  Depth of topographic 
features accuracy 
dependent on adjacent 
surface features and 
sample roughness. 

•  Time intensive. 
•  Tips are fragile and 

wear quickly. 
•  Requires frequent tip 

calibration. 

325,438* 

404,405,411# 

Nanoindentation Lateral: > 1 
µm 

De
pth: > 100s 
of nm – 1 
µm 

 

•  Capable of mapping 
relatively large regions 
(100+ µm). 

•  Diamond tips less 
prone to wear. 

•  Designed for stiff 
substrates. 
 

•  Resolution is not well 
matched for gradation 
around canaliculi. 

•  Requires fine surface 
polish. 

•  Time intensive 
•  Requires tip area 

calibration. 

231,233,234,32

5*  

326,403# 
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certain. Evidence also points towards the LCS having a role in bone tissue mineralization during 

health, and this begets additional questions about the role of the LCS at different stages of bone 

tissue maturation.  

There is not a simple relationship between LCS remodeling and bone health, as there are 

at least two separate phenotype that occur throughout physiological and disease models. The 

‘aging’ phenotype, in which osteocytes are less viable and LCS network architecture is 

contracted, and the ‘osteocytic osteolysis’ phenotype, in which LCS networks are enlarged. 

While the ‘aging’ phenotype appears to be maladaptive (i.e., more clearly associated with 

osteocyte dysfunction), ‘osteocytic osteolysis’ is probably adaptive on some occasions and 

maladaptive on others. In lactation, for example, liberation of mineral is adaptive, but in 

glucocorticoid therapy, larger lacunae and hypomineralization are not obviously helpful to the 

organism.  

The essential question is whether and how LCS remodeling affects bone fracture 

resistance. A major current limitation is the lack of understanding of how tissue toughening 

mechanisms are affected by LCS remodeling. It is not sufficiently understood whether tissue 

composition and mechanical properties vary between remodeling and non-remodeling lacunae 

and canaliculi in health and in disease, as well as which of these changes are significant for bone 

mechanics. Work is needed across the lifespan and across disease models to understand the 

impacts of LCS remodeling on whole bone fracture resistance.  

Moving forward, it is essential to employ the right tools to investigate the impacts of LCS 

remodeling on bone quality. One challenge is that many bone characterization techniques involve 

microscale-or-greater resolution, while bone composition often varies at the nano-submicroscale 



71 
 
near lacunae and canaliculi. It is important to not fall victim to ‘false negatives’ because of low 

resolution measurements. As an analogue, for several years, it was unclear if osteocyte lacunar 

morphologies change in aging. Multiple groups now show that lacunae indeed become smaller 

and more spherical with aging, but witnessing these changes required 3D visualization (as 

opposed to 2D). We expect that high-resolution mapping of bone composition and mechanical 

properties near osteocytes will yield insights that are not apparent with lower-resolution 

techniques. These careful efforts are needed for unraveling the possible roles of the osteocyte in 

bone quality maintenance and for identifying whether this most-abundant bone cell could be a 

compelling new target for preventing bone fracture.  

Table 2.3. Key questions about LCS remodeling and future directions for research. 
 

 

Key questions Future directions  

Does LCS participate in bone 
mineralization? 

• How does the LCS affect primary and 
secondary mineralization? 

• Do mineral gradients near the LCS reflect 
tissue maturation? 

• How is mineralization around the LCS 
affected by aging and disease? 

How does altered LCS remodeling affect 
bone quality and tissue through whole-
bone length-scales?  

• Does the frequency of LCS remodeling 
change in health and with aging and disease? 

• Does tissue composition and mechanical 
properties vary between remodeling and 
non-remodeling lacunae and canaliculi? 

• Does LCS remodeling affect mineral and 
collagen turnover around individual 
osteocytes? 

• How are tissue toughening mechanisms are 
impacted by LCS remodeling? 

How should tissue composition and 
mechanical properties be assessed near 
the LCS? 

• Do insufficiently high-resolution techniques 
result in ‘false negatives’ about material 
property gradation near the LCS? 

• How many lacunae / canaliculi per sample 
should be assessed to generalize LCS 
remodeling phenotype? 
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Abstract  

Osteocytes engage in bone resorption and mineralization surrounding their expansive 

lacunar-canalicular system (LCS) through peri-LCS turnover. However, fundamental questions 

persist about where, when, and how often osteocytes engage in peri-LCS turnover and how these 

processes change with aging. Furthermore, whether peri-LCS turnover depends on tissue strain 

remains unexplored. To address these questions, we utilized confocal scanning microscopy, 

immunohistochemistry, and scanning electron microscopy to characterize osteocyte peri-LCS 

turnover in the cortical (mid-diaphysis) and cancellous (metaphysis) femurs from young adult (5 

mo) and early-old-age (22 mo) female C57BL/6JN mice. LCS bone mineralization was 

measured by the presence of perilacunar fluorochrome labels. LCS bone resorption was 

measured by immunohistochemical marker of bone resorption. The dynamics of peri-LCS 

turnover were estimated from serial fluorochrome labeling, where each mouse was administered 

two labels between 2 and 16 days before euthanasia. Osteocyte participation in mineralizing their 

surroundings is highly abundant in both cortical and cancellous bone of young adult mice but 

significantly decreases with aging. LCS bone resorption also decreases with aging. Aging has a 

greater impact on peri-LCS turnover dynamics in cancellous bone than in cortical bone. Lacunae 

with recent peri-LCS turnover are larger in both age groups. Our data support the hypothesis that 

peri-LCS turnover is associated with cortical and intracortical positions for 22 mo mice but not 

for 5 mo mice. The impact of aging on decreasing peri-LCS turnover may have significant 

implications for bone quality and mechanosensation.   
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3.1 Introduction 

The loss of bone fracture resistance in aging is a major public health problem2. 

Osteocytes, the most abundant and longest-lived bone cells131,138, are well known to regulate 

both bone mass and bone matrix quality through the coordination of osteoblasts and 

osteoclasts24,131,138. The osteocyte is the topic of interest for new approaches to manage bone 

fragility in aging, since over time many of these cells become senescent or apoptotic190,193 and 

require greater strains to engage anabolic signaling8,175,214,215. Osteocytes live in a porous 

network within lacunae connected by canaliculi and can remove and replace (i.e., turn over) bone 

surrounding this network24,26,28,131,138 (Figure 3.1A). There is abundant evidence that aging 

decreases lacunar and canalicular sizes and connectivity in both rodents and 

humans26,28,206,208,218,439. These geometric changes imply that bone resorption and mineralization 

by osteocytes alongside the lacunar-canalicular system (LCS) also shift in aging, with possible 

impacts to bone quality and mechanosensation24,26,27,131,138,175. However, many fundamental 

knowledge gaps persist about how osteocytes interact with their surrounding bone tissue and 

how these processes change in aging.  

The impacts of osteocyte peri-LCS turnover (alternatively termed peri-lacunar, peri-

lacunar-canalicular, or lacunar-canalicular remodeling) on the aging skeleton are uncertain, in 

part because the percentage of osteocytes that engage in bone resorption or mineralization 

alongside the LCS is unknown26,28,131,138. As witnessed in studies of rodent lactation or PTH 

treatment, osteocytes can expand lacunae and canaliculi through production of acids as well as 

enzymes such as cathepsins and matrix metalloproteinases (MMPs)26,28,182–184,197,203,211,213,440. 

These pores can then recover to their original size, implying bone re-mineralization182,184. When 
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mice are injected with fluorochrome labels after weaning, abundant fluorochrome labels are 

observed182. However, labeled osteocyte lacunae are also seen in several studies where rodents 

were not under applied calcium pressure30,179,187, which suggests that osteocyte LCS 

mineralization may be a more active and widespread phenomenon than has been previously 

appreciated. For example, we previously demonstrated that ~60% of randomly-selected lacunae 

from the femoral midshaft cross-section were labeled with calcein administered 2 days before 

euthanasia in 5-month and 22-month female C57BL/6 mice30. In another study, ~60% of the 

lacunae in the femoral midshaft cross-section of wild-type male and female C57BL/6 mice at 28-

day had calcein labels administered 2 days before euthanasia179. Another group found that in the 

mid cortical cross-section of tibia, ~55% of lacunae showed calcein labels injected 5 days before 

euthanasia in 2-month male wildtype littermates of MMP13 knockout mice with a mixed 

C57BL/6 genetic background187. These studies differ in age, label dosage, time of injection, 

region of evaluation, and mouse genetic background. Furthermore, while cortical and cancellous 

bone differ in their metabolic activities99,441,442, it is unknown whether osteocyte peri-LCS 

turnover activity varies between these compartments. To investigate the potential impact of peri-

LCS turnover on bone quality and mechanosensation in aging, it is essential to determine the 

percentage of osteocytes participating in mineralization and resorption in both young adult and 

aged mice. 

The dynamics of peri-LCS turnover are also essential to defining the potential impact of 

the osteocyte on its surrounding bone. These dynamics have been challenging to study, since 

LCS bone mineralization and resorption require different bone preparation and analyses. The 

percentage of osteocytes participating in LCS bone mineralization can be monitored by 



78 
 
fluorochrome labeling26,28,30,179,184,187,197,213 (Figure 3.1). The percentage of osteocytes resorbing 

bone is instead measured through immunohistochemical markers of matrix metalloproteinases 

and other targets179,187,218 (Figure 3.2D). However, there has been a need for an approach to 

estimate the dynamics of bone turnover from the same bone sections. Serial fluorochrome label 

injections at short intervals before euthanasia can help address this gap in knowledge (Figure 

3.1B). It is not possible to assess whether an individual mouse had labeled bone that was later 

removed. However, the average percentage of lacunae showing labels administered at specific 

time points (e.g., 2 through 16 days) can allow estimation of how long labels persist following 

deposition. Furthermore, when serial labels are delivered to the same mice, double labels can 

provide an indication of how long LCS mineralization can occur (Figure 3.1B). Double labels 

have thus far only been quantified in lactation studies as evidence of bone infilling following the 

removal of calcium pressure with weaning182. To interpret these peri-LCS turnover dynamics, it 

is also necessary to assess whether common fluorochrome labels (i.e., calcein and alizarin) show 

similar retention around osteocyte lacunae.  

Another question is whether osteocyte peri-LCS turnover is mechanosensitive and if the 

dependence of this process on tissue strain changes with aging. Osteocytes are mechanosensitive 

cells and their signaling activity depends on tissue strain131,138,214,443,444. Moreover, osteocytes are 

less mechanosensitive in aging and require greater strains to engage anabolic 

signaling8,175,214,215,218. peri-LCS turnover has the potential to influence osteocyte 

mechanosensation through altering the shape of the porous LCS network as well as the flow 

characteristics within it167,445–447. Furthermore, as shown in our recent work using atomic force 

microscopy, recent LCS mineralization increases the compliance of bone within several hundred 
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nanometers of LCS walls30, which would likely contribute towards strain amplification447. 

However, whether peri-LCS turnover influences - or is influenced by - strains experienced by the 

osteocyte is not yet understood. Since long bones experience tissue strains that vary in direction 

and magnitude448,449, determining how peri-LCS turnover varies throughout femoral cross-

sections can help answer first questions about whether this process is associated with tissue strain 

in young adult and aged mice. 

The purpose of this study is to test the hypothesis that aging decreases the percentage of 

osteocytes engaged in LCS bone mineralization and resorption and alters the dynamics of these 

processes. This hypothesis was tested by serial fluorochrome labeling and 

immunohistochemistry studies of cortical and cancellous bones of the femur in 5-month and 22-

month female C57BL/6JN mice. We further hypothesized that the peri-LCS turnover activity 

depends on variation in tissue strain and that this relationship changes in aging, which we tested 

by comparing LCS bone mineralization dynamics between femur regions of interest and with 

distance from the endocortical to periosteal surfaces. Moreover, we hypothesized that peri-LCS 

turnover activity and impacts of aging would vary for osteocytes located in the lamellar versus 

non-lamellar compartments of cortical bone, considering previous findings indicating that 

osteocyte lacunar geometry is influenced by bone structural organization450,451. 
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Figure 3.1. Osteocyte lacunar-canalicular system (LCS). A) Osteocytes live in an expansive and 
intricate network of lacunar holes and canalicular channels. Basic fuchsin staining (magenta, ex 
vivo staining of embedded bones) shows the extensive LCS porosity of cortical bone. Calcein-
stained tissue (yellow, in vivo fluorochrome injection 2 days before euthanasia) indicates bone 
mineralization. B) Osteocyte lacunae can show double labels when administered at short 
timepoints before euthanasia. In vivo serial fluorochrome labeling (calcein in yellow, 2 days 
before euthanasia; alizarin in blue, 8 days before euthanasia) in a female 5 mo C57BL/6JN 
mouse reveals double-labeled lacunae. Figure 1 generated by G. Vahidi and reprinted with 
permission from Current Osteoporosis Reports. 

3.2 Materials and Methods 

3.2.1 Animal Model 

All animal procedures were approved by Montana State University’s Institutional Animal 

Care and Use Committee. 5 months old young adult (5 mo, n = 20) and 22 months old early-old-

age (22 mo, n=16) female C57BL/6JN mice from the National Institutes of Aging colony were 

utilized in this study. Mice had a minimum of two weeks to acclimatize to the MSU animal 

facility before the beginning of the label studies. Mice had ad libitum access to water and 

standard chow. Each mouse was administrated two intraperitoneal injections of fluorochrome 

labels, calcein (20 mg/kg, i.p.) and alizarin (30 mg/kg, i.p.) at two specific dates that varied for 

each group of mice. The goal was to collect data for injection dates that include 16d, 8d, 4d, or 

2d before the euthanasia, while each group of mice received only two injections with specific 
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timing and sequence of the injections (Figure 3.2A). For example, a group of mice received 2d 

calcein and 4d alizarin whereas another group received 2d alizarin and 16d calcein. To ensure 

that label identity was not confounded with the specific time points, some mice received the 

calcein injection first and the alizarin injection second. Other mice received label injections in 

the opposite order. No significant effects of label type (i.e., alizarin or calcein) were observed on 

the percentage of labeled lacunae (Figure A1). Therefore, we aggregated the label identity data, 

pooling alizarin and calcein data for each label date with n = 4-16 sample per age/label date 

group. Labeling group sample sizes were as followed: in 5 mo group, mice received labels at 2d 

(n=16), 4d (n=6), 8d (n=10), or 16d (n=8) before euthanasia; in 22 mo group: mice received 

labels at 2d (n=10), 4d (n=4), 8d (n=9), or 16d (n=9) before euthanasia. All mice received two 

labels. Mice were euthanized at 5 or 22 months of age via isoflurane inhalation followed by 

cervical dislocation. 
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Figure 3.2. Schematic of study experimental procedures. A) Each group of mice received 
intraperitoneal injections of fluorochrome labels at two specific dates (16d, 8d, 4d, or 2d) before 
euthanasia at either 5 months or 22 months of age. B) The femur diaphysis (A/P/M/L regions) 
and distal metaphysis were imaged with a confocal microscope in fluorescence and reflectance 
modes to evaluate labeled and unlabeled lacunae on the bone surface. Representative images 
show 2d calcein labels (yellow) and 8d alizarin labels in (blue) for 5 mo mice. C) Cortical bone 
was visually divided into lamellar and non-lamellar compartments for further analyses. Cortical 
bone was also divided into three intracortical sections for analysis based on variation in tissue 
strain. D) MMP14+ lacunae were counted to quantify perilacunar bone resorption for cortical 
bone. White arrows show MMP14+ lacunae and black arrows show unlabeled lacunae. 

3.2.2 Sample Preparation 

Right femurs were harvested, cut transversely in half at the femoral midshaft, and then 

the proximal and distal fragments were embedded in non-infiltrating epoxy (Epoxicure 2, 

Buehler) without any ethanol dehydration steps, air-drying, or fixation. The proximal side of the 

mid-shaft cross-section was used for cortical bone studies. The embedded distal halves were cut 

through the sagittal plane to expose femoral metaphysis for cancellous bone studies, using a low-

speed diamond saw (Isomet, Buehler). All samples were polished to achieve a mirror-like finish, 

using wet silicon carbide papers (600 and 1000 grits, Buehler) followed by Rayon fine cloths and 

alumina pastes (9, 5, 3, 1, 0.5, 0.3, and 0.05 μm, Ted Pella, Inc.). 
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Left femurs were harvested and immediately fixed with 10% neutral-buffered formalin, 

decalcified with EDTA disodium salt dihydrate, dehydrated in a graded ethanol series, embedded 

in paraffin, transversely cut at femoral midshaft, and each half was serially sliced into 5-micron-

thick horizontal cortical diaphysis sections for immunohistochemistry analyses.  

3.2.3 Analysis of Bone-mineralizing Osteocytes via 
Fluorochrome Labeling  

An inverted confocal laser scanning microscope (CLSM- Leica Stellaris DMI8, Wetzlar, 

Germany) was used to identify labeled and unlabeled osteocyte lacunae using a 20× lens (dry, 

0.75 NA, 0.78 μm lateral resolution) at 600 Hz speed with a 1024 × 1024 resolution, and pinhole 

set at 1 Airy unit. Calcein labels were visualized using an excitation wavelength of 488 nm and 

emission wavelength of 500–540 nm. Alizarin labels were visualized using an excitation 

wavelength of 561 nm and emission wavelength of 600–645 nm. The reflectance mode was used 

to image the bone surface, allowing measurement of the total number of lacunae. Then, 

fluorescence images were taken from the same site to measure the number of fluorochrome-

labeled lacunae. The percentage of fluorochrome-labeled lacunae on the bone surface was 

calculated as the ratio of labeled lacunae to all lacunae on the bone surface (Figure 3.2B). All 

images were collected in z-stacks (~30 μm thickness, 0.6 μm between slices) to confirm whether 

the surface-visible lacunae were labeled or not in 3D space. For each channel (alizarin and 

calcein) in every image, we calculated the mean and standard deviation of the grayscale intensity 

using ImageJ452. Then, we determined a minimum intensity value by adding 1.5 times the 

standard deviation to the mean grayscale intensity. Using Imaris 9.3, we set the minimum 

threshold of fluorescent intensity for each channel in each image to this calculated value.  
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The percentage of bone-mineralizing osteocytes (i.e., labeled lacunae) was measured for 

cortical bone within anterior (A), posterior (P), medial (M) and lateral (L) regions of interest 

(ROIs) at the femoral midshaft (Figure 3.2B). For each ROI, this percentage was also separately 

reported for lamellar and non-lamellar compartments of cortical bone, which were visually 

identified from reflectance images (Figure 3.2C), to assess the impact of different bone types on 

bone-mineralizing osteocytes.  

We also investigated the effect of natural strain variations that exist in cortical femur 

diaphysis453 on osteocyte bone mineralization activity. First, we compared the percentage for 

bone-mineralizing osteocytes between anterior (close to femur loading axis) and medial (close to 

femur neutral axis) ROIs (Figure 3.6A). These quadrants were chosen because the anterior 

femur experiences tensile strains while the medial quadrant experiences consistently lower 

strains. By contrast, the posterior and lateral quadrants experience more complicated stresses 453. 

Because tensile strains increase from the endocortical to periosteal surfaces of the anterior 

quadrant 453, we also compared the percent of bone mineralizing lacunae with respect to 

intracortical position with relation to the endocortical surface: 0-30%, 30-70%, and 70-100% of 

the cortical thickness (Figure 3.2C). We referred to the sections as Ec (endocortical, 0-30%), 

Mid (middle, 30-70%), and Ps (periosteal, 70-100%). These same regions were also assessed for 

the medial quadrant, which has much less intracortical stress variation453. For analyses of 

cancellous bone, multiple trabecular regions (Figure 3.2B)) were selected from the metaphysis 

of each mouse, exposed by sagittal sectioning of the femur's distal half. The percentage of 

labeled lacunae was calculated for each trabecular region (Figure 3.2B)), and then the mean and 

standard deviation of all trabecular regions in each mouse were reported. Custom Matlab codes 
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were employed for these analyses (MATLAB codes available on GitHub repository: 

https://github.com/Ghazal-vhd/LCST_LabelCount_Femur.git). These codes counted the number 

of lacunae on the bone surface from reflective images and the number of labeled lacunae from 

fluorescence images within regions of interest defined by the user, calculating the percentage of 

labeled lacunae for both cortical and cancellous regions.  

During data collection, the laser for the Leica Stellaris DMI8 was updated from a diode 

laser to a white light laser while the detectors remained unchanged. Emission and excitation 

ranges were kept similar, but adjustments were made to the new laser's settings such as gain and 

power to ensure a uniform image production. All images, both pre- and post-update, were 

normalized to their respective mean and variable intensity, as previously described. Our analysis 

revealed no discernible impact of the laser change (included as a blocking factor in all the 

statistical models) on any outcomes. 

The high-resolution images in  Figure 3.1 were from cortical femurs of a 5 months old 

female C57BL/6JN mouse. This mouse received alizarin injection 8 days and calcein injection 2 

days before euthanasia. Both femurs were dehydrated with degraded ethanol series and 

embedded in polymethyl methacrylate. The right femur was stained with basic fuchsin during the 

dehydration process454,455 and used for  Figure 3.1A. Images were taken with a 63×-oil 

immersion objective using the same Leica Stellaris DMI8 confocal microscope.  

