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ABSTRACT 

 
 
 

Amber L. Rath 
 
 

THE EFFECTS OF STRAIN AND PERILACUNAR ENVIRONMENT  
ON THE MECHANOTRANSDUCTION OF OSTEOCYTES 

 
 

Dissertation under the direction of 
Mark E. Van Dyke, Ph.D., Assistant Professor, Regenerative Medicine 

 
 

 

Osteocytes comprise 90-95% of all bone cells and function as the 

mechanosensors within bone. Individual osteocytes are embedded in lacunae, 

intimately connected to the surrounding bone matrix, making them ideally 

situated to sense the strain caused by the deformation of loaded bone; however, 

this also makes the cells difficult to observe in vivo. When studying cells in vitro it 

is important to consider the interactions between cells, their environment, and the 

mechanical stimuli that they receive. The studies presented here sought to study 

the contributions of each of these components by deconstructing the in vivo 

condition and developing models and performing experiments in which each 

could be studied as an independent variable. Through the use of finite element 

modeling, I have illustrated how strains are transmitted to the embedded 

osteocyte and how variations in the perilacunar matrix influence these strains. I 

have shown that the strains experienced by individual osteocytes in vitro when 

exposed to fluid flow and substrate stretching are correlated to biological 
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responses. I have shown that by utilizing a rest-inserted loading methodology 

MLO-Y4 cells experienced changes in gene expression and cytoskeletal 

organization. I have established a protocol to isolate primary osteocytes that 

results in a higher yield and purity than any previously published methods and 

enables the isolation of osteocytes from the long bones of skeletally mature and 

old animals. Finally, I have illustrated the importance of seeding cells in a manner 

in which they are allowed to infiltrate the scaffold completely and how strains are 

transmitted to cells seeded on scaffolds in varying configurations. My future plans 

include applying the methods presented in these studies to primary osteocytes 

isolated from osteoporotic bone in an attempt to better understand the disease 

and investigate potential treatments. 
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CHAPTER I 

 

 

 

INTRODUCTION 
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Bone is a dynamic multifunctional tissue serving to provide protection, enable 

movement, produce blood, and provide metabolic storage for the body. Bone is 

the strongest of the body’s tissues and organs and protects many of the soft 

tissues and organs of the body, while also providing the framework for shaping 

the individual. Bone enables movement by providing the load-bearing structures 

of the body and the moment lever arms and attachment points for muscles, 

tendons, and ligaments. Within the medullary cavity of long bones and within the 

spongy cancellous bone are sites of hematopoieses, the production of red and 

white blood cells. The bone matrix also provides metabolic storage for minerals 

such as calcium and phosphorus, and growth factors like bone morphogenic 

proteins (BMPs), insulin-like growth factors (IGFs), and transforming growth 

factors (TGFs) until they are required by the body. 

 

Bone is not necessarily in a state of hemostasis; rather, it is in a state of constant 

remodeling. The ability of bone to adapt to changes in its mechanical 

environment is well-recognized. Since the publication of the famous article by 

Julius Wolff, “The Law of Bone Remodeling” in 1892, it has been known that 

bone models, lays down new bone, and remodels, removes old bone, in 

response to the loads which are imposed upon it [1]. Bone needs to adapt to 

increasing use and loading to be able to provide support for the rest of the body 

and fulfill its other duties detailed above. For example, in tennis players bone 

area, bone mineral content, and bone mineral density are significantly higher in 

the player’s dominant arm due to the higher exposure to loading [2]. This 



‐ 3 ‐ 
 

phenomenon has also been observed in runners. Athletes who run regularly 

have a signficantly higher bone density compared to controls [3, 4]. In contrast, 

skeletal unloading results in decreased bone formation and decreased bone 

mass. During unloading, bone resorption is uncoupled from bone formation, 

leading to bone loss [5, 6]. The effect of bone loss due to the lack of imposed 

loads has been noted in United States astronauts returning from space, patients 

suffering from various injuries which require bedrest, experiments on volunteers 

exposed to simulated weightlessness, and in hindlimb suspension models 

utilizing mice [7-11].  

 

There are also disease states in which the balance between bone resorption and 

deposition is lost or altered; the most prevalent of these being osteoporosis. 