3.2.4 Analysis of Osteocyte Matrix Metalloproteinase 
Expression by Immunohistochemistry 

Paraffin-embedded left distal femurs were used for immunohistochemistry (IHC) 

following previously published protocols456. Slides were dewaxed and rehydrated (ethanol and 

distilled water series). Subsequently, the slides were incubated in Innovex Uni-Trieve retrieval 

https://github.com/Ghazal-vhd/LCST_LabelCount_Femur.git
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solution (329ANK, Innovex Animal IHC kit) for 30 min in a 65 °C water bath. Slides were 

blocked with the Innovex kit’s Fc-block and Background Buster, each for 45 minutes in the room 

temperature. Next, samples were incubated with the primary antibodies (1:100 anti-MMP14; 

ab38971 both diluted in PBS) for one hour at room temperature and subsequently with secondary 

antibodies (Linking Ab, 329ANK) and peroxidase (HRP) enzyme for 10 minutes each at room 

temperature. Following this, the slides were treated with DAB working solution at room 

temperature for 5 minutes, washed with PBS, and mounted with Innovex Advantage permanent 

mounting media. Negative controls were conducted by replacing the primary antibody with 

rabbit IgG at the same concentration. Images were captured using a Nikon E-50i microscope 

(Nikon, Melville, NY, SA) with dry 4× (full cortical cross-section) and dry 20× (each cortical 

ROI) objectives (Figure 3.2D). For MMP14 comparisons, we had n=18 and n=20 mice for 5 mo 

and 22 mo groups, respectively. The mean percentage of MMP14+ osteocyte lacunae for each 

cortical ROI (A, P, M and L) was quantified using ImageJ. This percentage was not characterized 

in cancellous bone due to sample availability.   

3.2.5 Analysis of Lacunar Geometry via Scanning Electron 
Microscopy 

A subset of samples (n=6 per age) was coated with a thin layer of carbon for lacunar 

geometrical analyses via backscattered scanning electron imaging (Zeiss Supra 55VP field 

emission SEM, 15 kV, 60 μm aperture size, 400× magnification, and 9.1 mm working distance). 

Samples were mounted in a custom holder that ensures flat surfaces at the same height457. Images 

were collected for the anterior ROI. A custom Matlab code was used to calculate lacunar 

geometry for the lamellar compartment of cortical bone206. An area filter removed objects 

smaller than ~5 μm2 and larger than ~200 μm2. Them, pores smaller than ~70 μm2 were 
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considered lacunae. The following parameters were calculated: lacunar porosity (%), lacunar 

number density (#/ mm2), lacunar area (μm2, the area of an ellipse fitted to the segmented 2D 

osteocyte lacunae), lacunar major and minor axes (μm), and lacunar circularity (i.e., ratio of 

minor to major axis of the fitted ellipse, where a value of 1 indicates a perfect circle). We also 

assessed differences in lacunar geometry between labeled and unlabeled lacunae for a small 

subset of samples that were labeled 8 days and 2 days before euthanasia in both 5 mo (n=4) and 

22 mo (n=3) groups. We overlapped the SEM images with CLSM maps of labeled and unlabeled 

lacunae to test whether lacunar area differs between bone-mineralizing and non-bone-

mineralizing osteocytes. 

3.2.6 Statistical Analyses 

Mixed model ANOVA, with mouse as the random effect, tested whether percentage of 

bone-mineralizing osteocytes depended on the fixed effects of age, tissue strain (i.e., A/P/M/L 

ROIs), label date, or interactions of these variables for cortical bone. Additional mixed model 

ANOVAs were utilized for lamellar and non-lamellar cortical compartments. For the 

comparisons of intracortical distances (0-30%, 30-70%, and 70-100%), the two age groups were 

separated and for each age, mixed model ANOVA with mouse as a random effect was used to 

test if the percentage of bone-mineralizing osteocytes (for 2d and 16d labels, separately) 

depended on the fixed effects of ROI, intracortical distance, or their interactions. For cancellous 

bone, two-way ANOVA was employed to test if age, label date, and the interaction of these 

factors affect percentage of bone-mineralizing osteocytes. Since the confocal laser was changed 

mid-study, this was included as a blocking factor in these models. Because the laser change was 

not a significant effect for any measure, this blocking factor was removed, and models were 
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rerun. Mixed model ANOVA with mouse as a random effect was used to test if the percentage of 

MMP14+ lacunae depends on age, ROI, or their interactions. We tested the effect of age on the 

measurements of lacunar geometry from SEM using a two-sample t-test. For the lacunar area 

differences between labeled and not labeled lacunae, we employed mixed model ANOVA with 

mouse as the random effect and age and label status (yes or no) as fixed effects. For all models, 

model residuals were checked for satisfaction of assumptions of normality and homoscedasticity. 

Dependent variables were log-transformed if necessary to satisfy these assumptions. Significance 

was set a priori to p < 0.05. Significant interactions between factors were followed up with Tukey 

post hoc tests. All analyses were performed with Minitab (20). 

3.3 Results 

3.3.1 Aging Decreases the Number of Osteocytes 
Participating in Peri-LCS Turnover 

Osteocyte participation in mineralizing their immediate surrounding was highly abundant in 

the cortical and cancellous femur of young adult C57BL/6JN mice. However, with aging, there 

was a large decrease in the percentage of recently bone-mineralizing osteocytes (i.e., 2d labeled 

lacunae) in both cortical and cancellous regions. In the cortical bone of 5 mo mice, 80% of 

lacunae showed 2d labels, while in 22 mo mice, 50% of lacunae had 2d labels. Thus, from 5 mo 

to 22 mo, there was a 38% reduction in the percentage of 2d labeled lacunae in cortical bone (p < 

0.001, Figure 3.3A & C). In cancellous bone of 5 mo mice, 85% of the lacunae had 2d labels, 

while in 22 mo mice, 58% of lacunae showed 2d labels. Therefore, aging reduced the percentage 

of 2d labeled lacunae by 32% (p < 0.001, Figure 3.3B & D). 
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The percentage of double-labeled lacunae (i.e., positive for both 2d and 16d labels) was 

also abundant in 5 mo femurs, with more than 45% of the lacunae in cortical bone and 60% of 

lacunae in cancellous bone having double-labels. The percentage of double-labeled lacunae 

decreased with aging. In 22 mo mice, 26% of lacunae in cortical bone and 10% of lacunae in 

cancellous bone showed double-labels. Thus, from 5 mo to 22 mo, there were 45% (p = 0.05, 

Figure A2) and 85% (p < 0.001, Figure A2) fewer double-labeled lacunae in cortical and 

cancellous tissues, respectively. 

The percentage of MMP14+ lacunae (i.e., positive for a marker of bone resorption) was 

also highly abundant in femoral cortical bone of 5 mo mice. For these young adult mice, more 

than 75% of cortical lacunae were positive for MMP14 (Figure 3.3E & F). With increased age, 

there was a significant decrease in the percentage of MMP14+ lacunae (22 mo vs 5 mo: -10%, p 

< 0.001). The percentage of MMP14+ lacunae was not characterized in cancellous bone due 

sample availability and future investigations would benefit from this analysis.   

Our data showed greater variability in the percentage of bone mineralizing osteocytes in 

both cortical and cancellous bones of 22 mo mice compared to 5 mo mice (SD comparisons of 

22 mo vs 5 mo groups; Cortical: +60%, p < 0.05; Cancellous: +230%, p < 0.001; p values are 

from Bartlett and Levene tests of equality of variances between the two groups). This is 

consistent with observations of higher variability in bone matrix quality and LCS characteristics 

with aging3,206,458–461. 
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Figure 3.3. The effect of aging on cortical and cancellous osteocyte bone mineralization and 
resorption. Bone-mineralizing osteocytes were less abundant with aging in both A) cortical and 
B) cancellous bone. Only 2d labels are shown here. C & D) Representative fluorescence images 
of calcein labels for 5 mo and 22 mo mice shown. For 2d label comparisons, we had n=16 and 
n=10 mice for 5 mo and 22 mo groups, respectively. E & F) Aging also decreased the percentage 
of MMP14+ lacunae in cortical bone. White arrows show 2d labeled (yellow) or MMP14+ 
lacunae. All data are reported as percentages (labeled lacunae/all lacunae). For MMP14 
comparisons, we had n=18 and n=20 mice for 5 mo and 22 mo groups, respectively. Boxplots 
represent mean value (cross), interquartile range (box), minimum/maximum (whiskers), and 
symbols representing all data points. All p-values correspond with results of the omnibus 
ANOVA test. * indicates a significant effect of age. 

3.3.2 Aging Alters Peri-LCS Turnover Dynamics More for 
Cancellous Than for Cortical Bone 

The percentage of labeled lacunae decreased for injection dates further from euthanasia. 

For cancellous bone from 5 mo mice, the percentage of 16d labeled lacunae was 29% (p < 0.001) 

lower compared to 2d labeled lacunae ((Figure 3.4E & G). By contrast, at 22 mo, the percentage 

of 16d labeled lacunae was 81% (p < 0.001) lower compared to 2d labeled lacunae (Figure 3.4F 

& H), suggesting that the rate of label disappearance is higher with increased age in cancellous 

bone. In cancellous bone of both 5 mo and 22 mo groups, the percentage of 8d labels decreased 



91 
 
compared to 2d labels (5 mo: -15%, p < 0.001, 22 mo: -39%, p < 0.001), while the percentage of 

4d labels was not different from 2d labels (p > 0.05). 

In cortical bone of 5 mo mice, there were 44% (p < 0.001) fewer lacunae labeled at 16d 

compared to 2d ((Figure 3.4A & C).  For 22 mo mice, there were 61% (p < 0.001) fewer 16d 

labeled lacunae compared to 2d labeled lacunae ((Figure 3.4B & D), implying that in cortical 

bone, peri-LCS turnover undergoes a more modest change with aging compared to cancellous 

bone. There were 47% (p < 0.001) fewer lacunae with 8d labels compared to 2d labels in cortical 

bone of 22 mo mice, however, 8d label percentage was not different from 2d label percentage in 

5 mo mice (p > 0.05). The percentage of 4d labels was not different from 2d labels (p > 0.05 for 

either age). 
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Figure 3.4. The effect of aging on the dynamics of osteocyte bone turnover. A-D) In cortical 
bone, compared to 2d labels, labels administrated 16d before euthanasia were 44% and 61% less 
abundant in 5 mo and 22 mo mice, respectively. E-H) In cancellous bone, compared to 2d labels, 
16d labels were 29% and 81% less abundant in 5 mo and 22 mo mice, respectively, suggesting 
aging alters peri-LCS turnover dynamics more for cancellous than for cortical bone. Data for 
other ROIs of cortical bone are shown in supplementary information. All data are reported as 
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percentages (labeled lacunae/all lacunae). Representative fluorescence images of 2d labels 
(calcein label is shown in yellow) and 16d labels (alizarin label is shown in blue) for 5 mo and 
22 mo samples shown in both cortical and cancellous tissues. White arrows show 2d labeled 
lacunae. For the 5 mo group, sample sizes were: 2d (n=16), 4d (n=6), 8d (n=10), and 16d (n=8). 
For 22 mo group, sample sizes were: 2d (n=10), 4d (n=4), 8d (n=9), and 16d (n=9). Boxplots 
represent mean value (cross), interquartile range (box), minimum/maximum (whiskers), and 
symbols representing all data points. All p-values correspond with results of the omnibus 
ANOVA test. # indicates a significant effect of injection date. 

3.3.3 The Impact of Aging on Peri-LCS Turnover Is Similar 
Between Lamellar and Non-Lamellar Compartments of 
Cortical Bone 

Since osteocyte lacunar geometry depends on the bone structural organization (e.g., 

lamellar vs non-lamellar bone)450,451, we further divided the cortical bone into lamellar and non-

lamellar compartments. We observed a similar age-induced decline in the percentage of bone-

mineralizing osteocytes in both lamellar (for M ROI, 22 mo vs 5 mo: -49%, p < 0.001) and non-

lamellar (for M ROI, 22 mo vs 5 mo: -46%, p < 0.001) bones (Figure 3.5, Figure A3 shows data 

for all ROIs). Similarly, in both age groups, 16d labels were significantly less abundant 

compared to 2d labels in both lamellar (for M ROI, 5 mo 16d vs 2d: -40%, 22 mo 16d vs 2d: -

62%, all p < 0.001) and non-lamellar compartments (for M ROI, 5 mo 16d vs 2d: -45%, 22 mo 

16d vs 2d: -60%, all p < 0.001) of cortical bone (Figure 3.5). 
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Figure 3.5. The effect of aging is similar in reducing peri-LCS bone mineralization for both 
lamellar and non-lamellar bone. For both A) lamellar and B) non-lamellar compartments of 
cortical bone, aging reduced the percentage of bone-mineralizing osteocytes. For both types of 
tissues, 16d labeled lacunae were significantly less abundant compared to 2d labeled lacunae 
regardless of the age group. Data are shown for the medial ROI, where we consistently observed 
comparable amounts of both lamellar and non-lamellar bone across all mice. In contrast, the size 
of lamellar and non-lamellar bone regions varied significantly in the other ROIs, and some mice 
did not have non-lamellar bone in the anterior ROI. Results for all ROIs are presented in Figure 
A3. All data are reported as percentages (labeled lacunae/all lacunae). Boxplots represent mean 
value (cross), interquartile range (box), minimum/maximum (whiskers), and symbols 
representing all data points. All p-values correspond with results of the omnibus ANOVA test. * 
indicates a significant effect of age. # indicates a significant effect of injection date. 

3.3.4 The Relationship Between Peri-LCS Turnover and 
Cortical Quadrant and Intracortical Location of Osteocytes 
Depends on Age  

In mouse femur cross-section, the strain environment is distinct between anterior (A), 

posterior (P), medial (M), and lateral (L) ROIs based on their position with respect to the femur 

loading axis and natural axis ((Figure 3.6A)453. Because the osteocyte is a mechanosensitive 

cell448,449, we compared LCS bone mineralization and resorption for these ROIs. In 5 mo mice, 

we did not find a relationship between LCS turnover dynamics and the position of the osteocytes 
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in distinct strain environments of the femur cortex (p = 0.815, (Figure 3.6B). However, in 22 mo 

mice, we found an association between the peri-LCS turnover dynamics and the position of the 

osteocytes in different ROIs of cortical femur (age and ROI interaction p < 0.001). Osteocytes in 

the medial ROI of aged femurs (close to femur neutral axis) had higher participation in 

mineralizing their surrounding compared to those in the other three ROIs (e.g., M vs A: +44% 

p<0.001, (Figure 3.6B). There were no differences in the percentage of labels among anterior, 

posterior, and lateral ROIs. Notably, the decay of 16-day labels exhibited a slower pace in the 

medial ROI in comparison to the others. ROI did not impact the percentage of MMP14+ lacunae 

in 5 mo or 22 mo mice (p = 0.7). 

Ascenzi et al. demonstrated that for the anterior ROI of the mouse femur, intracortical 

tissue tensile strains increases with distance from the centroid453. However, in the medial ROI, 

which is close to the femur neutral axis, strains are lower and are relatively unaffected by 

distance from the centroid. The intracortical strain distribution is more complex for posterior and 

lateral ROIs453.  Therefore, we divided anterior and medial ROIs with simpler and more distinct 

strain distribution patterns into three sections with respect to the position between the 

endocortical and periosteal surfaces. Distance sections included Ec: 0-30%, Mid: 30-70%, and 

Ps: 70-100% (Figure 3.6A). There were no significant interactions between ROI and distance for 

either 5 mo or 22 mo mice.  In 5 mo mice, both 2d labeled and 16d labeled lacunae percentages 

were influenced by the intracortical position but not by ROI. At this age, posthoc testing reveals 

that the lacunae closest to the periosteal surface (Ps: last 70-100% of cortical thickness) had a 

smaller percentage of 2d labels compared to the other two distances (Ec = Mid > Ps, p = 0.017, 

Figure 3.6C). There were fewer 16d-labeled lacunae within the middle distance (Mid: 30-70% 
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of cortical thickness) compared to other distances (Ec = Ps > Mid, p = 0.038, Figure 3.6D). 

Differences in the percentage of labeled lacunae with intracortical position were more 

pronounced for 22 mo mice. At this age, lacunae within the middle intracortical distance had 

lower percentage of 2d labels compared to other the other distances (Ec = Mid > Ps, p = 0.001, 

Figure 3.6E). Periosteal distance section in 22 mo mice showed the highest percentage of 16d 

labels compared to the other distances (Ec = Mid < Ps, p < 0.001, Figure 3.6F). 
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Figure 3.6. Associations between tissue strain and osteocyte participation in LCS bone 
mineralization. A) Schematic of anterior, posterior, medial, and lateral ROIs and their position 
with respect to the femur loading axis and natural axis. Anterior and medial ROIs were divided 
into three distance sections from the endocortical surface (0-30%, 30-70%, and 70-100% of 
cortical thickness) for further investigation of whether osteocyte bone mineralization is 
associated with differences in tissue strain. B) In 5 mo mice, anterior vs medial ROI did not 
impact the percentage of bone-mineralizing osteocytes. However, for 22 mo mice, lacunae in the 
medial ROI had the highest percentage of labeling compared to all ROIs. There were no 
significant interactions between ROI and distance for either 5 mo or 22 mo mice. C) In 5 mo 
mice, the percentage of 2d labeled lacunae was lowest in the region closest to periosteal surface, 
for both anterior and medial ROIs. D) For 5 mo mice, the percentage of 16d labeled lacunae was 
lowest in the middle intracortical region, for both anterior and medial ROIs. E) In 22 mo mice, 
the percentage labeling differences between intracortical sections were larger. Middle 
intracortical section in 22 mo mice had fewer 2d labeled lacunae compared to other sections in 
both anterior and medial ROIs. F) In 22 mo mice, the percentage of 16d labeled lacunae was 
highest in the region closest to periosteal surface and16d labels consistently showed higher 
percentages in the medial ROI compared anterior ROI. Data are reported as percentages (labeled 
lacunae/all lacunae). Boxplots represent mean value (cross), interquartile range (box), 
minimum/maximum (whiskers), and symbols representing all data points. All p-values 
correspond with results of the omnibus ANOVA test. 



98 
 
3.3.5 Osteocytes with active Peri-LCS turnover have larger 
lacunae 

We conducted a quantitative analysis of backscattered SEM images at the anterior ROI of 

femoral cross-sections to assess whether lacunar geometry changes with aging and the recency of 

labeling. Since lacunar geometry differs between lamellar and non-lamellar bones, and the 

relative size of these regions changes in aging, we restricted our analyses to lamellar bone. We 

chose the anterior ROI because, compared to other ROIs, it was consistently composed mostly of 

lamellar bone. Compared with 5 mo mice, 22 mo mice had decreased cortical lacunar porosity (-

27%, p=0.037) but not lacunar number density (p=0.35) (Figure A4). Older mice also had 

smaller lacunae, as seen by smaller lacunar area (-22%, p=0.02), major axis (-12%, p=0.045), 

minor axis (-15%, p=0.05) (Figure 3.7A-B, Figure A4). No changes were seen in lacunar 

circularity with age. It is noted that previous work found that 2D SEM analysis is insufficient to 

detect expected increased sphericity in lacunae with aging206. 

We also asked whether lacunar size differs between labeled and unlabeled lacunae by 

overlaying SEM and CLSM maps of the anterior region at the cortical midshaft femur for only a 

subset of SEM samples that had 2d and 8d labels. The distribution of labeled lacunar sizes is 

approximately normal for both 5 mo and 22 mo mice (Figure 3.7B & E). By contrast, the sizes 

of unlabeled lacunae show closer to a uniform distribution for both ages. Our data suggest that 

recent peri-LCS turnover increases lacunar area (Figure 3.7B & E). Labeled lacunae had larger 

mean (+11% in 5 mo and +14% in 22 mo, both p = 0.05) and median lacunar areas compared 

with unlabeled lacunae (Figure 3.7A & D & G). 
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Figure 3.7. Osteocytes with active mineralization have larger lacunae. Overlayed SEM and 
CLSM maps show that A-G) labeled lacunae had larger areas compared to unlabeled lacunae in 
both age groups. A-C) The distribution of lacunar sizes in 5 mo mice (n=4) was approximately 
normal for labeled lacunae (i.e., 2d labeled and/or 8d labeled). However, the distribution of 
lacunar sizes for unlabeled lacunae (i.e., no 2d or 8d labels) deviated from normality. D-F) In 22 
mo mice (n=3), labeled lacunae had a distribution of lacunar sizes that was closer to normal 
whereas unlabeled lacunae did not have a normal distribution. The distributions in E-F are 
depicted as probability density function as well as cumulative density function plots. Data in 
table are represented as mean with standard error and median with first and third quartiles. 
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3.4 Discussion 

Osteocyte lacunar-canalicular system (LCS) turnover has been of high research interest as 

a possible contributor to age-related changes in bone fracture resistance 26–28,30,131,138.  Extensive 

evidence indicates that age reduces osteocyte viability and mechanosensitivity8,27,175,214,215,218 and 

truncates lacunar and canalicular dimensions and connectivity26,28,206,208,218,439. These changes 

imply that there is a decrease in peri-LCS turnover in aging, which could have impacts to 

osteocyte mechanosensitivity and bone matrix quality26,27,179,187,208,218. At present, however, more 

questions than answers exist about where and how often osteocytes remove and replace their 

surrounding bone. Our study aimed to test the hypothesis that fewer osteocytes participate in 

LCS bone mineralization and resorption in aging C57BL/6JN female mice (5 mo vs 22 mo). In 

this work, we find that aging reduces cortical and cancellous osteocyte participation in both 

perilacunar bone mineralization and resorption, in a manner that likely depends on tissue strain. 

The osteocyte is known to remove and replace bone surrounding the LCS in response to 

perturbations in calcium homeostasis (e.g., lactation, PTH)26,28,182–184,197,203,211,213,440, However, 

the participation of osteocytes in peri-LCS turnover outside of calcium pressure is uncertain26. 

We utilized serial fluorochrome labeling to estimate where, when, and how often osteocytes turn 

over their surrounding bone. Each mouse in this study was administered two fluorochrome labels 

at different times before euthanasia. We find that osteocyte bone turnover is highly prevalent in 

young adult mice, in both cortical and cancellous bone. Over 80% of osteocytes show 

fluorochrome labeled lacunae administrated 2 days before euthanasia. These numbers decrease to 

around 45% at 16 days before euthanasia, suggesting rapid bone turnover (Figure 3.4). Since 

label disappearance is an indirect indicator of bone resorption, we stained decalcified sections 
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from the contralateral femurs for MMP14. Previous studies suggest that under conditions of 

elevated PTH signaling, osteocytes can acidify and demineralize bone matrix using matrix-

degrading enzymes such as cathepsins and matrix metalloproteinases, in a process known as 

osteocytic osteolysis182,187,211. We show that in 5 mo mice, a comparable percentage of osteocytes 

are positive for bone resorption (i.e., MMP14-positive) as for bone mineralization (i.e., 

fluorochrome-labeled) (Figure 3.3). Together, these data suggest that osteocytes in the young 

adult murine skeleton engage in a pattern of frequent, near-daily bone mineralization along the 

LCS, coupled with frequent bone resorption events. 

Aging has established deleterious impacts on the osteocyte. With increased age, osteocyte 

apoptosis and senescence both increase while autophagy decreases190,462. Aging reduces the size 

of lacunae and canaliculi, as well as the connectivity of this network26,28,206,208,218,439. These 

changes imply, but do not determine, that peri-LCS turnover also changes with age. Here, we 

report that aging also reduce LCS bone mineralization and, to a lesser extent, resorption 

activities. Compared with 5 mo mice, 22 mo mice have a 58% decrease in the percentage of 2d 

labeled lacunae and a 10% decrease in the percentage of MMP14+ lacunae in cortical bone 

((Figure 3.3). The rate of decrease in label percentage from 2d to 16d in cortical bone is similar 

across ages. These data suggest that while the number of osteocytes participating in peri-LCS 

turnover decreases with aging, active osteocytes of different-aged cortical bone may have a 

characteristic time span of bone deposition before resorption events. The characteristics of peri-

LCS turnover did not differ between lamellar and non-lamellar bone at either 5 or 22 mo ages. 

This is an important finding, since bone organization changes with aging and previous studies 

have shown that aging affects LCS geometry and density differently in these bone types450,463–465. 
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These data add to our understanding of aging bone biology by providing the first evidence that 

peri-LCS turnover activity declines with aging. 

Osteocytes reside within cortical and cancellous bone but may have distinct roles within 

each of these compartments and different aging-induced impacts in their behaviors. There was a 

smaller age-related decline in the percentage of osteocytes engaged in LCS bone mineralization 

in cancellous versus cortical bone (-31% vs -58%, Figure 3.3). While the dynamics of bone 

turnover did not change significantly with age in cortical bone (i.e., comparable rate of decrease 

in labeled lacunae from 2d to 16d between ages), age greatly increased the frequency of bone 

turnover in cancellous bone (Figure 3.4). These data suggest that more osteocytes remain active 

in cancellous bone and may increase their rate of bone turnover compared with cortical bone. 

Cancellous bone is known to be more metabolically active than cortical bone99,441,442. It is 

possible that cancellous osteocytes have increased burden of participating in calcium 

homeostasis in the aging skeleton, but this hypothesis remains speculative at this time. 

Our data suggest that the smaller lacunae reported in numerous imaging studies of the 

aging skeleton26,28,206,208,218,439 are associated with decreased osteocyte bone turnover. From 

coupling scanning electron microscopy measurements of lacunae with fluorochrome labeling, we 

find that osteocytes that are engaged in recent bone mineralization, regardless of the age group, 

reside within larger lacunae compared to osteocytes without labels (Figure 3.7). This result 

suggests that bone resorption events remove a considerable quantity of bone. It is yet to be fully 

determined which specific additional factors osteocytes employ to promote, or inhibit, local bone 

mineralization and/or formation. For example, it is well established that osteoblasts participate in 

local bone mineralization through shuttling hydroxyapatite precursors in vesicles to be released 
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near forming surfaces466. Whether osteocytes engage in these active mineralization or mineral 

inhabitation processes should be investigated.  

The influence of aging on osteocyte peri-LCS turnover may be associated with tissue 

strain. As an initial test of this relationship, we assessed changes in peri-LCS turnover with the 

spatial position of osteocytes within the cortical femur. We tested the association of peri-LCS 

turnover activities between the different quadrants of the mouse femoral cross-section, which 

vary in strain magnitudes and directions, as well as the variation in intercortical tissue strain with 

distance from the femoral centroid 453 (Figure 3.6). In young adult mice, we did not find 

sufficient evidence to support the hypothesis that peri-LCS turnover depends on the position of 

osteocytes within the femur cortex. However, in early old age mice, we found evidence that 

osteocyte LCS bone mineralization depends on the position of osteocytes within the cortical 

femur. Compared with osteocytes in anterior and posterior regions of cortical bone (i.e., higher 

tensile and compressive strains under loading, respectively 448,449), more osteocytes in the medial 

region of aged bones (i.e., closer to neutral axis) were engaged in LCS bone mineralization (i.e., 

highest percentage of 2d labels) and the peri-LCS turnover rate was decreased (i.e., smallest 

change in the presence of 16d labels compared to 2d labels). Additionally, for aged mice, there 

was a stronger relationship between the position of lacunae within the cortical thickness and peri-

LCS mineralization, where 2d labels were more abundant in both endocortical and periosteal 

surfaces compared to the middle section and 16d labels were the most abundant closest to the 

periosteal surface. These data suggest that there may be an association between intracortical 

strain and LCS bone turnover activities that is evident in aging. However, there are important 

limitations to this analysis, as the observed spatial interactions with peri-LCS turnover could be 
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contributed to by factors other than tissue strain, such as specific nutrient gradients, tissue 

maturity variations, access to biochemical signals, and differences in shear stress induced by 

interstitial fluid flow between different cortical ROIs and intracortical distances453,467–470. Future 

research needs to determine if and how peri-LCS turnover is associated with changes in skeletal 

strain, whether there is a minimum strain required to engage osteocyte peri-LCS turnover, and if 

this strain threshold changes with aging. 

With aging, osteocytes become less mechanosensitive8,27,175,214,215,218. A persistent 

question is why aging has this effect on these long-lived cells. It has been recognized for many 

years that substantial strain amplification must occur for osteocytes to respond with anabolic 

signals to normal skeletal loads165,172,443. The changes in lacunar and canalicular shape with age 

may reduce tissue strain and fluid flow shear stress to contribute to these age-related changes in 

strain experienced by the cell, as shown by several finite element modeling studies 445,471. Our 

data add to this understanding by showing that changes in osteocyte lacunar size with age are 

approximately bimodal in distribution (i.e., only some aged osteocytes have much reduced 

lacunar size). Further, we show that labeled osteocyte lacunae are larger than non-labeled 

lacunae at both ages. Lacunar enlargement with recent peri-LCS turnover activity has been 

previously shown under high calcium demands such as lactation or PTH treatment182,184,194,211. 

Our observations suggest that contributions to osteocyte mechanosensation derived from 

geometric factors (i.e., shape of lacunae and canaliculi and the impact of these shape changes on 

fluid flow) is likely influenced by the activity of these cells in turning over their local bone. 

Additionally, our prior work demonstrated that labeled osteocyte lacunae are surrounded by more 

compliant (i.e., lower modulus) bone30. Thus, changes to peri-LCS turnover in aging have 
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multiple potential avenues for altering strain experienced by osteocytes. Our result that aging 

decreases the percentage of osteocytes engaged in LCS bone mineralization and resorption, but 

not the apparent rate of label disappearance (i.e., an estimate of resorption), may align with data 

from studies on the impact of aging on calcium signaling. In the cortical bone of 22 mo female 

C57BL/6JN mice, there are fewer osteocytes (~ -60%) with active calcium signaling compared 

to younger mice, yet the remaining osteocytes respond to mechanical load with Ca2+ peaks of 

comparable intensities to those observed in young mice214. It is not yet understood whether 

populations of aged osteocytes with different LCS bone turnover characteristics vary in their 

mechanosensitivity. Together, these data suggest that major gaps still exist in our understanding 

about the strain experienced by the osteocyte and how these strains change in aging. 

Our data also add to the emerging understanding of the osteocyte as a cell with the 

potential to directly modify bone matrix properties. Studies on transgenic mice with suppressed 

TGF-β or YAP/TAZ signaling, or systemic MMP13 deletion, demonstrate that mice with a 

decreased ability to engage peri-LCS turnover have more fragile cortical bone27,179,187,212. A 

recent study explored the role of osteocytes in the loss of bone matrix quality in aging by 

distinguishing matrix characteristics that decline in aging in a manner that is either TGFβ-

dependent or -independent. The study demonstrated an essential role for osteocyte TGFβ 

signaling in regulating not only LCS integrity but also collagen material behavior. By contrast, 

mineral characteristics were regulated independently of TGFβ signaling27. We add to this 

understanding by showing that osteocyte interaction with bone matrix significantly decreases in 

age. In addition, our earlier work showed that peri-LCS turnover increases perilacunar bone 

compliance in both young adult (5 mo) and early-old-aged (22 mo) mice30. Together, these data 
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build an argument towards the importance of the osteocyte in maintaining bone matrix quality 

and the decline of these matrix-regulatory processes in aging. 

Aging impacts LCS geometry in both humans and rodents, such as decreased lacunar and 

canalicular size and connectivity206,207,222,223,472. If aging also reduces LCS turnover in humans in 

a similar way that is seen for mice in this study, the quality of a large amount of bone tissue 

could be impacted. An adult human skeleton contains approximately 42 billion osteocytes each 

with a lacunar surface area of roughly 336 µm², compromising a 215 m2 total surface area140,473.  

From AFM30 and synchrotron microscopy data223,240,474, the region of bone tissue impacted by 

LCS turnover might be estimated to extend to about 1 micrometer from lacunar walls. Assuming 

a similar reduction from 80% to 50% of osteocytes engaged in LCS turnover in aging for 

humans, the amount of bone tissue impacted by this bone turnover would decrease from 4.7 m2 

to 2.4 m2. Importantly, these estimates are only based on peri-lacunar bone turnover and not peri-

canalicular bone turnover and are therefore most likely underestimates. Determining peri-LCS 

turnover dynamics and the impacts of aging in humans is an important future research direction. 

There were several important limitations to this study. First, age-related changes in 

metabolic processes and LCS network architecture may impact fluorochrome dye uptake 

between cells in young and old bones, and this limitation should be addressed in future studies. 

However, our work provides key recommendations for measuring the dynamics of LCS bone 

mineralization. We find that 2d and 4d labels do not yield statistically significant results across 

different skeletal sites and ages. In contrast, 8d labels show differences from 2d labels in aged 

cortical bones and both ages for cancellous bone, while 16d labels are consistently lower 

compared to 2d labels across all groups. We also found that the order of labeling (calcein first, 
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then alizarin, or vice versa) does not affect the results. In this study, we did not investigate the 

impact of aging on LCS bone resorption, as indicated by MMP14+ lacunae, through other 

resorption biomarkers such as TRAP, cathepsin K, or MMP13, but this would be valuable in 

future investigations. Additionally, our study focused solely on female mice, whereas the 

literature highlights important sex differences in osteocyte physiology27,475. Moreover, extending 

the age range of the study would be beneficial to exploring whether peri-LCS turnover changes 

during the developmental and advanced ages. In this study, it was not possible to investigate the 

age of individual osteocytes in older bones and discern whether the active osteocytes were young 

or old. 

In summary, this study presents the first evidence that osteocyte participation in 

mineralizing their surroundings is highly abundant in both cortical and cancellous bone of young 

adult female C57BL/6JN mice. In aging, there are fewer osteocytes with active peri-LCS 

turnover (both bone mineralization and resorption), yet turnover dynamics remain mostly similar 

in cortical bone of 5 mo and 22 mo mice, suggesting that active osteocytes engage in a 

characteristic peri-LCS turnover response. Our results also demonstrate that the impacts of aging 

on peri-LCS turnover are not uniform throughout the femoral cortex and might differ with tissue 

strain. The large decline in peri-LCS turnover in aging can have significant implications for bone 

quality, since osteocytes with active turnover have larger lacunae in both age groups as well as 

more compliant perilacunar tissue30. These results together signify a potential role for osteocyte 

bone turnover in the loss of bone fracture resistance and changes in mechanosensation in aging. 
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Abstract 

Osteocytes resorb and replace bone local to the lacunar-canalicular system (LCS). 

However, whether osteocyte remodeling impacts bone quality adjacent to the LCS is not 

understood. Further, while aging is well-established to decrease osteocyte viability and truncate 

LCS geometry, it is unclear if aging also decreases perilacunar bone quality. To address these 

questions, we employed atomic force microscopy (AFM) to generate nanoscale-resolution 

modulus maps for cortical femur osteocyte lacunae from young (5 mo) and early-old-age (22 

mo) female C57Bl/6 mice. AFM-mapped lacunae were also imaged with confocal laser scanning 

microscopy to determine which osteocytes recently deposited bone as determined by the 

presence of fluorochrome labels administered 2d and 8d before euthanasia. Modulus gradation 

with distance from the lacunar wall was compared for labeled (i.e., bone forming) and non-

labeled lacunae in both young and aged mice. All mapped lacunae showed sub-microscale 

modulus gradation, with peak modulus values 200-400 nm from the lacunar wall. Perilacunar 

modulus gradations depended on the recency of osteocyte bone formation (i.e., the presence of 

labels). For both ages, 2d-labeled perilacunar bone had lower peak and bulk modulus compared 

to non-labeled perilacunar bone. Lacunar length reduced with age, but lacunar shape and size 

were not strong predictors of modulus gradation. Our findings demonstrate for the first time that 

osteocyte perilacunar remodeling impacts bone tissue modulus, one contributor to bone quality. 

Given the immense scale of the LCS, differences in perilacunar modulus resulting from 

osteocyte remodeling activity may affect the quality of a substantial amount of bone tissue.  
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4.1 Introduction 

Osteocytes, the most common cells in bone, live in a dense interconnected network of 

micrometer-scale voids in mineralized bone tissue (lacunae) connected by sub-micrometer-radius 

channels (canaliculi) 238,251,252,274,426,476,477. The lacunar-canalicular system (LCS) has an 

estimated 215 m2 surface area in the human skeleton 252 and its trillions of connections allow for 

osteocytes to communicate within the skeletal network as well as to the kidneys, parathyroid, 

vasculature, and muscle 251,478,479. Osteocytes can modulate the size of the LCS through either 

resorbing bone 257,260,261,480,481 or replacing new osteoid 237,263,264,266,272–274,480,482 in a process 

termed LCS remodeling. This process contributes to systemic calcium homeostasis, as 

demonstrated by expanding lacunae and canaliculi in lactation and recovery after weaning 

237,480,483. It is not yet understood if LCS remodeling also contributes to the maintenance of bone 

quality. This question is of importance because LCS geometries truncate in aging 298,302,334,482,484–

489, which suggests that aging alters LCS remodeling activity.  

Prior work suggests that LCS remodeling has the potential to reduce bone quality. In 

DMP1 – conditional TGFβ receptor deletion 490 and global knockout of MMP13 287, both 

phenotypes demonstrate reduced LCS remodeling activity together with reduced notched fracture 

toughness. However, it is not clear why bone with less LCS remodeling has lower bone fracture 

resistance. It is possible that morphological changes to the LCS affect the tendencies of cracks to 

initiate and propagate. On the other hand, LCS remodeling could directly benefit bone quality. 

Improvements in bone quality with LCS remodeling could result from a decrease in tissue 

maturity (e.g., decreased mineralization and modulus) in the vicinity of lacunae and canaliculi, 

since overly mature tissue is less able to engage intrinsic toughening mechanisms such as 
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fibrillar sliding 239,491. However, it has not been evaluated whether bone material properties near 

the LCS are influenced by the remodeling activity of the osteocyte. 

It is possible to evaluate bone modulus gradations near bone-forming and non-bone-

forming osteocytes by using fluorochrome labeling and high-resolution material property 

mapping. Fluorochrome labels are small enough to travel through the LCS and are observed to 

label lacunae 492–499. While they may also label canaliculi, most confocal techniques lack the 

appropriate resolution to discern these smaller features. Bone quality adjacent to lacunae has 

usually been evaluated with conventional microscale-resolution bone quality characterization 

tools (i.e., Raman spectroscopy, nanoindentation, quantitative backscattered scanning electron 

microscopy), but these techniques fail to identify material property variation near lacunae outside 

of extreme phenotypes 231–239. The lack of detection of material property variation near lacunae is 

likely a reflection of the limited resolution of these tools, since line profiles collected through 

synchrotron-based techniques with nanoscale resolution demonstrates mass gradation near 

lacunae and canaliculi on the scale of hundreds of nanometers away from LCS walls 274,319. To 

date, perilacunar bone modulus has been mapped with AFM 238 but the spatial gradation of 

modulus has not been quantified. Furthermore, the gradation in perilacunar bone modulus has 

not been compared for bone-forming and non-bone-forming osteocytes and has not been 

compared for young and aged bone. 

Atomic force microscopy (AFM) is well-suited for mapping bone modulus near bone-

forming and non-bone-forming osteocytes. AFM can quantitatively assess modulus on the order 

of 10s of nanometers using fast force mapping techniques. AFM has been used to demonstrate 

that modulus is heterogeneous near lacunae and canaliculi in 4-month female Wistar rats, 
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although this study did not identify whether characteristic modulus gradients exist with respect to 

distance from the LCS, nor whether these gradients depend on osteocyte bone formation or aging 

238. Several challenges exist in analyzing 2D perilacunar modulus maps, including reliably 

defining and smoothing the lacunar edge for a variety of lacunar shapes and sizes, sequentially 

expanding the lacunar edge by a given step size to create analysis regions (e.g., pixels with set 

range of distances from the lacunar wall), and determining appropriate step sizes for resolving 

modulus gradation with distance from the lacunar wall. Thus, we first sought to generate an 

analytic approach to analyzing 2D perilacunar modulus maps for the purpose of characterizing 

modulus gradation and comparing these gradations between bone-forming and non-bone-

forming osteocytes at two ages.  

 The purposes of this study were to (1) develop an approach to analyze AFM-generated 

modulus maps of perilacunar bone for 2D spatial gradation, (2) determine whether labeled 

lacunae have different perilacunar modulus gradation than non-labeled lacunae, and (3) estimate  

whether aging impacts perilacunar modulus gradation. To investigate our research question, we 

utilized skeletally-mature young adult (5 mo) and early-old-age (22 mo) female C57Bl/6 mice, 

since this mouse model and age range produce marked changes in LCS morphology 263. We 

hypothesized that lacunae would demonstrate modulus gradation in agreement with mass 

gradation reported with high-resolution techniques, that labeled lacunae would have lower 

moduli than non-labeled lacunae, and that aging would decrease the size of the region of lower-

modulus bone near lacunae. 
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4.2 Materials and Methods 

4.2.1 Animal Models 

This investigation was conducted in two studies. The first study, in which methods were 

developed for AFM perilacunar bone modulus analysis, a 7-month-old female C57Bl/6 mouse 

was obtained from a live animal colony (group housed, 3 mice per cage, standard rodent chow 

and water provided ad libitum) at Montana State University. This mouse was euthanized via CO2 

inhalation. The second study, which evaluated the effects of age and label on perilacunar 

modulus gradation, included 5-month (n = 5) and 22-month-old (n = 5) female C57Bl/6 mice 

from Charles River Laboratory. These mice were administered calcein (20 mg/kg) and alizarin 

(30 mg/kg) labels via intraperitoneal injection 8d and 2d before euthanasia, respectively. An 

additional n = 3 mice per age were studied with label order reversed (e.g., alizarin administered 

at 8d, calcein administered at 2d). Mice were group housed (2-5 per cage), fed low fat diet 

(Research Diets D12450H; 10% kcal from fat) ad libitum for 8 weeks prior to euthanasia as 

controls for another study, provided water ad libitum, and euthanized via isoflurane inhalation. 

All animal procedures were approved by the Montana State University Institutional Animal Care 

and Use Committee. 

4.2.2 Sample Preparation 

Left femurs were harvested and fresh frozen at -20° C immediately after euthanasia. 

Femurs were gently thawed and tested to failure in three-point bending (results reported in a 

separate study). The distal halves of the femurs were histologically dehydrated in a graded 

ethanol series and embedded in poly(methyl) methacrylate (PMMA). Embedded distal femurs 

were sectioned at the midshaft using a low-speed diamond saw (Isomet, Buehler, Lake Bluff, IL), 
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to obtain a transverse section with a 5 mm thickness. Then, cortical surfaces were polished with 

600 and 1200 grits of wet silicon carbide papers (Buehler, Lake Bluff, IL), followed by fine 

polishing with Rayon fine clothes and different grades of alumina pastes (9, 5, 3, 1, 0.5, 0.3, and 

0.05 μm) to achieve a mirror-like finish. Between polishing steps, sections were sonicated in tap 

water to remove any remaining particles. Embedded femur sections were mounted on a metal 

disk using epoxy (MasterBond EP29, Hackensack, NJ). A glass slide of the same 5 mm height 

was mounted next to the embedded femur section to be used for tip radius calibration.  