Osteoporosis, literally meaning porous bone, is characterized by low bone mass 

and structural deterioration of the bone tissue. In this disease state, the 

honeycomb-like structure of cancellous bone is lost, and voids are formed within 

the bone, leaving a mineralized matrix with very low stability to imposed loads. 

Osteoporosis leads to bone fragility and therefore an increased susceptibility to 

fractures, making it a major public health threat, especially in our aging 

population. There are an estimated 44 million Americans who already have 

osteoporosis or who are considered to be osteopenic. This is equivalent to 55 

percent of the American population 50 years of age and older. Eighty percent of 

those affected by osteoporosis are women, and most diagnoses are made after 

menopause. In 2005, osteoporosis-related fractures were responsible for an 
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estimated $17 billion in costs, and by 2025, experts predict that these costs will 

rise to approximately $25.3 billion [12, 13]. Although people do not die directly 

from osteoporosis, it lowers their quality of life and places them at a high risk for 

death as a result of fractures. An average of 24 percent of hip fracture patients 

aged 50 and over die in the year following their fracture and in 2005 a total of 

15,802 persons aged 65 and older died as a result of injuries from falls [12, 13]. It 

is not completely understood how osteoporosis occurs or how the imbalance 

between bone resorption and formation is controlled. Currently there is no cure 

for osteoporosis, but there are many drugs aimed at treating the symptoms of 

bone loss. There are drugs such as bisphosphonates, estrogen, and calcitonin 

that are termed antiresorptive medications, which are aimed at preventing further 

bone loss. Parathyroid hormone (PTH) is termed an anabolic or bone forming 

drug, whose aim is to increase bone mass. These drugs in addition to exercising 

help many people to regain bone mass, but the mechanisms of the disease at 

the cellular level are still not understood [14-17]. 

 

 

The adaptation of bone to its mechanical environment is controlled at the cellular 

level through the coordinated actions of osteoblasts, osteoclasts, and osteocytes 

[1]. Osteoblasts are the cells that make bone by producing a matrix that then 

becomes mineralized. Osteoclasts are the cells that breakdown and remove 

bone through the process of resorption. Bone mass is maintained by a balance 

between the activity of osteoblasts and osteoclasts at the surface of the bone. 
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Osteocytes originate from an osteoblastic lineage and are hypothesized to 

mediate the effects of bone loading through their extensive internal 

communication network and through communication with osteoblasts and 

osteoclasts. Osteocytes are terminally differentiated cells embedded within bone 

that do not proliferate, yet they make up over 90% of all bone cells [18]. 

Individual osteocytes are housed in cave-like lacunae. Their numerous dendritic 

cell processes extend from the cell body and travel through tunnel-like canaliculi, 

connecting them to each other and the surface bone cells. 

 

Osteocytes are hypothesized to function as the mechanosensors in bone [19-21]. 

The application of force to the skeletal system produces several potential stimuli 

for osteocyte function including hydrostatic pressure, primary cillia deformation, 

fluid flow-induced shear stress, and bone tissue strain (Figure 1) [22]. Theories 

based on fluid flow-derived shear stress stimulation of osteocyte cell processes 

within canaliculi have gained the most prominence [23-26] since it has been 

shown that direct mechanical strain applied to cells at levels measured to occur 

in humans in vivo do not stimulate bone cells in vitro [27-29]. In further 

comparisons of fluid flow stimulation to substrate stretching experiments on 

osteoblastic cells [30], it was found that substrate strain levels in the range of 

strains measured macroscopically in vivo using a strain gages did not induce an 

increase in intracellular calcium and osteopontin mRNA. However, higher strain 

levels did produce a calcium response in a significant number of cells. In  
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Figure 1. Cartoon adapted from Bonewald 2006, illustrating potential ways that 

an osteocyte may sense bone loads [22]. These include (red arrows) the direct 

deformation of the osteocyte’s surrounding bone matrix, (purple arrows) fluid flow 

shear stress which deforms tethering elements between the canalicular wall and 

the cell processes, (orange arrow) fluid flow shear stress deformation of the cell 

body, and (blue arrow) fluid flow may perturb primary cilia leading to 

mechanosensation.  
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contrast, oscillatory fluid flow stimulation at 20 dynes/cm2 produced both 

increased intracellular calcium as well as an upregulation of osteopontin mRNA. 