An additional femur from a C57Bl/6 female 5-month old mouse was harvested for a 

preliminary comparison of the effects of bone tissue hydration on perilacunar bone modulus. 

This mouse also received fluorochrome bone labels at 8d and 2d before euthanasia. The femur 

was not subjected to mechanical testing. The femur was air dried after tissue harvest, embedded 

in non-infiltrating epoxy (Buehler Epoxicure 2) and sectioned and polished consistent with the 

methods described for the PMMA-embedded specimens. The femur was never exposed to 

ethanol. The sample was rehydrated via immersion in tap water 10 minutes before AFM testing. 

The sample surface was wicked dry with a KimWipe before AFM testing.  

4.2.3 AFM Mapping 

Atomic force microscopy (AFM) analyses were performed with an Asylum Research 

Cypher S force microscopy system with an etched silicon tip (RTESPA-525, 200 N/m spring 

constant, Bruker AFM Probes, Camarillo, CA). AFM was operated in two different modes: AC 

tapping mode (for topography scans) and fast force mapping (for modulus maps). Using AC 

tapping mode, the cantilever was driven at a constant amplitude at its resonance frequency and 

scanned across the surface to measure topography of the bone samples and to locate lacunae. 
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Fast force mapping generated an array of local force-distance curves, obtained at high speed with 

nanometer spatial resolution and was used to characterize modulus profiles around lacunae. Tip 

parameters were calibrated and resulting force curves were fit to a Hertzian contact model to 

calculate the contact modulus of the material (Figure B5) 500. First, calibration of a cantilever 

spring constant was obtained via thermal tune. Next, a force-distance curve was performed on a 

silicon wafer (Silicon inc., Boise, ID) to calculate optical lever sensitivity. Once these values 

were obtained, tip radius was calibrated by first acquiring a fast force map (320 x 320-pixel map) 

of a glass surface with known modulus (72 GPa, Fisherbrand, Pittsburgh, PA) then identifying 

the tip radius value needed to generate agreement of the Hertz model with the glass calibration 

surface. 

For each bone, lacunae were randomly selected from the anterior side of the midshaft 

cortical cross-section. Selected lacunae were at least >20 μm away from bone endocortical and 

periosteal surfaces. A topographical lacunar map was first generated using AC mode, then fast 

force mapping generated a 512 x 512-pixel (12 x 12 μm map size at scan rate of 300 Hz) of 

lacuna with a ~ 20 nm resolution. A threshold of 500 nN was found to provide sufficient signal to 

noise ratio in the force curves and good agreement with the Hertzian contact models. While force 

curves represent an intermittent contact, rather than continuous contact technique, measurements 

of modulus must still account for potential tip wear. Tip radius was calibrated both before and 

after every fast force map of bone tissue was obtained, and the mean value of tip radius input 

into the Hertz model for modulus calculations. Tip radii were kept between 10 nm (pristine) and 

20 nm at the start of the scan, as these values are consistent with typical tip wear in literature and 

are smaller than the resolution of acquired modulus maps 501,502. The average change in tip radius 
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was 1.06 nm per full scan, corresponding to approximately 5% drift in modulus for all samples. 

For reliability, we considered larger values of tip radius (i.e., > 20 nm) to violate the desired 

resolution and to have the potential for tip fracture or contamination and thus associated data 

were not considered. In our MATLAB-based segmenting and thresholding procedure, we 

excluded measurements <5 GPa since these values would be indistinguishable from PMMA, and 

a very small number of measurements >90 GPa as these values are most likely a result of 

indenting alumina beads embedded in the sample during polishing. 

Six additional lacunae were mapped for a semi-hydrated femur to estimate the effects of 

hydration on perilacunar modulus gradation. These lacunae were also located in the anterior 

quadrant, at least 30 µm away from periosteal or endocortical surfaces. AFM maps were 

obtained and analyzed as described for PMMA-embedded sections, with the exception that 

moduli values <5 GPa were not excluded, since there was not a plastic phase within the mapped 

area. AFM indentation extension curves did not show evidence of snap-on and thus the Hertz 

model was used for modulus calculations (Figure B5). 

4.2.4 Importing Data and Identifying the Lacunar Edge 

Initially, square maps (equal number of x and y pixels) are imported to MATLAB as .csv 

files (Figure 4.1a). The lacunar edge is defined for each map and points within the lacuna are 

masked out. Because dendrites extend from the lacunar wall, erosion is necessary to define a 

close-fitting lacunar edge. Erosion is performed based on a diamond-shaped element with size 

specified by the user (i.e., larger elements yield more aggressive erosion). The results of this step 

are shown in Figure B1. This step creates an array of points that describes the lacunar boundary. 

This process is repeated to create an over-eroded boundary. This over-eroded boundary will be 
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utilized later in the code to create sequential boundaries. An over-eroded boundary is required 

due to an inherent dilation when using a smoothing function later in the code. 

4.2.5 Map and Edge Rotation 

Next, maps are rotated about the lacunar centroid so that the ellipsoidal long axis of the 

lacuna is vertical. This step reduces distortion of sequential boundaries during dilation steps later 

in the code.  

4.2.6 Creation of Sequential Boundaries 

The lacunar edge boundary created from the over-erosion step will be used to create 

sequential boundaries (e.g., separated by a specified distance) surrounding the lacuna. User 

inputs include the number of desired dilations (e.g., number of sequential regions of interest with 

increasing distance from the lacunar wall), the distance between each boundary, and the map 

dimensions. The results of this step are ‘unsmoothed’ boundaries, as shown in Figure 4.1b. 

4.2.7 Smoothing of Sequential Boundaries 

The sequential boundaries are then smoothed via a convolution matrix 503. This achieves 

a boundary that closely matches lacunar geometry but removes more harsh edges and features 

that need not be considered. However, this step inherently dilates the lacunar edge somewhat, 

hence over-erosion is necessary in pre-processing. The results of the smoothing are shown in 

Figure 4.1c.  

4.2.8 Binning and Analyzing Points Between Concentric 
Boundaries 

Next, points within each two sequential boundaries are binned (Figure 4.1d). The x-y 

position of each pixel is matched with a corresponding modulus. Lastly, a histogram is created 
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for each region using a range of 1 GPa for histogram bin sizes (for example, if the range of the 

points within a certain region is 5.7 to 34.2 GPa there would be a bin for 5-6, 6-7, etc. up to 34-

35) (Figure 4.1e). Several statistical measurements are made for each concentric region, 

including mean, median, standard deviation, range, and full width at half maximum. 

4.2.9 Analysis of Modulus Versus Distance from the 
Lacunar Wall 

Using measures calculated from histograms, modulus versus distance profiles were 

generated (Figure 4.1f). From these profiles, measures included the peak modulus (greatest 

mean modulus of all concentric regions versus distance from the lacunar wall), the bulk modulus 

(the mean modulus of the last concentric ring, 1.8-2 µm), the difference between the peak and 

bulk measures, the edge-to-peak and peak-to-bulk slopes (GPa/µm), and perilacunar area before 

peak modulus. Additionally, slopes were also calculated after normalizing to the peak modulus of 

a given map. Peak to bulk difference and slopes were also calculated for standard deviations. 

4.2.10 Confocal Laser Scanning Microscopy Imaging 

Samples were imaged using an upright confocal microscope (Leica SP3,) with the 

following parameters: 40x water immersion lens, laser wavelength excitation of 488 nm 

(emission length 502-540) for calcein labels and 561 and 633 nm (emission length 580-645) for 

alizarin labels, pinhole set at 1 Airy unit, 1024 × 1024 resolution with a 600 Hz speed, and laser 

intensity set at 50% of the full power. The gain and offset were chosen such that in the images 

acquired the lacunae and their perilacunar remodeling were visible with minimum amount of 

noise. Z-stacks of images were acquired from the surface through the maximum depth where 

signal was observable, approximately 30 µm. The spacing between each slice was 0.8 µm. A 
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composite image was formed by overlaying all slices (Imaris 9.3). Determination of whether a 

lacuna was labeled or not was made by evaluating composite images and then, in the case of 

potential non-labeled lacunae, checking each slice to confirm. All lacunae included in the study 

analysis (i.e., mapped with AFM and determined to be labeled or not labeled) were observable on 

the surface. 

4.2.11 Data Analysis 

Mixed-model ANOVA evaluated the impact of the fixed effects of label (labeled vs no 

label) and age (5 vs 22 mo) and the random effect of individual mouse on measures pertaining to 

modulus variation near lacunae (e.g., peak modulus, bulk modulus, etc). Residuals for all models 

were checked for normality and equal variance. The dependent variable was natural log 

transformed, if necessary, to satisfy these assumptions. Significance was defined a priori as p < 

0.05.  In the case of a significant interaction between age and label, post-hoc tests were adjusted 

for family-wise error with the Bonferroni procedure (i.e., 2 comparisons: label vs non-labeled at 

each age; critical α adjusted to p < 0.025). All analyses were performed using Minitab v.19. 



122 
 

 
Figure 4.1. a) An AFM modulus map for osteocyte perilacunar bone tissue. b) Raw modulus 
maps are processed through masking, rotation, and dilation steps. Sequential concentric rings are 
assigned for analysis. In this image, concentric rings are distanced by 0.2 µm. c) A convolution 
operation smooths boundaries to identify the lacunar wall. d-e) All pixels for an individual 
concentric ring, such as shown in cyan, are used to construct a histogram (bin size 1 GPa) of 
moduli. f) The modulus versus distance gradation profile corresponding to mean modulus values 
found within sequential concentric ring regions (cyan indicating the region that contains the peak 
mean modulus, green indicating the region that contains the bulk mean modulus value). 

4.3 Results 

We first developed AFM mapping and analysis techniques in order to determine whether 

perilacunar modulus demonstrates gradation with respect to distance from the lacunar wall and at 

what resolution this gradation is apparent. We then used these mapping and analysis parameters 

to investigate the influence of osteocyte bone formation activity on perilacunar modulus in 

skeletally-mature (5 mo) and early-old-age (22 mo) female C57Bl/6 mice. 

 

 



123 
 
4.3.1 Perilacunar Bone Tissue Has Sub-Micrometer-Scale 
Modulus Gradation 

Atomic force microscopy fast force mapping demonstrates that bone modulus has sub-

micrometer-scale gradation adjacent to osteocyte lacunae in cortical bone of the murine femur 

(Figure 4.1a). To assess the effect of distance from the lacunar wall on modulus, we initially 

obtained eight maps from one 7-month female C57Bl/6 mouse. For each map, we binned pixels 

within regions of three different step sizes, 0.2, 0.5, and 1µm, extending outward to 2 µm from 

the lacunar wall. The smallest step size, 0.2 µm, was selected because this distance is greater 

than the smallest lacunar spatial features but does not reduce the number of pixels per ring to 

such a low level as to impede interpretation of histograms. Further, gradations in mass density 

from synchrotron line profiles occur at a similar length scale 319. We also studied 0.5 µm and 1 

µm step sizes (i.e., averaging over all pixel modulus values within concentric rings of this 

width), since these resolutions are close to those of other common bone quality measurement 

techniques (e.g., Raman spectroscopy, backscattered scanning electron microscopy, 

nanoindentation). At each distance, a mean and a standard deviation were calculated from a 

histogram of all pixels within the region (Figure 4.1).  

Analysis of all maps at each of the three step sizes demonstrates that step size influences 

the ability to discern modulus gradation (Figure 4.2a). At a step size of 0.2 µm, the modulus rose 

to a peak at 0.2-0.4 µm from the lacunar wall and then declined towards a bulk bone (i.e., 2 µm 

from the lacunar wall). These gradations were apparent in both raw data and data normalized to a 

peak value per lacunar map. The larger step sizes of 0.5 µm and 1 µm failed to capture the rise to 

a peak and decline to bulk seen in mean modulus values when using a finer 0.2 µm step size 

(Figure 4.2a). Standard deviation was also evaluated at each step size. Using a 0.2 µm step size, 
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standard deviation was found to be greatest close to the lacunar wall and declined within 0.4-0.6 

µm to stable values (Figure 4.2b). However, standard deviation was less sensitive to step size. 

All three step sizes detected a decrease in standard deviation with distance from the lacunar wall, 

although the resolution of this effect improves with finer step size. Modulus versus distance 

profiles for all eight lacunae mapped in this first study are shown in Figure 4.3 and Figure 4.4. 

 
Figure 4.2. a) Normalized mean moduli versus distance from the lacunar wall is plotted with data 
from 0.2, 0.5, and 1 µm step sizes extending to 2 µm from the lacunar edge. The distance from 
the lacunar wall indicates the outer distance of a bin (e.g., 0.4 µm means 0.2 – 0.4 µm). Error 
bars represent one standard deviation. b) Normalized standard deviations versus distance from 
the lacunar wall is plotted with data from 0.2, 0.5, and 1 µm step sizes extending to 2 µm from 
the lacunar edge. Error bars represent one standard deviation. Plots created from eight AFM 
maps obtained from lacunae from one 7-month female C57Bl/6 mouse. 
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Figure 4.3. a) Mean modulus for each concentric ring plotted against distance from the lacunar 
wall. The distance from the lacunar wall indicates the outer distance of a bin (e.g., 0.4 µm 
indicates the 0.2 – 0.4 µm bin). Connected dots each represent individual osteocyte lacuna map. 
b) Normalized mean modulus for each concentric ring plotted against distance from the lacunar 
wall. Mean modulus values were normalized against the peak mean modulus value for a given 
map. Plots created from eight AFM maps obtained from lacunae from one 7-month female 
C57Bl/6 mouse. 

 
Figure 4.4. a) Mean standard deviation for each concentric ring plotted against distance from the 
lacunar wall. The distance from the lacunar wall indicates the outer distance of a bin (e.g., 0.4 
µm means 0.2 – 0.4 µm).   Connected dots each represent individual osteocyte lacuna map. b) 
Normalized standard deviations for each concentric ring plotted against distance from the lacunar 
wall. Standard deviation values were normalized against the peak standard deviation value for a 
given map. Plots created from eight AFM maps obtained from lacunae from one 7-month female 
C57Bl/6 mouse. 
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4.3.2 Bone-forming Osteocytes Have Distinct Perilacunar 
Modulus Gradation Compared with Non-Bone-Forming 
Osteocytes 

We first utilized confocal laser scanning microscopy (CLSM) to investigate whether 

labels administered 2 days and 8 days before euthanasia would be observed for 5 mo- and 22 

mo-old mice. Calcein and alizarin labels were both abundantly observed for both ages of mice 

when administered 2 days before euthanasia (Figure B2). By contrast, labels from calcein or 

alizarin administered at 8 days before euthanasia were infrequently observed, precluding 

comparison of perilacunar properties from different labeling dates. While future work would 

benefit from a closer labeling interval, our findings nonetheless suggest that osteocytes 

frequently deposit new osteoid and that this bone tissue undergoes frequent turnover. 

We then evaluated whether osteocyte remodeling affects perilacunar bone tissue modulus 

gradation (Figure 4.5 and Figure 4.6). Of the lacunae randomly selected for AFM mapping, 60% 

were labeled with alizarin (administered 2 days before euthanasia) for both 5 mo and 22 mo mice 

(5 lacunae / mouse, 5 mice / age, N = 50 lacunae). None of the mapped lacunae were labeled 

with calcein (administered 8 days before euthanasia). Mixed model ANOVA showed that labeled 

lacunae had lower peak modulus (-11.72%, p < 0.05) and bulk modulus (-10.06%, p < 0.05, 

Table 4.1). There were no interactions between label and age for these measures. Of note, 

several labeled lacunae had much greater distance to the peak mean modulus. However, on 

average, the distance to peak mean did not differ between labeled and non-labeled lacunae. 

Labeled lacunae also had decreased peak standard deviation (-11.06%, p < 0.05) and bulk 

standard deviation (-12.61%, p < 0.05).  
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Figure 4.5. Representative labeled lacuna from confocal microscopy. The composite image was 
generated from overlaying all slices for the Z-stack. Image 1 demonstrates labeling near the 
lacuna surface, while slices 2-4 show the progression of labeling with depth. 

 
Figure 4.6. Remodeling osteocytes (red box: alizarin labeled lacuna) versus non-remodeling 
osteocytes (white box: non-labeled lacuna) imaged with a) confocal laser microscopy (63x-water 
immersion objective) and b) scanning electron microscopy (carbon coated surface, BSE mode, 
15 kV, 400x). The CLSM image is a composite of a Z-stack of images, demonstrating that non-
labeled lacunae were not labeled on another slice away from the surface. 

The presence of fluorochrome labels did not significantly affect other measures of 

modulus gradation, including slope of the lacunar edge to peak modulus and the slope from the 

peak modulus to bulk modulus (Table 4.1). Measures of lacuna size, including area, minor and 

major axis length, and sphericity (minor / major axes) were not different between labeled and 

non-labeled lacunae. Additionally, there were no significant interactions with labels and aging for 

these measures. 
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4.3.3 Age Affects Some Aspects of Lacunar Size and 
Perilacunar Modulus Gradation 

The lacunar major axis was smaller for 22 mo compared with 5 mo mice (-11.93%, p < 

0.05), although area and minor axes where not changed (we note that major and minor axis 

lengths were determined through obtaining an elliptical fit for each lacunae, while area was 

determined through the number of pixels thresholded out by the MATLAB image processing 

code). The mean slope peak-to-bulk was significantly impacted by age; 22 mo mice showed a 

more gradual decrease in mean modulus from peak mean to bulk bone mean (-30.05%, p < 0.05, 

Table 4.1). There was a significant interaction between age and label for the bulk standard 

deviation normalized to the peak (p < 0.05). This measure evaluates the difference in 

heterogeneity of bulk bone compared to near the lacunar edge (typically where the maximum 

standard deviation occurs). This interaction is driven by increased normalized standard deviation 

for labeled compared with non-labeled lacunae for young mice. However, the p-value (+13.35%, 

p = 0.040) is not small enough to be considered a significant difference given our Bonferroni 

correction for family-wise error. Importantly, several measures (e.g., lacunar sphericity, p = 

0.081; modulus slope from edge:peak, p = 0.070) had the potential to be underpowered for the 

effect of age given our small sample size of n = 5 mice / age. 

4.3.4 Lacunar Size and Shape Do Not Strongly Correlate 
with Perilacunar Modulus Gradation  

Lacunar size and shape change in aging and are commonly studied with a variety of 

imaging techniques (e.g., CLSM, high-resolution computed tomography). Therefore, it would be 

useful to understand whether lacunar morphology can be used as an indication of perilacunar 

bone quality. We evaluated the strength of relationships between lacunar size and measures of 
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modulus gradation (Table B1). The strongest Pearson correlation was lacuna major axis length 

vs. mean normalized edge:peak modulus, with r = -0.427. These results demonstrate that lacunar 

geometry is overall not a strong indicator of measures related to perilacunar modulus gradation. 

4.3.5 Bone Tissue Hydration Impacts Some Aspects of 
Perilacunar Modulus Gradation 

Because dehydration and embedding stiffen bone tissue 243–245, we sought to estimate the 

impacts of PMMA-embedding on perilacunar modulus gradation. Six lacunae were mapped at 

the anterior quadrant of a transverse section of polished, semi-hydrated cortical femur from a 5 

month old C57Bl/6 female mouse. Semi-hydrated bone had lower moduli than for PMMA-

embedded bone, as expected 362. An initial rise in modulus from the lacunar wall for the first 

several hundred nanometers was observed. Modulus versus distance curves normalized to peak 

values per lacuna demonstrate that the slope of this gradation was similar for PMMA-embedded 

and semi-hydrated specimens (Figures B3 and B4). The peak modulus for semi-hydrated bone is 

less distinct than for PMMA-embedded bone and occurs at a greater distance from the lacunar 

wall (Figure B4). 
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Figure 4.7. Superimposition of CLSM images with secondary mode images from FESEM. The 
FESEM images were collected at 8-10kx, 4 kV, 9.1 mm working distance). 
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Table 4.1. Measurements of lacunar morphological and modulus properties for 5 mo and 22 mo 
mice for bone-forming and non-bone-forming lacunae: Data are presented as marginal mean 
(adjusted for age and label) ± standard error from mixed-model ANOVA. Bolded text indicates a 
statistically significant measure (p < 0.05). Non-significant p-values are noted for p ≤ 0.10. 
Measure 5 months 22 months 
 Non-labeled 

n = 5 mice 
5 lacunae / mouse 

Labeled 
n = 5 mice 
5 lacunae / mouse 

Non-labeled 
n = 5 mice 
5 lacunae / mouse 

Labeled 
n = 5 mice 
5 lacunae / mouse 

Lacuna cross-sectional 
area (µm2) 
Age: NS 
Label: NS 
Age x Label: NS 

15.18 ± 1.38 16.05 ± 1.20 
 

14.27 ± 1.40 13.10 ± 1.21 
 

Lacuna major axis length 
(µm) 
Age: p = 0.032 
Label: NS 
Age x Label: NS  

10.31 ± 0.53 10.62 ± 0.43 
 

9.13 ± 0.53 9.30 ± 0.43 
 

Lacuna minor axis length 
(µm) 
Age: NS 
Label: NS 
Age x Label: NS 

3.72 ± 0.24 3.95 ± 0.19 
 

4.07 ± 0.24 3.55 ± 0.19 
 

Lacuna sphericity 
Age: p = 0.081 
Label: NS 
Age x Label: p = 0.092 

0.361 ± 0.028 0.385 ± 0.023 0.452 ± 0.028 0.386 ± 0.023 

Peak mean modulus (GPa) 
Age: NS 
Label: p = 0.014 
Age x Label: NS 

38.20 ± 3.38 32.78 ± 3.23 31.39 ± 3.40 28.66 ± 3.24 

Area before peak mean 
modulus (data inversely 
transformed, µm-2) 
Age: NS 
Label: NS 
Age x Label: NS 

0.115 ± 0.013 0.094 ± 0.011 0.105 ± 0.013 0.100 ± 0.011 

Bulk mean modulus (GPa) 
Age: NS 
Label: p = 0.031 
Age x Label: NS 

34.04 ± 3.19 30.21 ± 3.07 28.80 ± 3.21 26.30 ± 3.08 

Area before peak standard 
deviation of modulus (data 
inversely transformed, 
µm-2) 
Age: NS 
Label: NS 
Age x Label: NS 

0.230 ± 0.023 0.214 ± 0.019 0.248 ± 0.023 0.0228 ± 0.019 

Δ Modulus (peak-bulk) 
(GPa) 
Age: NS 
Label: p = 0.10 

4.06 ± 0.63 2.65 ± 0.54 2.68 ± 0.64 2.30 ± 0.55 
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Age x Label: NS 
Normalized modulus 
bulk:peak 
Age: NS 
Label: p = 0.08 
Age x Label: NS 

0.88 ± 0.02 0.92 ± 0.01 0.91 ± 0.02 0.92 ± 0.01 

Modulus slope, peak to 
bulk (GPa/µm) 
Age: p = 0.036 
Label : NS 
Age x Label: NS 

-2.54 ± 0.36 -2.22 ± 0.30 -1.82 ± 0.36 -1.52 ± 0.30 

Normalized modulus 
edge:peak 
Age: NS 
Label: NS 
Age x Label: NS 

0.68 ± 0.03 0.72 ± 0.03 0.75 ±0.03 0.73 ± 0.03 

Modulus slope, edge to 
peak (GPa/µm) 
Age: 0.070 
Label: NS 
Age x Label: NS 

50.55 ± 6.97 34.01 ± 6.00 25.94 ± 7.06 28.16 ± 6.05 

Peak standard deviation of 
modulus (GPa) 
Age: NS 
Label: p = 0.032 
Age x Label: NS 

14.68 ± 1.46 12.27 ± 1.40 11.40 ± 1.47 10.93 ± 1.41 

Bulk standard deviation of 
modulus (GPa) 
Age: NS 
Label: p = 0.010 
Age x Label: NS 

10.42 ± 1.06 9.00 ± 1.02 8.49 ± 1.06 7.53 ± 1.02 

Δ Standard deviation of 
modulus (peak-bulk) 
(GPa) 
Age: NS 
Label: NS 
Age x Label: p = 0.070 

4.26 ± 0.90 3.27 ± 0.85 2.90 ± 0.91 3.41 ± 0.86 

Normalized standard 
deviation of modulus, 
bulk:peak 
Age: NS 
Label: NS 
Age x Label: p = 0.014 

0.67 ± 0.05 0.76 ± 0.04 0.77 ± 0.05 0.70 ± 0.04 

Standard deviation of 
modulus slope, peak to 
bulk (GPa/µm) 
Age: NS 
Label: NS 
Age x Label: NS 

-2.39 ± 0.49 -1.82 ± 0.46 -1.61 ± 0.49 -2.02 ± 0.46 
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4.4 Discussion 

The osteocyte lacunar-canalicular system (LCS) is an important contributor to systemic 

mineral homeostasis. Osteocytes can remove and replace bone mineral around the expansive 

LCS surface. However, significant questions remain about the impact of LCS remodeling on the 

quality of bone tissue surrounding this network. Aging truncates LCS morphologies 

263,284,298,482,504 and increases the prevalence of osteocyte apoptosis and senescence 299–302. 

Therefore, we were motivated to investigate whether osteocyte perilacunar bone modulus 

gradation, one aspect of bone quality, differs between bone-forming and non-bone-forming 

osteocytes, and to estimate the impact of aging on these characteristics. We utilized confocal 

laser scanning microscopy and atomic force microscopy to evaluate gradations in perilacunar 

bone modulus around bone-forming and non-bone forming cortical femur osteocytes for 

skeletally mature young adult (5 mo) and early-old-age (22 mo) C57Bl/6 females. 

Because synchrotron radiation studies show graded bone mineralization within hundreds 

of nanometers near lacunar and canalicular surfaces 274,319,426,430–432, our first task was to 

determine the resolution at which we could resolve gradation in perilacunar moduli. We used 

AFM to map modulus for 12 µm x 12 µm areas surrounding lacunae (512 x 512 points, ~ 20 nm 

resolution, ~5 nm indentation depth) and developed an analysis procedure to assess mean 

modulus at distance increments from the lacunar wall. Using the same maps from an initial set of 

osteocyte scans from an adult female C57Bl/6 mouse, we investigated modulus gradation from 

the lacunar wall at 0.2 - 1 µm step sizes outwards to 2 µm from lacunae (Figure 4.3). Our data 

indicate that at 0.2 µm resolution, an increase in modulus to a peak value is apparent, usually 

within 0.2 – 0.4 µm from the lacunar wall. At either 0.5 or 1 µm step size, these peak values are 
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not resolved. However, decrease in bone tissue variability with distance from the lacunar wall 

was resolved at all three step sizes (Figure 4.2b). Importantly, our results indicate that many 

common microscale-resolution bone quality assessment techniques (e.g., instrumented 

nanoindentation, Raman spectroscopy, quantitative backscattered SEM) may not have adequate 

resolution to observe gradation in perilacunar bone quality. This is consistent with prior work, 

where bone material is often observed to not vary at the microscale surrounding lacunae, outside 

of circumstances with large perturbations to mineral homeostasis 231,233,238,275,295,322,415.  

A persistent challenge in osteocyte research is in relating the behavior of individual 

osteocytes with the impacts to the surrounding bone tissue material. This connection remains 

elusive, in part because the fixation and decalcification steps necessary to assess parameters of 

osteocyte behavior (e.g., apoptosis, senescence) generally precludes the determination of bone 

material properties. In the present work, we introduce a strategy to evaluate the modulus of bone 

surrounding fluorochrome-labeled or unlabeled osteocyte lacunae. In several prior murine 

studies, genetic disruptions to LCS bone remodeling decrease the abundance of fluorochrome-

labeled cortical lacunae 287,505. Since these studies decreased osteocyte remodeling and also 

utilized similar label dosage and timing as our study, we posit that that labeled lacunae are likely 

an indicator of osteocyte bone formation. We also note that the percentage of labeled osteocytes 

estimated in our study is similar to the percentage of calcein-labeled lacunae (labels administered 

2d before euthanasia) measured at the cortical femur for 28d C57Bl/6 mice in previous work by 

Kegelman and coauthors 505. Interestingly, labeled lacunae were also abundant in 22-month-old 

mice in our study, suggesting that LCS remodeling is still quite active at the cortical femur in 
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early-old-age female mice. It is not yet known if perilacunar labeling frequency decreases with 

more advanced aging. 

Our findings demonstrate that lacunae labeled with alizarin administered 2 days before 

euthanasia have distinct modulus gradations compared with non-labeled lacunae. Specifically, 

the peak and bulk moduli are lower for labeled lacunae. The RMSE surface roughness was very 

similar between maps generated for labeled (24.9 ± 5.9 nm) and non-labeled lacunae (23.7 ± 5.2 

nm), demonstrating that the differences in perilacunar modulus with labeling are unlikely to be 

attributed to difference in topography between these groups. Labels extended hundreds of 

nanometers to ~ 1 µm in width beyond the lacunar wall (Figure 4.7, Figure B6). It is possible 

that the labeling itself alters the mineral properties of the bone 506, although it is not determined 

whether and how this would be expected to influence the bone modulus. Perilacunar modulus 

gradations were only moderately correlated with lacunar geometry. Thus, morphological 

techniques alone are not sufficient for assessing changes to perilacunar bone modulus. 

The gradations in PMMA-embedded bone are excellent agreement with synchrotron 

studies that studied gradation in mineral near the LCS in dehydrated human 319 and dehydrated 

ovine bone 320. Hesse and co-authors studied lacunae and canaliculi from human mandible and 

found that mass density increased from the LCS walls to a peak at about 0.2 µm. These peak 

values were followed by a decrease in mass density with further distance from the LCS walls 319. 

In another study, Nango and colleagues assessed lacunae and canaliculi for wild-type and 

osteoporotic mice using a combination of synchrotron x-ray microscopy and transmission 

electron microscopy (TEM). The lowest mineralization was adjacent to the lacunar wall and 

increased with distance to either a peak or an asymptotic value 274. The close correspondence 



136 
 
between our AFM modulus profiles from PMMA-embedded bone and variation in mass or 

mineral density at a similar length-scale suggests that our observed modulus gradation reflects 

variation in bone mineral.  

Bone dehydration and embedding increase bone modulus 243–245. Thus, we sought to 

estimate the impact of bone dehydration on bone modulus gradation. We completed a 

preliminary assessment of bone modulus gradation in semi-hydrated bone for six lacunae from 

the femur of one 5 month old C57Bl/6 female that had not been mechanically tested. The sample 

was considered semi-hydrated because the hydrated bone surface was wicked dry to avoid 

hydrodynamic interactions between the cantilever and a fluid layer. As expected, semi-hydrated 

bone tissue has lower modulus than PMMA-embedded bone. When normalized to the peak value 

per lacunae, it is apparent that the initial steep gradation in the first 400 nm from the lacunar wall 

is similar for semi-hydrated and PMMA-embedded samples (Figure B4). The PMMA-embedded 

samples show a clear peak modulus value after the initial rise in modulus and then a distinct 

taper to a bulk modulus value (Figure B4). By contrast, semi-hydrated bone does not produce a 

peak value after the initial rise in modulus. The differences in modulus profiles may relate to the 

decreased sensitivity of dehydrated bone modulus to properties of the organic matrix, such as 

collagen fibril orientation 244. Mineral gradations near the lacunar edge in semi-hydrated bone 

appear to correspond to a dominant effect of change in mineralization on modulus, since these 

gradations are in good agreement with PMMA-embedded bone. However, in the more 

mineralized bone away farther from the lacunar wall, this variation in modulus is more likely to 

reflect variation in the properties and structure of the hydrated organic matrix. Thus, we posit 

that the relatively larger contribution of the organic matrix to the modulus in semi-hydrated bone 
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may influence the location and value of the peak modulus. The purpose of the semi-hydrated 

versus PMMA-embedded bone comparison was to estimate the effects of hydration on bone 

modulus gradation. A more extensive investigation would be required to interpret differences in 

the effects of labeling and aging on hydrated bone. 

Perilacunar bone modulus gradation may be influenced by a combination of active and 

passive mineralization and demineralization processes. Some degree of passive mineral 

exchange may occur, since modulus is still graded, albeit differently, for unlabeled lacunae. 

Mineral exchange could be influenced by direct calcium exchange between bone local to the 

LCS and interstitial fluid 319. As suggested by Hesse and co-authors, mass density gradients 

followed by a peak may indicate a diffusion limit for calcium ions from LCS into the 

extracellular matrix (ECM). The authors used the size of this zone of lower mass density to 

estimate the availability of rapidly-exchangeable calcium 319. However, our finding that labeled 

lacunae have distinct modulus gradations suggests that mineralization and demineralization 

processes may have an active contribution from the living osteocyte. Furthermore, osteocytes 

from human mandible specimens with bisphosphonate-induced necrosis, which are more likely 

to be apoptotic, also had distinct perilacunar and pericanalicular mass gradation compared with 

healthy comparisons 319. Thus, it is possible that contributions from active and passive 

mineralization and demineralization processes change in diseases and physiological processes 

where osteocyte viability declines, but addressing these questions requires further investigation. 

Aging affected some characteristics of perilacunar modulus gradation and lacunar size in 

this study, but we were likely underpowered to detect the effect on age on several other measures 

given our small sample size (n = 5 mice / age). Age significantly decreased the modulus slope 
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from peak to bulk. On the other hand, the modulus slope from edge to peak was lower for aged 

mice but the comparison was not significant (p = 0.081). Likewise, there was a significant 

difference in lacunar major axis length with aging, but we did not observe significant differences 

for other measures of lacunar size and shape that may be expected to change in aging. In 

particular, lacunar sphericity is expected to increase with aging, but the comparison between 

young adult and early-old-age mice was not significant in this study (p = 0.070). Overall, the 

specific impacts of perilacunar remodeling on lacunar shape and perilacunar modulus gradation 

would benefit from investigating more mice across an extended age range. 

There are several potential reasons why perilacunar bone modulus gradation may have 

consequences to the osteocyte. The average perilacunar bone area before the peak modulus for 

labeled lacunae was 16 µm2 for PMMA-embedded bone. Because osteocyte lacunae are 

abundantly labeled, we can estimate that a sizable surface of bone along the expansive LCS has 

lower modulus associated with osteocyte bone formation. Therefore, changes to osteocyte 

remodeling with advanced aging or disease may be a mechanism by which bone mineral and 

matrix are modified. However, while it is possible that the changes seen in perilacunar tissue 

modulus may affect whole-bone mechanical properties, further studies would be necessary to 

directly link bone quality across these length-scales. Perilacunar modulus gradation may have a 

physical consequence to the osteocyte. For instance, a softer zone around the lacuna would be 

expected to increase the strain experienced by the osteocyte 234,316,507. Prior computational 

estimates of osteocyte strain amplification based on differences between perilacunar and bulk 

bone properties assigned 10 µm of perilacunar tissue with different moduli based on a parametric 

analysis 316,507. Another study used instrumented nanoindentation to estimate perilacunar 
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properties for the first 5 µm from lacunar walls to use as finite element model inputs 234. The 

findings from our present work as well as the methods we share for analyzing 2D AFM modulus 

maps could be utilized to improve estimates about the effect of perilacunar modulus gradation on 

osteocyte strain amplification in the contexts of bone-forming and non-bone forming osteocytes. 

Our study has several limitations. First, bone samples were dehydrated in ethanol and 

embedded in PMMA. We compared our perilacunar modulus gradation from PMMA-embedded 

bone with bones that were not embedded and were instead hydrated with tap water. Semi-

hydrated bone samples still showed perilacunar modulus gradation, but these gradations had 

several differences from the PMMA-embedded samples. Next, we did not identify the cause of 

the bone modulus gradation. It would be valuable to ascertain bone compositional differences at 

similar length-scales to those probed with AFM, although this is technically quite challenging.  

Another limitation is that pericanalicular bone tissue was not mapped in this study. In 

synchrotron studies, bone mass gradation around canaliculi is similar to around lacunae 319, 

suggesting that AFM may also resolve modulus gradation around these structures. The approach 

presented herein could be readily modified to map modulus around canaliculi or dendrites. We 

did not evaluate whether aging decreases the number or proportion of labeled lacunae. However, 

of all the randomly selected lacunae in this study, a similar proportion were labeled for young 

adult and early-old-age mice. Finally, this study assessed a small number (n = 5 / group) of 

young adult and early-old-age C57Bl/6 female mice. While we observed modulus gradation for 

every perilacunar bone map acquired for both ages, the causes of changes of modulus profiles 

with age would benefit from additional mice of both sexes across an extended age range.  
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We report, for the first time, that bone modulus is graded at the sub-micrometer scale 

around osteocyte lacunae. Perilacunar modulus gradation is distinct for fluorochrome-labeled 

lacunae for both skeletally-mature young adult and early-old age mice, where the labeled lacunae 

are surrounded by a region of lower modulus bone. However, perilacunar modulus gradation is 

not strongly related to the 2D dimensions of the lacuna. Given the immense scale of the LCS and 

the abundance of osteocyte bone formation, our findings support the possibility that lacunar-

canalicular remodeling can impact bone tissue properties, such as modulus. 
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Abstract  

Hydrated bone tissue is shown to be viscoelastic at milli to micrometer-length scales, 

which can have important contributions to bone fracture resistance. However, the magnitude and 

range of bone viscoelasticity (tan δ, a measure of energy dissipation) at the nanometer length-

scale is undetermined. This is a critical gap since this length-scale is influenced by the activities 

of bone cells, including osteocytes, which are subjected to modifications in aging and diseases. 

Our previous work using atomic force microscopy (AFM) demonstrated spatial variance in 

modulus at the nanometer-scale near osteocyte lacunae, but the bone energy dissipation and its 

spatial variations have never been measured in bone, whether near or far from the osteocyte 

lacunar canalicular system (LCS). This is mostly due to instrumentation challenges of this length 

scale in hydrated tissues. Here, we adapt a liquid contact resonance AFM (CR-AFM) technique 

and revise it for the measurement of nanometer-length scale variation in energy dissipation of 

hydrated bone tissue. We use this approach to demonstrate that bone tissue energy dissipation has 

a very high spatial variation in hydrated cortical bone for young adult female C57BL/6JN mice, 

although, our nanometer-scale tan δ results are comparable on average to micrometer-scale tan δ 

measurements taken at the micrometer-scale for similar bone tissues. We also observe gradation 

patterns of tan δ near several osteocyte canaliculi. This study is significant because 1) it 

introduces a robust, repeatable, and accessible method for bone researchers to collect these types 

of data in bone and 2) these data highlight a need to revisit the understanding of the impact of 

bone material property heterogeneity on bone biomechanics, as well as the role of local 

viscoelasticity in osteocyte mechanosensation. 
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5.1 Introduction  

Bone is a hydrated tissue that exhibits a time-dependent, viscoelastic response to loading 

that depends on the length-scale of the material assessment64,508–510. The viscoelasticity of bone 

tissue is attributed to the composition of bone, which is approximately 65% hydroxyapatite 

mineral, 25% organic scaffold including collagen and non-collagenous proteins, and 10% 

water23,32,511. For machined, millimeter-scale hydrated specimens of cortical bone for humans 

and bovines, bone exhibits tan δ values (i.e., the ratio of the loss modulus to the storage modulus, 

a measure of energy dissipation) ranging from 0.04 to 0.08510,512,513 and 0.03 to 0.125514,515, 

respectively, as determined by dynamic mechanical analyses (DMA). These millimeter-scale 

measurements indicate low to moderate viscoelasticity. At the micrometer-scale, the variance in 

bone viscoelasticity is larger and the span includes larger values. Using nano-DMA (i.e., DMA 

analyses using an instrumented nanoindenter capable of microscale measurements), tan δ for 

hydrated cortical mouse ranged from 0.01 to 0.5, depending on the location in the cortical bone 

and the strain of mice509. For human hydrated cortical bone, tan δ ranged from 0.03 to 0.25, 

depending on the frequency64,516. The viscoelasticity of bone tissue is important to bone 

biomechanics for several reasons. First, bone viscoelasticity is an intrinsic toughening 

mechanism that can contribute to bone fracture toughness by enabling bone to deform plastically 

and increasing the energy dissipation of crack initiation and propagation49,50,517–520. 

Viscoelasticity and energy dissipation in bone tissue are achieved through multiple mechanisms, 

including plastic deformation and unwinding of individual collagen molecules50,521, continuous 

breaking of collagen crosslinks and sliding of collagen molecules with each other and mineral 

particles in mineralized collagen fibrils521,522, prevention of fiber separation by sacrificial non-
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collagenous bonds that "glue" mineralized collagen fibrils together523, and stabilizing of 

collagen-mineral interface by water through hydrogen bonding with the organic matrix and 

electrostatic attractions with the mineral phase524,525. Second, bone viscoelasticity may be 

variable at the nanometer-length scale, in part because of the activities of embedded bone 

cells526,527. However, the spatial variance in viscoelasticity at these resolutions is undetermined, 

in part because of the technical difficulties of obtaining these measurements.  

Osteocytes are long-lived cells that are embedded within cortical bone tissue in holes 

called lacunae that are connected by canaliculi131. In addition to their known roles in 

coordinating the activities of other bone cells (i.e., osteoclasts and osteoblasts), osteocytes have 

been shown by our group and others to remove and replace at least some components of bone 

tissue in a process called lacunar-canalicular system turnover (LCS turnover, also called peri-

lacunar remodeling or peri-lacunar-canalicular remodeling)26,28–30,177,187. This process is highly 

prevalent and has the potential to impact a significant quantity of bone tissue26–30,177,179,187. 

Further, we have shown that osteocytes likely affect the material properties of their surrounding 

bone tissue30. Specifically, lacunae that show a fluorochrome label, indicating recent 

mineralization, are surrounded by more compliant bone tissue. It is not yet understood if the 

osteocyte can also impact local bone viscoelasticity. Since LCS turnover involves at least the 

demineralization and re-mineralization of bone matrix, and possibly the turnover of organic 

matrix, impacts to viscoelasticity would be suspected26,29,30,517–520. Determining the 

viscoelasticity of bone near osteocytes is important for understanding both the impacts of this 

cell on bone matrix and, conversely, the impacts of the properties of bone matrix on osteocyte 

mechanosensation. 
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Mapping bone viscoelasticity at the nanometer-length scale for hydrated specimens is a 

technical challenge. These types of data can be obtained at the microscale using instrumented 

nanoindentation and nano-DMA, with contact areas in the range of ~1-5 micrometers509. This 

technique lacks the resolution to measure viscoelasticity at a scale relevant to interactions of 

osteocytes with their surrounding bone matrix28. AFM can achieve the desired resolution for 

these types of studies but has so far has only been used to map quasistatic properties in bone30,526. 