Osteopontin has been implicated as an important factor in bone remodeling. It 

has also been shown that substrate stretching of primary mixed bone cell 

populations result in an increase of collagen and bone matrix production [31, 32] 

characteristic of an osteoblastic response. Thus, cell deformation is likely to 

stimulate biochemical responses, and the signal molecules generated are likely 

to be transmitted between gap junction channels connected through extensive 

networks of dendritic processes, and through hemichannels between osteocytes 

and extracellular matrix [22, 33, 34]. In turn, the signaling cascade activated in 

this fashion leads to the expression of regulatory molecules crucial for 

modulating bone formation and remodeling. 

 

The application of mechanical forces to whole bone does cause fluid to flow 

through the lacunar-canalicular system in vivo [35-37]. It is theorized that the fluid 

flow induced drag on the osteocyte and its processes results in the deformation 

of the cell membrane, thus triggering a biological response [23]. Osteocytes have 

been shown to be more sensitive than osteoblasts by biologically responding with 

a sustained release of prostaglandin E2 (PGE2) following both hydrostatic 

compression and fluid flow treatment. Moreover, dynamic fluid flow produces the 

more effective response [38, 39]. 
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Previously, the basis used for studying the stimulatory effects of mechanical 

strain on bone cell biological responses in vitro has been the direct measurement 

of bone strain in humans during various physical activities [40-43]. The limitation  

of applying this strain magnitude data to cells in vitro, however, is that the in vivo 

strain gage measurements represent continuum measures of bone deformation. 

Clearly, at the spatial level of bone cells, cortical bone is not a continuum and 

microstructural inhomogeneities will result in inhomogeneous microstructural 

strain fields; local tissue strains will be magnified in association with 

microstructural features [44, 45]. Two major sources of inhomogeneity in bone 

are osteocyte lacunae and canaliculi. Thus, it is important to quantify the local 

bone tissue deformation state surrounding the osteocyte since it is this 

deformation that is most likely acting on the osteocyte located within its lacuna 

and canaliculi. 

 

Recently, new evidence has been reported [46] in the long standing debate that 

osteocytes can alter their lacunar tissue [47]. In this study, it was shown that rats 

treated continuously with human parathyroid hormone (PTH) for four weeks 

exhibited a significant increase in osteocyte lacunar size due to tissue resorption 

by the osteocyte. Furthermore, the authors provide evidence that suggests 

regeneration of the resorbed perilacunar tissue, indicating the potential for 

osteocytes to alter their microenvironment. It has also been shown that the 

administration of glucocorticoids in a rat model results in an increase in lacunar 

size and hypomineralization of the mineralized matrix surrounding the osteocyte 
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[48]. Additionally, it has been shown that the perilacunar tissue has different 

material and mechanical properties compared to tissue not associated with an 

osteocyte although specific pharmacological treatments or age effects were not 

investigated [49]. Moreover, using this data in a preliminary numerical analysis, it 

was shown that changes in the mechanical properties of the osteocyte 

perilacunar tissue can significantly alter the perilacunar tissue deformation, thus 

theoretically altering the mechanical signal sensed by osteocytes [50]. 

  

The osteogenic response to mechanical stress and strain has been reported to 

decrease with age [51]. It has been postulated that this decline in responsiveness 

is related to both a limited ability to engage in activities to create the strain 

necessary to reach the bone modeling threshold due to decreased muscle mass 

and strength and a decline in hormones or growth factors that may interact with 

mechanical signals to change the sensitivity of bone cells to strain [51]. 

Osteocyte density has been observed to be reduced in osteoporotic bone relative 

to normal trabecular bone and has also been shown to decrease with age in 

cortical bone [52-54]. Because there are less osteocytes present, this likely leads 

to a decrease in bone’s mechanosensitivity mediated by osteocyte signaling. In 

addition to the reduction in osteocyte frequency with age, there could be a 

change in the osteocyte’s ability to transmit strain with age, independent of its 

changing environment and decreased communication network. Such a change 

might even preclude events that lead to the loss of osteocytes. Donahue et al. 

showed that osteoblasts procured from old rats were less sensitive to shear 
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stress imposed by fluid flow in the expression in intracellular calcium than young 

rats [55]. As osteocytes come from an osteoblastic lineage, it is possible that they 

will experience a similar degradation in sensitivity with increased age.    