Specifically, most researchers use AFM for small force vs. displacement tests, where modulus is 

calculated using Hertzian contact mechanics or the Oliver-Pharr method528,529. Further, AFM 

studies are usually conducted for dehydrated bone specimens, which stiffens bone tissue, reduces 

heterogeneity, and reduces viscoelasticity243–245. The nanometer-length scale spatial variation of 

the viscoelasticity of bone tissue, whether near or far from the osteocyte LCS, is not yet 

determined, in part due to the technical challenge of obtaining these measurements.  

Contact resonance AFM (CR-AFM) is a promising technique that provides nanometer-

scale viscoelasticity property measurements242,246–248,530–535. CR-AFM utilizes the resonant 

frequencies and mode shape of an oscillating cantilever beam in contact with a sample to provide 

information about the sample material properties, such as tan δ242. The elastic and damping 

properties of the material are calculated from the shifts in cantilever resonance properties when it 

is in contact with the sample, compared to the cantilever properties when it is freely oscillating in 

air532,536. CR-AFM has been employed in air on dry, standard engineering samples such as 

polystyrene to effectively measure their viscoelastic properties530. There are a few instances 

where CR-AFM has been applied to biological materials, including the dehydrated, PMMA-

embedded osteochondral interface533. However, the viscoelasticity of biological specimens, 
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including bone, is much more accurately measured in a hydrated state243–245. There are two 

primary reasons why this methodology has not been applied to bone, or materials similar to 

bone, to date. The first is that conducting CR-AFM in liquid is challenging due to the 

complexities introduced by fluid interactions with the cantilever beam (i.e., hydrodynamic 

effect), which influences the contact mechanisms and the subsequent measurements. While a few 

studies have proposed corrections for the hydrodynamic effect242,246–248 , the necessary 

adjustments to deploy the technique on bone or other stiff, complex material systems have not 

been made. Second, previous usages of CR-AFM employed dual-AC resonance tracking 

(DART) to enable continuous maps of viscoelasticity242. This technique is difficult to employ on 

stiff or not completely uniform structures. Here, we present an approach that uses CR-AFM data 

collection by points, as opposed to over continuous maps with very high speed of data collection, 

to surmount these limitations. The approach developed here is expected to make the CR-AFM 

measurement more accessible to bone researchers. 

In this study, we employ CR-AFM in liquid to evaluate the viscoelastic properties of 

hydrated bone tissue at the nanometer length-scale. We quantify bone tissue energy dissipation 

(tan δ) and its spatial variance (i.e., heterogeneity), both adjacent to osteocyte canaliculi and in 

bulk bone tissue away from these structures. We hypothesized that energy dissipation in hydrated 

bone tissue exhibits greater heterogeneity when measured at the nanometer-length scale 

compared with measurements collected at larger length scales. We also hypothesized that the 

tissue surrounding osteocyte canaliculi displays different energy dissipation properties compared 

to bulk tissue located further from the LCS. 
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Table 5.1. Summary of terms and parameters for contact-resonance AFM. 

Parameter Meaning Value 
CR-AFM Contact resonance atomic force microscopy NA 
Fr Frequency of resonance peak in contact NA 
QF Width of resonance peak at half-maximum amplitude of the peak NA 
FrCR Raw FR measured in contact with bone Measured 
QFCR Raw QF measured in contact with bone Measured 
Frcorrect Corrected FR after removing the hydrodynamic effect from raw FR Measured 
QFcorrect Corrected QF after removing the hydrodynamic effect from raw QF Measured 
Frfree FR measured for free-oscillating cantilever in air Measured 
Frnear FR measured near the bone sample in water for hydrodynamic corrections Measured 
QFnear QF measured near the bone sample in water for hydrodynamic corrections Measured 
QFfluid Calculated hydrodynamic damping of the in-contact system Measured 
n Mode number of a resonance peak  3 
K* Contact stiffness  Measured 
σ Contact damping  Measured 
α Normalized contact stiffness Measured 
β Normalized contact damping Measured 
Kc Cantilever spring stiffness  Measured 
ηair Damping correction factor tuned to the cantilever’s free response in air 9000 
E’ Storage modulus  NA 
E” Loss modulus NA 
tan δ Loss tangent or factor, E”/E’ Measured 

xL 
Corresponding solution to the characteristic equation for free flexural 
vibration: 1 + cos(xL) cosh(xL) = 0, with xL = [1.8751, 4.6941, 7.8548] 
for flexural mode n = [1, 2, 3] 

7.8548 

L Cantilever length 240 μm 
L1 Position of the probe along the cantilever length 240 μm 
A Cantilever cross-sectional area  92 μm2 

b Cantilever width 40 μm 
th Cantilever thickness 2.3 μm 
I Second area moment (b*th3/12) 40.5 μm4 
E Cantilever modulus 200 GPa 
ρ Material density 2330 kg/m3 

ρfluid Density of water 997 kg/m3 
μfluid Shear viscosity of the water 1 mPa.s 
Γ hydrodynamic function NA 
Γreal Real component of Γ Measured 
Γimaginary Imaginary component of Γ Measured 
Re Unsteady Reynolds number Measured 
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5.2 Materials and Methods 

5.2.1 Contact Resonance Atomic Force Microscopy (CR-
AFM)  

The setup for CR-AFM involving a vibrating probe and cantilever in contact with a 

viscoelastic sample is illustrated in Figure 5.1A. In CR-AFM, a small elastic cantilever beam is 

clamped at one end and free at the other, where a sharp silicon probe facilitates sample actuation. 

Photothermal excitation of cantilever oscillations from 0 Hz to 2 MHz (in water here) captures 

the response of four resonant modes (Figure 5.1A-B)242,248,531,536–539. The cantilever is excited in 

the free state (e.g., in air) as well as when in contact with a sample. The boundary condition 

experienced by the cantilever’s probe tip when contacting a substrate determines the frequency 

and quality factor of a resonance peak, and the boundary condition is determined by the 

viscoelastic properties of the substrate. The relationship of cantilever resonance and substrate 

viscoelasticity is the basis for contact resonance theory242,248,531,536–539. For example, a relatively 

stiff and elastic substrate would result in resonance peaks occurring at higher frequency of the 

resonance peak in contact (FrCR), accompanied by narrower mode shapes. For a viscoelastic 

material, the damping in the resonance peak is used to assess the viscous characteristics of the 

material, which is attributed to both FrCR as well as the width of resonance peak at half-

maximum amplitude of the peak, known as quality factor (QFCR) of the resonance peak (Figure 

5.1C)242,537,539. Sample viscoelastic properties are measured from shifts in the frequency and 

quality factor while the probe is in contact with the surface as compared with free oscillations in 

air (Figure 5.1C). There, it is important to measure Fr and QF values both during contact with the 

sample and during free cantilever vibrations at the corresponding flexural mode in air (ideally in 
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vacuum, although negligible differences have been reported between air and vacuum 

measurements247,534,540). 

 
Figure 5.1. Schematic of liquid CR-AFM setup and CR theory. A) The theoretical setup for 
liquid CR-AFM. A probe and cantilever oscillate while in contact with a viscoelastic sample that 
is submerged in water. The cantilever is excited with the excitation laser while in contact with the 
sample. B) The resonance response of the cantilever is be collected for different resonance 
modes (n). C) In CR-AFM, for the nth resonance mode, the contact resonance properties of the 
cantilever, contact frequency (FrCR) and quality factor (QFCR), are collected. The sample’s 
viscoelastic response is measured based on the shifts in the frequency and quality factor in 
contact compared to in free air measurements. D) The cantilever beam is modeled as a harmonic 
oscillator with an effective mass of m* with a massless spring with stiffness Kc and a massless 
dashpot with a damping constant of ηair. Contact stiffness (k*) and contact damping (σ) between 
the cantilever and the material are modeled as a point-mass beam based on the properties of the 
cantilever beam using Kelvin–Voigt contact theory.  

5.2.2 Energy Dissipation (tan δ) Calculation  

Contact mechanics models are used to determine the viscoelastic properties of the sample 

such as storage modulus (E’), loss modulus (E”), and the loss tangent or loss factor, tan δ 

(E”/E’). To accurately determine the values of E’ and E”, it is imperative to determine the probe 
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contact area. This can be accomplished in AFM measurements by analyzing a comparable 

calibration sample with established viscoelastic properties. The complex heterogeneity of 

hydrated bone makes selection of an appropriate calibration sample difficult. However, as 

developed by Hurley et al537, tan δ can be determined directly from the cantilever beam 

dynamics model, bypassing the intermediate calculations of E’ and E” and eliminating the need 

for a calibration sample for probe geometry. This is accomplished using Equation 1: 

tan 𝛿𝛿 = (xL)2 β
α
�L1
L
�
2 Fr𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶

Frfree
   (1) 

Here, xL is the corresponding solution to the characteristic equation for cantilever free flexural 

vibration as developed by Hurley et al: 1 + cos(xL) cosh(xL) = 0, with xL = [1.8751, 4.6941, 

7.8548] for flexural mode n = [1, 2, 3]537. L1/L is the relative position of the probe along the 

cantilever length, which here is set to 1 (AC240TSA-R3, Oxford Instruments, material properties 

and geometry detailed in Table 5.1). Fr𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 is the contact frequency after hydrodynamic 

correction (details in 2.1.4). Frfree is the cantilever free oscillation for the corresponding 

resonance mode. α and β are the normalized contact stiffness and damping values that are 

obtained from the contact stiffness (k*) and damping (σ). k* and σ are obtained by modeling the 

cantilever as a point-mass beam as described next. 

5.2.3 Cantilever Point-Mass Beam Modeling to Determine 
Contact Stiffness and Contact Damping 

The properties of probe-sample contact are analyzed using a Euler-Bernoulli beam model 

as reported in detail by Rabe et al541. To account for the elastic and damping characteristics of 

probe-sample contact, a Kelvin-Voigt element models the boundary condition at the point of 

contact as a linear elastic spring of stiffness k* in parallel with a linear dashpot having a damping 
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coefficient σ (Figure 5.1D). The beam is a three-dimensional structure with a rectangular cross-

sectional area A (width b, thickness th), second area moment I (b*th3/12), and length L. 

Assuming homogenous properties, the equation of motion for flexural vibrations is: 

EI
𝛿𝛿4𝑦𝑦
𝛿𝛿𝑥𝑥4

+ 𝜂𝜂𝑎𝑎𝑎𝑎𝑎𝑎ρA
𝛿𝛿𝛿𝛿
𝛿𝛿𝛿𝛿

+ ρA
𝛿𝛿2𝑦𝑦
𝛿𝛿𝑡𝑡2

= 0 (2) 

where x represents the axial coordinate along the cantilever, y(x, t) denotes the transverse 

deflection, ρ denotes material density, E denotes modulus and 𝜂𝜂𝑎𝑎𝑎𝑎𝑎𝑎 is a damping correction factor 

tuned to the cantilever’s free response in air. All values are listed in Table 5.1. The probe position 

(L1) is assumed to be at the end of the beam (x = L, L1/L=1), consistent with the cantilever used 

in this study. The boundary conditions at the free and fixed end are: 

EI
𝛿𝛿4𝑦𝑦
𝛿𝛿𝑥𝑥4

+ 𝜂𝜂𝑎𝑎𝑎𝑎𝑎𝑎ρA
𝛿𝛿𝛿𝛿
𝛿𝛿𝛿𝛿

+ ρA
𝛿𝛿2𝑦𝑦
𝛿𝛿𝑡𝑡2

= 0 (3) 

𝜕𝜕
𝜕𝜕𝜕𝜕 �

EI 
𝜕𝜕2𝑦𝑦(𝐿𝐿, 𝑡𝑡)
𝜕𝜕𝑥𝑥2

 � =  𝑘𝑘∗y(L, t) + σ 
𝜕𝜕𝜕𝜕(𝐿𝐿, 𝑡𝑡)
𝜕𝜕𝜕𝜕

    
(4) 

EI 
𝜕𝜕2𝑦𝑦(𝐿𝐿, 𝑡𝑡)
𝜕𝜕𝑥𝑥2

=  0 
(5) 

𝑦𝑦(0, 𝑡𝑡)  =  0 (6) 

We discretize equation (2) into a finite model implemented in Matlab (Appendix). 

Specifically, we use this model to estimate contact stiffness k* and contact damping σ from 

experimental measurements of the cantilever beam’s 3rd resonant frequency and quality factor. 

We chose the 3rd mode for two reasons, 1) matching the dynamic stiffness of the cantilever to the 

bone sample improves signal to noise ratios and 2) the 3rd mode exhibited superior stability in 

repeated point measurements. The finite element model consists of 20 uniform length elements, 

which was sufficient to demonstrate convergence of the third natural frequency. The model was 

then converted to a state-space framework, where the damping ratios (inversely proportional to 
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the quality factor) and resonant frequencies are determined via the state matrix poles542. We 

swept over a range of contact stiffness and damping values (grid of 20 each) to identify the 

corresponding resonant frequencies and quality factors. A viable range of contact 

stiffness/damping values to model was identified using the non-dimensional stiffness ratio and 

damping defined by Rabe et al 541. We subsequently established an interpolation map that 

facilitating output of contact stiffness and damping given a specific resonant frequency and 

quality factor input. 

Next, we calculated α and β from contact stiffness and damping values for each point: 

α =
𝐾𝐾∗

𝐾𝐾𝑐𝑐
 (7) 

β =
𝜎𝜎𝐿𝐿1

(9𝐸𝐸𝐼𝐼𝐼𝐼𝐼𝐼)1/2   (8) 

where Kc = 3𝐸𝐸𝐸𝐸
𝐿𝐿1

  3   is the cantilever’s spring constant. 

5.2.4 Liquid CR-AFM 

Several studies have illustrated the effectiveness of CR-AFM measurements in air with 

standard polymeric samples242,531,537,539,543. In fewer instances, biological samples such as 

engineered plant cells535,544 and the dehydrated osteochondral interface533 have been investigated. 

Conducting CR-AFM in liquid offer significant advantages for samples that derive material 

properties from interactions with water. Bone, which contains about 10% water by weight, is an 

example of such a material63. The viscoelasticity of bone has impacts on the material properties 

(e.g., toughness) of the skeleton and potentially on its biological functions (e.g., cell 

mechanosensation)510,515,526,545,546. However, bone viscoelasticity cannot be adequately estimated 

from dehydrated specimens. It is challenging to collect CR-AFM for hydrated biological 
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specimens like bone for several reasons. First, there are practical concerns to manage, such as 

maintaining sample hydration during testing. Second, the traditional piezoelectric excitation used 

to drive the AFM cantilever can produce unintended resonance responses in the liquid, 

particularly when the cantilever is in contact with the sample538,547. To address this challenge, 

several studies have suggested direct cantilever excitation by photothermal 

method246,248,534,538,547–549. This is accomplished by positioning a second laser (e.g., BlueDrive 

photothermal excitation laser) onto the cantilever to oscillate its temperature, inducing bending 

and driving cantilever motion246,248,534,538,547–549. Third, the fluid hydrodynamic interactions 

between cantilever and sample require an appropriate strategy. In a fluid environment, the 

behavior of the cantilever during CR-AFM not only depends on the sample material properties 

but also on the added mass and damping effect of the fluid (Figure 5.2). To address this 

challenge, a hydrodynamic effect correction method has been introduced and applied in liquid 

CR-AFM measurements247,534,538.  

Since the cantilever is submerged during the liquid CR measurements, test outcomes 

should be corrected for the hydrodynamic interactions between the cantilever and fluid 

environment (Figure 5.2A). The hydrodynamic function, which is frequency-dependent, is 

typically computed for a cantilever in free oscillation 247,534,538. However, calculating the 

hydrodynamic function in contact for CR measurements poses computational challenges and 

necessitates prior knowledge of the system's geometrical and material properties. These obstacles 

are overcome by experimentally measuring and reconstructing the hydrodynamic function (Γ) in 

close proximity (100-200 nm) to the sample surface247,534 (Figure 5.2B). This approach captures 

the approximate hydrodynamic behavior of the system during CR measurements. We measured 
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both the Γreal component (representing mass loading) and the Γimaginary component (representing 

environmental damping) of the hydrodynamic function, using frequency (Frnear) and quality 

factor (QFnear) at different resonance modes near the bone surface in water (Figure 5.2B). The 

measurements were conducted using equations 9-11247,534.  

Γreal =  
(Frfree
Frnear

)2 − 1

χ
 

(9) 

Γimaginary =  
�Frfree

Frnear
�
2

QFnear χ
 

(10) 

 χ =
π
4 
ρfluidb2

ρA
 

(11) 

where ρ�luid and ρ represent the density of the fluid (here, water) and the cantilever material 

(silicon, as detailed in Table 5.1), respectively. b is the width and A is the cross-section area of 

the cantilever as described before. Unsteady Reynolds numbers for each of these frequencies 

were also calculated. 

Re =
ρfluid

4μfluid
b2Frnear 

 

(12) 

where μfluid is the shear viscosity of the fluid. 

Next, we calculated the Γreal and Γimaginary for our data from the frequency values of in-

contact measurements. Since hydrodynamic functions are frequency-dependent and frequencies 

shift upon contact, we cannot directly use Γreal and Γimaginary values calculated from the near-

surface measurements. Following established procedures, we instead estimated the 

hydrodynamic function for in-contact measurements by interpolating the measured Γreal and 

Γimaginary values near the surface and then reading the corresponding Γreal and Γimaginary values for 
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in-contact frequencies247,534,535. The resulting hydrodynamic functions were then plotted as a 

function of the Reynold’s number for each of the near-surface points (Figure 5.2C). To fit these 

near-surface hydrodynamic functions to a polynomial expansion, we assumed the asymptotic 

expansion for a long slender beam considering the functional form of the hydrodynamic 

function247,534. We determined the order of the initial terms and incorporated fitting coefficients 

(a, b, and c) to appropriately fit the data near the surface: 

Γreal =  a1 + 𝑏𝑏1𝑅𝑅𝑒𝑒−1/2 (13) 

Γimaginary =  a2 +  𝑏𝑏1𝑅𝑅𝑒𝑒−1/2 + 𝐶𝐶2𝑅𝑅𝑅𝑅−1  (14) 

Following data collection, for each point of measurement, we calculated the 

corresponding unsteady Reynold’s number (ReWCR) from each point’s contact frequency and 

obtained the corresponding Γreal (ΓReal(ReFrCR)) and Γimaginary (Γimaginary(ReFrCR)) values from our 

fitted curves (Figure 5.2C). Next, we determined the corrected cantilever resonant properties, 

Frcorrect and QFcorrect, for each point using the following equations 247,534: 

Frcorrect = FrCR[1 + χ ΓReal(ReFrCR) (15) 

QFcorrect =
1

1
QFCR

− 1
QFfluid

 (16) 

QFfluid =
χ−1 + Γreal(ReCR)
Γimaginary(ReCR)

 
(17) 

Applying hydrodynamic corrections and controlling for the spurious hydrodynamic 

effects establishes the in-air-equivalent frequency and quality factor values for contact 

measurements made in water, thereby isolating sample material properties from damping in 

water. A more detailed description of the application of the hydrodynamic function can be found 

elsewhere 247,534. 
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Figure 5.2. Hydrodynamic effect corrections. A) For CR-AFM measurements conducted in 
water, the measured FrCR and QFCR values should be corrected to remove the hydrodynamic 
effect between water and the cantilever. B) The free cantilever resonance response is measured in 
air and in water, enabling reconstruction of the hydrodynamic function. C) A representative 
hydrodynamic function, both real and imaginary components, from one cantilever is shown here 
plotted against the unsteady Reynolds number, which varies as a function of frequency. Solid 
circles are the measured hydrodynamic function at the first four free resonance frequencies in 
water by the cantilever near (100-200 nm) the bone surface. These measurements points were 
fitted using equations 13 and 14, as represented by lines. The unsteady Reynolds numbers were 
then calculated using the frequency values obtained from CR-AFM measurements in contact 
with the bone surface. Using these plots, the hydrodynamic function components were estimated 
(one representative point is shown here as an empty circle). Using equations 15-17, the 
frequency and quality factor values for all data points were corrected. 

5.2.5 Animal Models 

All animal procedures were approved by Montana State University’s Institutional Animal 

Care and Use Committee. Young adult 5-month-old (5 mo, n = 3) female C57BL/6JN mice from 

Jackson Laboratory were utilized in this study. Mice had ad libitum access to water and standard 

chow and were euthanized via isoflurane inhalation followed by cervical dislocation. 
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5.2.6 Sample Preparation  

Right femurs were harvested, cut transversely in half at the femoral midshaft using a low-

speed diamond saw (Isomet, Buehler), and then the proximal fragments, without undergoing any 

ethanol dehydration steps, were embedded in non-infiltrating epoxy (Epoxicure 2, Buehler), 

allowing for sample rehydration prior to testing. The mid-shaft cross-sections were polished to 

achieve a mirror-like finish, using wet silicon carbide papers (600 and 1000 grits, Buehler) 

followed by Rayon fine cloths and alumina pastes (9, 5, 3, 1, 0.5, 0.3, and 0.05 μm, Ted Pella, 

Inc.). Cross-sections were wrapped in water-soaked gauze and stored at -20 ºC and then 

rehydrated with tap water for 24 hours prior to analyses in effort to restore bone tissue hydration, 

which is important for collecting physiologically relevant measures of bone viscoelasticity. 

5.2.7 CR-AFM Instrumentation 

All analyses were performed with an Asylum Research Cypher S force microscopy 

system (Asylum Research, Oxford Instruments) with an etched silicon cantilever with gold 

coating (AC240TSA-R3, Oxford Instruments, material properties and geometry detailed in Table 

5.1) and dimensions of 240 × 40 × 2.3 μm. The AFM probe was a sharpened tetrahedral made of 

silicon, with 14 μm length and tip radius of 7 nm.  A BlueDrive photothermal excitation laser 

(Asylum Research, Oxford Instruments) was used to drive the cantilever at desired frequencies 

(0-2 MHz sweep in contact). A standard diode laser (Asylum Research, Oxford Instruments) was 

used to detect cantilever deflection. The BlueDrive laser was positioned at the tip of the 

cantilever to optimize amplitude values, while the detection laser was situated at the cantilever's 

end directly above the probe (Figure 5.1A). 
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5.2.8 CR-AFM Pre-testing Calibration Steps 

Prior to each testing session, cantilever deflection sensitivity and cantilever spring 

constant were calculated using the thermal tuning via Sader method550. For each new probe, each 

of the following calibration steps were conducted. We collected the free (non-contact) 

frequencies of each cantilever in air and room-temperature tap water using a 4.5 mW BlueDrive 

drive amplitude with a frequency sweep width of 2 MHz (Figure 5.2B). In air, the cantilever was 

oscillated freely close to the bone sample surface and frequencies for the first four resonance 

modes were collected. To achieve near-surface measurements in water, we first perform a force-

distance curve. The force trigger was adjusted to 10-12 nN to achieve a retraction distance of 

100-200 nm, enabling the subsequent capture of surface-dependent hydrodynamic effects. The 

frequency and quality factor values for the initial four resonance modes of free oscillation in 

water, near surface, were recorded. Since the distance between the cantilever and the surface in 

the near surface measurement was less than 2% of the probe’s height, we assume that the 

distance between the cantilever and the surface is equivalent for both contact and near-surface 

measurements, establishing known hydrodynamic interactions during data collection. The free 

frequency and quality factor values were used to estimate the hydrodynamic function and 

construct the calibration curves (Figure 5.2C) that were used to remove the hydrodynamic effect 

from contact measurements (detailed in 5.2.3.4). 

5.2.9 Measurement of tan δ for Peri-canalicular and Bulk 
Bone Tissue at Sub-micrometer Scale 

All data were collected in the anterior quadrant of the femoral midshaft cross-section. 10 

by 10 μm topography maps were randomly collected in the anterior quadrant and used to identify 

the regions of interest (ROIs) for canaliculi. Peri-canalicular regions were defined as the bone 
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immediately adjacent to the wall of one canaliculus cross-section (Figure 5.3). A grid of points 

covering a 500 by 300 nm region adjacent to canalicular wall was established. As shown in 

Figure 5.3, a row of three points parallel to the canalicular wall (spaced 100 nm apart) was 

repeated 10 times in the direction perpendicular to the canalicular wall, to cover a distance of 

500 nm away from the wall with 50 nm increments. Each peri-canalicular map was further 

divided into two separate maps for data analyses; points located less than 100 nm away from the 

canalicular wall (Can-near) versus points located between 100 to 500 nm away from the 

canalicular walls (Can-far). The 100 nm cutoff was chosen based on the observed gradient 

patterns in tan δ around some canaliculi in our data. Therefore, we employed this cutoff to assess 

whether viscoelastic properties would exhibit a similar trend around canaliculi. Bulk regions 

were defined as areas where no canaliculus (or lacuna) was identified within a 2 by 2 μm 

vicinity. A grid of points measuring 3 by 10, spaced 100 nm apart, was employed to map the tan 

δ in bulk regions (Figure 5.3). All regions of interests were selected in the lamellar compartment 

of cortical bone, with a minimum distance of 20 μm from the bone's endocortical and periosteal 

surfaces. Maps were at least 1 μm away from an osteocyte lacuna. Data was collected for n=3 

mice, each n=3 bulk maps and n=5 peri-canalicular maps. 

Following the establishment of spot maps, CR-AFM was conducted in contact mode 

(BlueDrive CR mode, AFM software, Asylum Research, Oxford Instruments) for each point. To 

maintain a consistent meniscus of water between the sample surface and probe, a custom 

aperture was utilized. Drive amplitude was set to 4.5 mW, while the setpoint was adjusted to 0, 

and the free deflection set to -0.2, ensuring a consistent stress level at the probe-surface contact. 

Amplitude versus frequency tune data for each measurement point were acquired at the 
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cantilever's third resonance frequency (n = 3) during contact, with a frequency sweep width of 

400 kHz. Uncorrected frequencies (Frtest, the peak frequency) and uncorrected quality factors 

(QFtest, the width of the peak at half-maximum amplitude) were obtained (Figure 5.1). 

MacroBuilder programming (AFM software, Asylum Research, Oxford Instruments) automated 

the tuning process and collection of amplitude-frequency curves at each point of a map. 

 
Figure 5.3. Schematic for AFM mapping. All maps were located in the anterior region of the 
cortical midshaft femur within lamellar bone. Topography maps were used to identify the regions 
of interest. Canalicular maps (500 by 300 nm, spaced 50 nm apart) were located adjacent to 
canalicular wall. Canalicular wall shown with a yellow border and a pink arrow. Each canalicular 
map was divided into two separate maps for data analyses; points located less than 100 nm away 
from the canalicular (Can-near wall versus the points located between 100 to 500 nm away from 
the canalicular walls (Can-far) Bulk regions were defined as areas where no canaliculus (or 
lacuna) was identified within a 2 by 2 μm vicinity. A grid of points measuring 3 by 10, spaced 
100 nm apart, was employed to map the tan δ in bulk regions. All regions were chosen with a 
minimum distance of 20 μm from the bone's endocortical and periosteal surfaces, in the lamellar 
compartment of the cortical bone, and at least 1 μm away from a lacuna. 

5.2.10 CR-AFM Data Processing  

Hydrodynamic correction was performed for the frequency and quality factor data as 

outlined in section 5.2.3.4, using a custom MATLAB code. The Reynolds number (ReFrCR) was 

calculated for each point (equation 9). Then, equations 13 and 14, corresponding to the 
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calibration curves in Figure 5.2C, were applied to extract both the real (ΓReal(ReFrCR)) and 

imaginary components (ΓImag(ReFrCR)) of the hydrodynamic function for each point. Finally, the 

corrected, in-air-equivalent values of the frequency (Frcorrect) and quality factor (QFcorrect) were 

obtained using equations 15-17. The tan δ values of each point was calculated based on Frcorrect 

and QFcorrect using equation 1.  

5.2.11 Statistical Analyses 

The mean and standard deviation (heterogeneity) of tan δ were calculated for each map 

and compared between different ROIs: maps located less than 100 nm away from the canalicular 

wall (Can-near), maps located 100-500 nm away from the canalicular wall (Can-far), and maps 

at bulk ROIs located at least 2 μm away from osteocyte canaliculi and lacunae. Mixed model 

ANOVA, with mouse as the random effect, tested if tan δ (input mean tan δ for of map) or the 

heterogeneity of tan δ depended on the fixed effect of map location (Can-near vs. Can-far vs. 

Bulk). For all models, model residuals were checked for satisfaction of assumptions of normality 

and homoscedasticity. Significance was set a priori to p < 0.05. The relationship between tan δ 

and distance from the canalicular wall was also investigated over a distance of 500 nm away 

from the canalicular wall. Data for each map were represented as scatter plots (Figure 5.6) of tan 

δ versus the distance from the lacunar wall, and then fitted with linear, quadratic, and cubic 

polynomials. Adjusted R2 values were compared between the fits, and the best fit was chosen 

with care taken to be conservative and avoid overfitting. All analyses were performed with 

Minitab (20).  
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5.3. Results  

5.3.1 Tissue Energy Dissipation (tan δ) Shows Nanoscale 
Heterogeneity in Hydrated Bones 

We used a liquid CR-AFM technique, for the first time on hydrated bone tissue, to 

measure the energy dissipation and heterogeneity of energy dissipation (i.e., tan δ) for maps with 

nanometer-length scale resolution (tip radius of 7 nm, contact depth of about 11 nm, indents 

placed 50 nm apart). A total of 15 canalicular maps and 9 bulk maps were collected, across three 

different mice. We demonstrated that energy dissipation in hydrated bone tissue is heterogeneous 

at the sub-micrometer scale (Figure 5.4). We observed a wide range of tan δ values regardless of 

their proximity to canaliculi, spanning from a minimum of 0.02 to a maximum of 0.8. The 

nanometer-length scale tan δ of hydrated tissue for bulk bone, located at least 2 μm away from 

osteocyte canaliculi, was 0.289 ± 0.118. The tan δ was 0.320 ± 0.157 for maps located less than 

100 nm away from the canalicular wall (Can-near), and 0.317 ± 0.146 for maps located 100-500 

nm away from the canalicular wall (Can-far). 
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Figure 5.4. Representative canaliculi and bulk maps demonstrating the heterogeneity of energy 
dissipation at the nanometer length-scale. A and B show two canalicular maps with distinct 
patterns of tan δ gradations from the canalicular wall. Map A shows a pattern where tan δ is 
relatively high near the canalicular wall (within the first 50 nm), then decreases to a low value 
around 150 nm distance, before rising again into the extracellular matrix. Map B demonstrates a 
pattern where tan δ is high adjacent to the canalicular wall (0 to 100 nm away) and then 
decreases as the distance into the extracellular matrix increases. Both Maps A and B are 
representative patterns seen for the mapped canaliculi. Map C shows the heterogeneity of tan δ at 
nanometer-length scale in bone bulk tissue (i.e., not near canaliculi). For all maps, each heatmap 
pixel represent a point location in the map. In the canalicular maps, points are located from 
adjacent the canalicular wall to 500 nm into the bone tissue. In the bulk map, points are from 500 
(50 nm apart) by 300 (100 nm apart) nm maps located at least 2 μm away from lacunar and 
canalicular features. Heatmap color scale shows the values of tan δ. 

5.3.2 Tissue Energy Dissipation Was Not Significantly 
Different Among Canalicular and Bulk Regions of Interest 

Mean tan δ values (p=0.7) and the heterogeneity of tan δ (p=0.3) were not significantly 

different between the three categorical distances groupings of (1) canalicular near: less than 100 

nm away from the canalicular wall, (2) canalicular far: 100-500 nm away from the canalicular 

wall, or (3) bulk: tissue regions > 2 μm from canaliculi (and lacunae) (Error! Reference source 

not found.).  
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Figure 5.5 Energy dissipation comparisons for different map locations across the mice. There are 
not statistically significant differences in mean tan δ or heterogeneity of tan δ between 
canalicular-near (0-100 nm), canalicular-far (100-500 nm) and bulk (> 2 μm) regions of interest. 
Each solid point on the plot represents the mean tan δ calculated by averaging all the points from 
all the maps collected at bulk or canalicular regions for that specific mouse. 

5.3.3 Tissue Energy Dissipation Showed a Gradation 
Pattern Around Some Canaliculi 

A total of 15 canalicular maps and 9 bulk maps were collected, across three different 

mice. For 50% of the canalicular maps, tan δ exhibited a discernible spatial relationship between 

distance from the canalicular wall and tan δ. In all cases, these spatial relationships were best fit 

with either a quadratic or cubic fit. The adjusted R2 values ranged from 25% to 65% for these 

maps. Among the canalicular maps with discernable spatial relationships between distance and 

tan δ, 70% demonstrated a pattern where tan δ values were initially high immediately adjacent to 

the canalicular wall (0 to 100 nm away), followed by a decrease as the distance into the 

extracellular matrix increased (Figure 5.6A). The remaining 30% of maps showed a pattern 

where tan δ values were high near the canalicular wall (within the first 50 nm), then decreased to 

a low value around 150 nm distance, before rising again into the extracellular matrix (Figure 
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5.6B). For other half of canalicular maps, linear, quadratic, or cubic polynomials were unable to 

adequately fit the data, indicating either no discernible pattern or high variability in the gradation 

of tan δ around these canaliculi (Figure 5.6C). 

 
Figure 5.6. Energy dissipation gradation from canalicular walls. A-B) There is a distinct 
gradation pattern in tan δ values for half of the canalicular maps. From these maps, A) about 70% 
of them show a specific phenotype for tan δ gradations where tan δ reaches a peak adjacent to the 
canalicular wall (0 to 100 nm away), which is followed by a decrease as the distance into the 
extracellular matrix increases. Figure A is representing this first phenotype and data are fitted 
with a cubic polynomial (R2 = 53%). B) About 30% of the maps with distinct gradation patterns 
for tan δ show a gradation where tan δ is relatively high near the canalicular wall (within the first 
50 nm), but reaches a minimum value around 150 nm distance, before rising again and maxing 
out in the extracellular matrix away from canalicular wall. Figure B is representing this second 
phenotype and data are fitted with a quadratic polynomial (R2 = 53%). C) The other half of tan δ 
maps did not show any gradation patterns for energy dissipation around canalicular wall. 

5.4 Discussion  

Bone is understood to be a viscoelastic tissue, but the range and magnitude of the 

viscoelasticity depends on the scale of the measurement. Prior work has evaluated bone 

viscoelasticity for hydrated tissues at the millimeter- and micrometer-length scales64,509,510,512–516. 

The nanometer length-scale is also important, since this length-scale is influenced by the 

activities of bone cells, including osteocytes26,29,30,177,187. Our prior work demonstrated that bone 

does show spatial variance in modulus at the nanometer-scale near osteocyte lacunae30. Bone 
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viscoelasticity has never been measured in hydrated cortical bone, and its spatial variance at the 

nanometer-scale, whether near or far from the LCS, is an unresolved question. The purpose of 

this study was to adapt a contact resonance atomic force microscopy (CR-AFM) technique for 

the measurement of nanometer-length scale variation in energy dissipation (tan δ). We present a 

robust, repeatable, and accessible method for collecting these types of measurements in bone. We 

also use this technique to determine that bone has highly heterogenous nanometer-scale 

viscoelasticity, which shows spatial patterning near many canaliculi. 

Liquid CR-AFM revealed nanometer-scale measurements of bone viscoelasticity, with 

mean values comparable to micrometer-scale measurements of similar tissues509. Pathak et al 

measured tan δ in hydrated femurs (anterior-medial) of 16-weeks-old C57BL/6 mice, using 

dynamic nanoindentation with testing frequencies of 10–200 Hz. The authors reported a mean 

tan δ of ~ 0.2-0.4 for cortical bone, depending on the distance from the endocortical surface509. 

Our study's mean tan δ values closely align with these findings, as we reported an average tan δ 

of 0.307. Other studies on dehydrated mouse bones have reported much lower tan δ values, 

ranging from 0.02 to 0.07551. This highlights the significant influence of hydrated bone organic 

matrix and free water on bone viscoelastic properties. While bone mineral imparts stiffness to the 

material, the hydrated organic matrix and free water contribute to bone energy dissipation509,552–

554. Common bone tissue dehydration techniques (e.g., ethanol dehydration) cause structural 

changes to bone matrix and both stiffen the tissue and reduce its viscoelasticity243–245. Therefore, 

studying bone tissue in a hydrated state is essential for characterizing material properties in a 

condition more similar to in-vivo performance. 
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While the overall range of our tan δ data is similar to the study by Pathak and co-authors, 

our heterogeneity is much greater, likely because of the increased resolution of our 

measurements. The microscale heterogeneity of tan δ observed in their study was ~0.1 to 0.5 for 

C57BL/6 mice509. We observe our range of tan δ values of ~0.02 to 0.8, whether in regions 

adjacent to canaliculi (up to 500 nm away from the canalicular wall) or in bulk bone tissue 

distant from canaliculi and lacunae. The impact of bone tissue material property heterogeneity on 

fracture behavior has been limited to spatial variation in modulus526. Now that viscoelasticity 

mapping is available at the nanometer-scale, these data could be employed to update the 

understanding of how the spatial variation in time-dependent measures affect bone mechanics, 

such as crack initiation and propagation, as well as how aging and bone diseases affect these 

viscoelasticity spatial distributions. 

Since osteocytes can modify at least some properties of bone tissue (i.e., modulus)30, we 

used CR-AFM to assess whether bone viscoelasticity differs with proximity to canaliculi. We 

chose to map canaliculi instead of lacunae since most interfaces between osteocytes and bone 

matrix are along canalicular walls26,140,241. First, we binned data within 0-100 nm, 100-500 nm, 

and >2 μm distances from canaliculi. Neither mean nor heterogeneity of tan δ differed between 

these three simple distance categories (Error! Reference source not found.). However, we 

observed discernible patterns in tan δ values with distance from the canalicular walls in a large 

percentage of the assessed canaliculi. About half of the mapped canaliculi showed either a 

moderate or strong quadratic or cubic fit of tan δ values versus distance from the canalicular 

wall. About 70% of these ‘patterned’ maps showed a trend where tan δ values are initially high 

immediately adjacent to the canalicular wall (0 to 100 nm away), followed by a decrease as the 
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distance into the extracellular matrix increases (Figure 5.6A). The remaining 30% of patterned 

maps showed a pattern where tan δ values are relatively high near the canalicular wall (within 

the first 50 nm), then decrease to a low value around 150 nm distance before rising again into the 

extracellular matrix (Figure 5.6B). These data demonstrate that the spatial distribution of 

viscoelasticity near osteocytes and their processes is considerably more variable that the spatial 

distribution of elasticity (i.e., reduced modulus) near lacunae measured from our earlier work30. 

We mapped moduli near osteocyte lacunae in dehydrated cortical bone and found a region of 

lower modulus bone adjacent to almost all lacunae30. However, there are important differences 

between these data sets, such as bone hydration, and mapping canaliculi vs lacunae. However, it 

is possible that modulus gradation primarily reflects variation in mineralization64,555 while 

viscoelasticity gradation reflects a more complicated scenario of variation in mineralization as 

well as the cross-linking and hydration of the matrix. In this current paper, we did not investigate 

whether the variability in tan δ arises from significant differences in storage modulus (the elastic 

properties of bone, more associated with the bone inorganic matrix) or loss modulus (the 

damping or viscose property of bone, more associated with the bone organic matrix and bound 

water). These data would be valuable in future work. 

Assessing the spatial variance in viscoelasticity is also important for understanding how 

osteocytes perceive strain. Osteocytes feel tissue strains both directly and through interstitial 

fluid flow within their LCS168,169. Osteocyte cell bodies and their processes can directly sense the 

tissue strain and mechanical deformation of the perilacunar and pericanalicular bone matrix165–

167. It is well-established that some amount of strain amplification must occur for usual loads on 

the skeleton to translate to anabolic activity by the osteocyte165–167. Current modeling efforts to 
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estimate strain experienced by osteocytes have found that compliance in bone tissue local to 

osteocytes contributes to greater strain amplification than can be achieved by changes in lacunar 

and canalicular geometry 165,167,546,556. If the LCS, or parts of the LCS, are surrounded by a 

‘sleeve’ of viscoelastic tissue, this would have several important impacts for our understanding 

of osteocyte strain sensing. In a scenario where peri-LCS tissue is more compliant but is not 

more viscoelastic, strain is amplified and these changes in strain are instantaneous. In a situation 

where a similar-sized region of bone near the LCS is moderately viscoelastic, strain is still 

amplified, but less so, because of attenuation of the strain with time. The strain history would 

also become more complex as experienced by individual cells. It would be beneficial to revisit 

osteocyte mechanosensing through the lens of peri-LCS viscoelasticity distributions. 

This study has important limitations. While bone was maintained in a hydrated state 

whenever possible during sample preparation and testing, some loss of bound water is inevitable 

with sample sectioning and polishing. Our tan δ maps were collected using liquid CR-AFM point 

measurements rather than continuous CR-AFM contact mapping, which would have improved 

map resolution. However, there are multiple challenges associated with this technique when used 

on samples with roughness and complicated topographical structures such as bones, including 

achieving a good contact during fast continuous mapping. Due to other technical limitations, it 

was not possible to directly measure E’ and E’’. Additionally, it would be valuable to determine 

which osteocyte canaliculi were recently mineralizing bone. These assessments are easier for 

lacunae, which readily show labels. Canaliculi are smaller and their size competes with the 

ability to discern labels using confocal microscopy. 
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We adapted CR-AFM for usage on bone and demonstrate that bone tissue energy 

dissipation (tan δ) is highly heterogenous in hydrated cortical bone for young adult female 

C57BL/6JN mice. On average, our nanometer-scale tan δ results are comparable to micrometer-

scale tan δ measurements taken at the micrometer-scale for similar bone tissues (i.e., cortical 

mouse bone of the same strain and similar ages). However, our study reveals that (1) cortical 

bone tan δ is highly heterogenous and (2) that tan δ frequently shows spatial patterning near 

canaliculi. These data necessitate an updated understanding to the role of bone material property 

heterogeneity in bone biomechanics as well as the role of local viscoelasticity to osteocyte 

mechanosensation. 
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CHAPTER SIX 

CONCLUSION AND FUTURE DIRECTIONS 

Concluding Remarks 

The purpose of this dissertation was to investigate the direct interactions of osteocytes 

with bone matrix via lacunar-canalicular system (LCS) turnover. Osteocytes have known, 

indirect roles in maintaining bone matrix quality and fracture resistance throughout life through 

regulating the activities of osteoblasts and osteoclasts. Osteocytes can also directly interact with 

bone matrix through removing and replacing bone tissue surrounding the LCS, but many gaps in 

knowledge existed about the prevalence of this process, the impacts on bone matrix quality, and 

the changes to this process with aging. These data are especially important when considering that 

we are at a pivotal point in the orthopedic field where treatments to target bone matrix properties 

are starting to be developed to manage bone fragility in aging. The goal for this dissertation was 

to advance knowledge about whether osteocyte direct interactions with the bone matrix through 

LCS turnover could represent an overlooked therapeutic target for bone fragility. 

The long-term goal of this research direction is to determine whether changes to LCS 

turnover with aging impact bone fracture resistance (Figure 6.1), since this knowledge would 

direct whether LCS turnover is a potential treatment target in aging. However, many fundamental 

knowledge gaps need to be surmounted to answer this question. This dissertation research sought 

to investigate some of the most fundamental of these questions. The overarching hypothesis of 

this dissertation was that osteocyte LCS turnover is an abundant, frequent, and dynamic process 
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that plays an important role in maintaining the matrix properties (i.e., modulus and energy 

dissipation) of peri-LCS tissue, and that aging decreases the LCS turnover process.  

 
Figure 6.1. Schematic of dissertation research questions. 

In Chapter 3 “Aging decreases osteocyte lacunar-canalicular turnover in female 

C57BL/6JN mice”, we presented novel evidence that osteocyte participation in mineralizing and 

resorbing the tissue in their LCS is highly abundant in both cortical and cancellous bone of 

young adult (5 month) female C57BL/6JN mice. We showed, for the first time, that aging 

significantly decreases the number of osteocytes engaged in LCS turnover. We shared the first 

evaluation of the impact of age on LCS turnover dynamics. Cortical and cancellous bone showed 

a different impact of age on LCS turnover, such that aged cancellous bone showed notably 

decreased label retention compared with cortical bone. Additionally, we demonstrated that under 

normal conditions osteocytes actively involved in mineralizing their surroundings have larger 

lacunae in both young and old bones. These data help explain a common observation in bone 

biology (i.e., smaller lacunae in aging), which has lacked a clear explanation until now. We 

reported that aging alters the relationship between osteocyte LCS turnover and natural variations 

in cortical tissue strain. Specifically, in aged but not young adult mice, the abundance and 
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dynamics of LCS bone mineralization showed an association with variation in cortical tissue 

strain. The large decline in LCS turnover in aging can have significant implications for bone 

quality and mechanosensation.  

In Chapter 4 “Perilacunar bone tissue exhibits sub-micrometer modulus gradation which 

depends on the recency of osteocyte bone formation in young adult and early-old-age C57BL/6 

mice”, we demonstrated that bone tissue modulus displays sub-micrometer gradation near 

osteocyte lacunae. Atomic force microscopy with nanoscale resolution revealed that modulus 

increases gradually from a minimum near the lacunar wall to a peak within 200-400 nm, then 

decays to reach bulk bone values. This is significant because we showed that microscale 

resolution, consistent with most prior efforts that do not show material property gradation around 

lacunae, fails to capture these gradations. Using AFM and fluorochrome labeling, we identified 

that perilacunar bone modulus gradation depends on recent LCS turnover activity. Labeled 

lacunae with recent LCS turnover mineralization are surrounded by a sleeve of lower modulus 

bone and have distinct modulus gradation compared to unlabeled lacunae. When comparing 

young adult bones to early old age bones, we discovered that perilacunar bone material 

properties are not influenced by age. Our findings demonstrate, for the first time, that the quality 

of a substantial amount of bone surrounding the LCS is directly influenced by osteocyte LCS 

turnover. These findings motivate investigating the direct influence of the osteocyte on bone 

quality in aging and disease. 

In Chapter 5 “Contact resonance atomic force microscopy on hydrated bone reveals 

nanometer-scale heterogeneity in energy dissipation that depends on proximity to canaliculi”, we 

adapted CR-AFM technique for usage on bone and demonstrate that bone tissue energy 
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dissipation (tan δ) is highly heterogenous in hydrated cortical bone for young adult female 

C57BL/6JN mice. On average, our nanometer-scale tan δ results are comparable to micrometer-

scale tan δ measurements taken at the micrometer-scale for similar bone tissues (i.e., cortical 

mouse bone of the same strain and similar ages). However, our study reveals that (1) cortical 

bone tan δ is highly heterogenous and (2) that tan δ frequently shows spatial patterning near 

canaliculi. This study is significant because it introduces a robust, repeatable, and accessible 

method for bone researchers to collect these types of data in bone and these data highlight a need 

to revisit the understanding of the impact of bone material property heterogeneity on bone 

biomechanics, as well as the role of local viscoelasticity in osteocyte mechanosensation. 

Overall Takeaways 

Data provided in this dissertation demonstrate that osteocyte LCS turnover is a prevalent, 

frequent, and dynamic process that influences the material properties of tissue surrounding the 

expansive LCS, but this process significantly declines with aging. Our findings together suggest 

that LCS turnover could play an important role in maintaining bone tissue matrix quality and 

mechanosensation and that LCS turnover could be a contributor to the loss of bone fracture 

resistance in aging. However, there is still a long way to understand the specific role of osteocyte 

LCS turnover in bone fracture resistance and the potential therapeutics targeting this process for 

bone fragility. Further research is necessary to comprehend the specific impacts of LCS turnover 

on several important aspects of bone mechanics and physiology, including (1) bone 

mechanosensation, which is essential for maintaining various characteristics of bone matrix 

quality and is influenced by aging and diseases, and (2) tissue toughening mechanism that bone 

employs across multiple length scales to resist fractures. 
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Future Directions 

Each addressed research question spawns multiple new ones. Here, I will discuss key 

directions that could build upon this dissertation to bring us closer to designing new therapies 

targeting osteocyte LCS turnover to prevent bone fragility. These proposed future directions 

merely scratch the surface of the necessary investigations to unveil how osteocytes impact bone 

fracture resistance. Many other avenues of research can be explored as future directions, which 

might encompass understanding how much bone tissue is impacted by LCS turnover in a three-

dimensional context, exploring the ramifications of various diseases and physiological conditions 

on LCS turnover, and evaluating the influence of bone fragility therapies on LCS turnover. 

LCS Turnover and Mechanosensation 

Osteocytes can perceive skeletal loading through fluid flow-induced shear stress, bone-

loading-induced hydrostatic pressure, and loading-induced tissue strains166,172,443,557. Mechanical 

forces on bone can cause fluid to flow in the LCS, applying shear stress on osteocytes and their 

processes. This drag in turn would deform their membrane and trigger biological responses172,558. 

Osteocytes can also directly sense the local bone matrix strains through the integrins and focal 

adhesion complexes on their cell body and processes, which mechanically link the cytoskeleton 

to the extracellular matrix559–561. However, levels of tissue strain (typically <0.2%) due to bulk 

skeletal loadings are not sufficient to stimulate osteocyte signaling562–564. Modeling studies 

propose that small tissue deformations, when applied to the nanoscale actin filament bundles of 

the cell processes, can be amplified up to 2-3 orders of magnitude166,172,443,557, which are likely to 

be biologically relevant to the intracellular biochemical responses of these cells562–564 
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Modifications to LCS turnover can have two-fold impacts on the strain sensed by 

osteocytes. First, mechanical and material properties of the per-LCS tissue (including elastic 

modulus and viscoelasticity or energy dissipation) can significantly impact the strains that are 

sensed by osteocyte as the deformation of the tissue would depend on its material properties165–

167,565. Second, the varying shapes and sizes of osteocytes and their LCS can directly influence 

the local mechanical environment they experience and lead to modified mechanoresponses165,566. 

The current understanding is that strain amplification could occur because of changes to 

the material of peri-LCS tissue, which as we showed osteocyte LCS turnover contributes to these 

properties. Finite element models demonstrate that a decrease of approximately 40% in the tissue 

modulus surrounding the LCS leads to an increase of around 15% in tissue strain. Conversely, a 

40% increase in perilacunar tissue modulus results in an approximate 10% decrease in maximum 

strain165.  However, none of these models have considered the viscoelastic changes of the peri-

LCS tissue to better understand the impact of LCS turnover on the strains sensed by osteocytes. 

We have provided these data for the first time in this dissertation. At minimum, our data suggest 

that strain amplification near osteocytes should be revisited to account for viscoelasticity. Future 

work would benefit from revisiting the link between peri-LCS material properties and osteocyte 

mechanosensation with the updated data provided in this dissertation. 

Another aspect of strain amplification is the changes in LCS shape and dimensions which 

can induce distinct strain patterns along osteocyte lacunae and canaliculi and in their peri-LCS 

matrix445,471,567,568. Strain amplification factors ranging from 4.1 to 1.7 near cell bodies into the 

extracellular matrix566 and amplifications of up to 70% near canaliculi-lacuna junctions569,570 

have been observed. Smaller and rounder lacunae in aging have been shown to decrease tissue 
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strains by around 5% in the vicinity of lacunae and their osteocytes566. Lacunar and canalicular 

enlargement with large perturbations to calcium homeostasis or smaller lacunae and canaliculi 

with aging implies changes to LCS turnover. Researchers have also demonstrated that the 

degeneration of LCS volume and connectivity in aging, particularly through the loss of 

canaliculi, leads to reduced osteocyte mechanosensation through imapired fluid dynamics218. 

However, these important data regarding osteocyte mechanosensation mechanisms need to be 

updated with our observed changes in the material environment surrounding the LCS for a more 

thorough understanding of the interactions between LCS turnover and mechanosensation. 

It is possible that osteocytes, in response to various processes or conditions such as aging, 

disuse, and treatments, utilize their LCS turnover to modify their mechanosensation. 

Alternatively, LCS turnover might incidentally modify mechanosensation. It remains uncertain if 

LCS turnover serves as a secondary mechanism to mechanosensation, if mechanosensation is 

secondary to LCS turnover, or if both mechanisms work in tandem. Future studies can employ a 

more direct approach using in vivo mechanical loading studies together with osteocyte 

fluorochrome labeling and potentially calcium signaling assays to test this association.  

LCS Turnover Tissue Toughening Mechanisms 

It is still unknown whether and how LCS turnover specifically impacts bone fracture 

resistance. It remains undetermined which toughening mechanisms in bone tissue, if any, are 

influenced by this dynamic and frequent process. Although we did not investigate these critical 

gaps in this dissertation, the methodology and techniques developed here could benefit future 

investigations into these questions. The application of our introduced AFM methodology, 

particularly the technique to measure the viscoelasticity of hydrated tissue at the nanoscale, can 
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open doors to numerous exciting investigations. Measuring energy dissipation can be combined 

with other tools, including tools for assessment of tissue mineral and matrix properties (e.g., 

high-resolution Raman scattering confocal microscopy) as well as indentation-based methods for 

toughness assessment on a small scale, to systematically investigate if and how LCS turnover 

affects tissue toughening mechanisms at the nanometer scale. These studies could better 

elucidate the potential contributions of LCS turnover to bone tissue quality and its resistance to 

fracture, especially when researched in the contexts of aging, diseases, altered skeletal loading 

conditions, genetic modifications, and other conditions affecting the energy dissipation 

properties of perilacunar and pericanalicular tissue. 

Osteocytes and Bone Fragility Therapeutics 

Future work could significantly benefit from investigating the impact of bone fragility 

therapeutics on osteocyte LCS turnover. Current therapeutics for bone fragility, commonly 

designed to sustain and increase DXA-derived bone mineral density124,571,572, include 

antiresorptive agents, anabolic agents, or a combination/sequential therapy of both. Further 

research is needed to understand the potential effects of these therapies on bone matrix quality, 

another determinant of bone fractur resistance, particularly through possible modifications to 

osteocyte and their LCS turnover activity. Bisphosphonate antiresorptive agents like alendronate, 

zoledronic acid, and denosumab (antibody to RankL) reduce the development, activation, 

survival, and bone resorption activity of osteoclasts124,572–575. Anabolic therapies, including 

teriparatide and romosozumab (sclerostin antibody), involve promoting bone formation through 

the activation of the canonical Wnt/beta-catenin pathway by downregulation of sclerostin 

expression in osteocytes576–581. It is possible that these drugs, through the suppression of the 
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RankL-OPG or sclerostin pathways and bone turnover, impacts osteocyte viability and LCS 

turnover dynamics. Therefore, a valuable future direction could involve investigating the impacts 

of these interventions on osteocyte LCS turnover and the subsequent effects on bone matrix 

quality and mechanosensation in accessible rodent models. This is particularly important 

considering that it is undetermined whether osteocyte-mediated bone resorption and 

mineralization is also influenced by these therapies by similar mechanisms. 

Recently, bone matrix-modifying therapies are being explored, such as GL-0001, an 

analogue for glucose-dependent insulinotropic polypeptide/glucagon-like peptide-2 (GIP/GLP-

2)582. GIP and GLP-2 have been the start of the idea of selectively targeting bone tissue material 

properties, such as enhancing collagen postprocessing and maturity, to improve bone strength, 

rather than directly addressing low bone mass583,584. GL-0001 works together with the cyclic 

adenosine monophosphate-lysyl oxidase pathway to improve the maturity of collagen and has 

been shown to enhances both the biomechanical parameters of cortical bone and the material 

properties of bone extracellular matrix585. However, it is unclear how this drug impacts osteocyte 

LCS turnover. This represents an important critical gap, especially when considering the 

significant interactions of osteocytes with tissue matrix quality. 

Despite recent advancements in targeting bone matrix quality as a therapeutic approach 

for aging-related fragility, critical questions remain regarding the mechanisms of matrix decline 

in aging and factors regulating bone matrix quality. Osteocyte interactions with bone matrix, 

including their mineralization and resorption within lacunar-canalicular spaces, emerge as 

primary candidates for regulating bone matrix quality. The field of bone research is currently 

experiencing a pivotal era in the development of therapies targeting the bone matrix, and there is 
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a significant possibility that osteocytes could play a crucial role in the next generation of bone 

matrix-modifying interventions.  
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Figure A.1. The effect of calcein or alizarin label delivery order on the percentage of bone-
mineralizing osteocytes (i.e., labeled lacunae). The order of calcein and alizarin labeling was 
alternated to assess the potential influence of label order on measurements of labeled lacunae. 
For every combination of time points, some mice received the calcein injection first followed by 
the alizarin injection, while others received the labels in the reverse order. A) The percentage of 
labeled lacunae for the cortical bone of 5 mo and 22 mo mice at different ROIs (A/P/M/L) and 
injection dates (2, 8, and 16d before euthanasia). The data points for calcein and alizarin are 
depicted in teal and red, respectively. B) Label order did not impact the percentage of bone 
mineralizing osteocytes for either age. Boxplots represent mean value (cross), interquartile range 
(box), minimum/maximum (whiskers), and symbols representing all data points. All p-values 
correspond with results of the omnibus mixed-model ANOVA. 

 
Figure A.2. The effect of aging on the percentage of double-labeled lacunae in cortical and 
cancellous bone. A & B) In cortical and cancellous bone, double-labeled lacunae (i.e., had both 
2d and 16d labels) were abundant in 5 mo mice. The percentage of double-labeled lacunae 
declined with age (22 mo vs 5 mo: cortical bone, -45% and p = 0.05; cancellous bone, -85% and 
p < 0.001). Boxplots represent mean value (cross), interquartile range (box), minimum/maximum 
(whiskers), and symbols representing all data points. All p-values correspond with results of a 
two-sided t-test. * represents significant age effect. 
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Figure A.3. The percentage of bone-mineralizing osteocytes in lamellar and non-lamellar 
compartments of cortical bone. In all cortical ROI regions, aging reduced the percentage of bone-
mineralizing osteocytes for both lamellar and non-lamellar compartments. For both type of 
tissues, 16d labeled lacunae were significantly less abundant compared to 2d labeled lacunae, 
regardless of the age group. All data are reported as percentages (labeled lacunae/all lacunae). 
Boxplots represent mean value (cross), interquartile range (box), minimum/maximum 
(whiskers), and symbols representing all data points. All p-values correspond with results of the 
omnibus ANOVA test. *indicates a significant effect of age. # indicates a significant effect of 
injection date. 
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Figure A.4. Lacunar size decreases with age but increases with bone-mineralizing activity. 
Compared to 5 mo mice, 22 mo mice had A) decreased lacunar porosity (i.e., lacunar pore area / 
total area), B) unchanged lacunar number density, C-E) decreased lacunar area, major and minor 
axes, and F) unchanged circularity. Boxplots represent mean value (cross), interquartile range 
(box), minimum/maximum (whiskers), and symbols representing all data points. All p-values 
correspond with results of the omnibus ANOVA test. * represents significant age effect. 
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Table B.1. Pearson correlations between lacunar size and shape measures vs. measures of 
modulus gradation. 

 Lacuna area (µm) 
Lacuna major 

Axis (µm) 

Lacuna minor 

axis (µm) 

Lacuna 

sphericity 

Peak mean modulus (GPa) 0.128 0.202 -0.062 0.208 

Area before peak mean modulus 

(µm2) 
0.020 0.059 -0.094 -0.131 

Bulk modulus (GPa) 0.183 0.233 -0.041 -0.217 

Δ Modulus (peak - bulk) -0.178 -0.054 -0.105 -0.039 

Normalized modulus, bulk:peak 0.203 0.18 0.004 -0.15 

Modulus slope, peak to bulk 

(GPa/µm) 
0.125 -0.006 0.094 0.074 

Modulus slope edge to peak, 

(GPa/µm) 
0.185 0.301 -0.026 -0.229 

Normalized modulus, edge:peak -0.304 -0.427 0.060 0.383 

Peak standard deviation of 

modulus (GPa) 
-0.007 0.044 -0.090 -0.117 

Bulk standard deviation of 

modulus (GPa) 
0.262 0.186 0.172 -0.003 

Δ Standard deviation of modulus 

(peak - bulk) 
-0.313 -0.144 -0.342 -0.184 

Normalized standard deviation 

of modulus, bulk:peak 
0.375 0.221 0.367 0.149 

Standard deviation slope, peak 

to bulk (GPa/µm) 
0.321 0.140 0.360 0.204 
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Figure B.1. a) Under-eroded lacuna.  b) Properly eroded lacuna. c) Over-eroded lacuna. 

 
Figure B.2. Osteocyte remodeling abundantly occurs shortly before euthanasia (2 days) 
regardless of the fluorochrome labeling order. a) Alizarin was administrated 2 days prior to 
euthanasia (calcein injection 6 days prior). b) Calcein was administrated 2 days prior to 
euthanasia (alizarin injection 6 days prior). Images shown are composites of a complete z-stack. 
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Figure B.3. a) A representative AFM modulus map for osteocyte perilacunar bone tissue from a 
semi-hydrated sample. b) The processed modulus map. c) Mean modulus for each concentric 
ring plotted against distance from the lacunar wall for all semi-hydrated maps. The distance from 
the lacunar wall indicates the outer distance of a bin (e.g., 0.4 µm indicates the 0.2 – 0.4 µm bin). 
Connected dots each represent individual osteocyte lacuna map. d) Normalized mean modulus 
for each concentric ring plotted against distance from the lacunar wall for all semi-hydrated 
lacuna maps. Mean modulus values were normalized against the peak mean modulus value for a 
given map. e) Mean standard deviation for each concentric ring plotted against distance from the 
lacunar wall for all semi-hydrated lacuna maps. f) Normalized standard deviations for each 
concentric ring plotted against distance from the lacunar wall for all semi-hydrated lacuna maps. 
Standard deviation values were normalized against the peak standard deviation value for a given 
map. Six AFM maps were obtained from lacunae from one 5 month old female C57Bl/6 mouse. 
The femur was embedded in epoxy, transversely sectioned, and rehydrated in tap water. The 
surface was wicked dry before testing. 



240 
 

 

 
Figure B.4. a) Mean moduli for each concentric ring versus distance from the lacunar wall is 
plotted with averaged data from all semi-hydrated, non-labeled dehydrated, and labeled 
dehydrated lacunae. Error bars represent one standard deviation. The distance from the lacunar 
wall indicates the outer distance of a bin (e.g., 0.4 µm means 0.2 – 0.4 µm).  b) Normalized mean 
moduli for each concentric ring versus distance from the lacunar wall is plotted with averaged 
data from semi-hydrated, non-labeled dehydrated, and labeled dehydrated lacunae. Error bars 
represent one standard deviation. Mean modulus values were normalized against the peak mean 
modulus value for a given map. 
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Figure B.5. Representative AFM curves from PMMA-embedded bone (top) and semi-hydrated 
bone (bottom). Both types of samples were analyzed using a Hertzian contact model fit to the 
extension curve (red).  

 

Figure B.6. Secondary mode SEM images (8-10kx) with superimposed alizarin fluorescent labels 
(2d before euthanasia) for young (5 month) and early old age (22 month) female C57Bl/6 mice. 
The label image is a composite of the ~30 µm stack of confocal laser scanning microscopy 
images. 
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