 

The overarching goal of this study was to estimate the strain levels that are 

experienced by osteocytes and to correlate these strains with resulting 

intracellular and extracellular cell responses. Finite element modeling was used 

to estimate the strains that are transmitted to the osteocyte, and these strain 

levels were used as the imposed strains in the in vitro experiments. The results 

from these studies will add to the understanding of how osteocytes biologically 

respond to strain and can have potential implications in the treatment of bone 

diseases.  

 

The purposes of the studies in Chapters II and III were to determine the effect 

that the material properties of the perilacunar region have on the strains reaching 

the osteocyte in vivo through the use of finite element modeling. Osteocytes are 

embedded within the bone, each housed within its own lacuna. The osteocytes’ 

environment makes these cells ideal for sensing strains transmitted within bone; 

however, it also makes it difficult to observe and load these cells in vivo. Through 

finite element modeling we were able to model the embedded osteocyte, its cell 

processes, and their connections to the lacunar and canaliculi. We used this 

model to predict strains that are transmitted to the cell under a variety of 

perilacunar conditions.  
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The purpose of the studies in Chapters IV and V was to measure the amount of 

strain experienced by individual osteocytes in real-time. Strains were imposed 

upon MLO-Y4 osteocytes in vitro via fluid flow exposure and substrate stretching 

at the physiological level. Fluid flow was applied using a closed system laminar 

flow chamber, and substrate stretching was applied using flexible membrane 

deformation system. Biological cell responses were measured in real-time using 

intracellular calcium and nitrous oxide expression. Cell deformation was 

calculated using digital image correlation.  

 

The purpose of the research conducted in Chapter VI was to establish a method 

for determining changes in gene expression and cytoskeletal organization in 

osteocytes following exposure to mechanical strain on the physiologic level. 

Osteocyte-like MLO-Y4 cells were used as surrogates for primary osteocytes and 

were exposed cyclic strain and the expression of genes related to osteocyte 

function was assayed following loading. The cytoskeletal organization and focal 

adhesion formation were analyzed utilizing confocal microscopy. 

 

The purpose of the study presented in Chapter VII was to adapt previously 

published osteocyte isolation techniques to enable the isolation and study of 

osteocytes from the long bones of young and old adult mice as well as to 

improve osteocyte yield. Previous methods of osteocyte isolation required the 

use of calveria from chicks and rodent neonates. We required a method of 

obtaining osteocytes from aged bone to enable the study of osteocytes from 
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various bone diseases such as osteoporosis, which primarily affect the elderly 

population. We also required an osteocyte isolation procedure that yields a large 

population of osteocytes for use in high-replicate, biochemical and molecular 

studies. 

 

The purpose of the study presented in the Appendix was to demonstrate the 

utility of finite element modeling for understanding the interaction between cells 

and their environment in the fields of tissue engineering and regenerative 

medicine. These fields seek to combine cells and biomaterials to create 

constructs designed to repair and/or replace damaged or diseased tissues and 

organs. Constructs targeted to several tissues are exposed to mechanical 

stimulation in ex vivo bioreactor systems prior to implantation. In order to ensure 

an optimal response of the constructs to the mechanical conditioning, it is 

imperative to develop systems that efficiently transmit the imposed forces to cells 

within the construct in order to illicit the desired biological response to 

conditioning prior to implantation.   

 

The work in the Appendix quantifies and illustrates how effectively strain is 

transmitted to the cells of constructs representing three possible outcomes of 

seeding cells onto scaffolds: 1) cells growing on top of a scaffold in monolayer, 2) 

in multiple layers of cells growing on top of a scaffold, and 3) cells embedded 

within a scaffold. While scaffold properties such as composition, material 

properties, and porosity can be controlled and optimized, one area of scaffold 
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design and fabrication that presents a difficult challenge is the production of 

scaffolds that allow complete infiltration of seeded cells. Rather than penetrating 

the scaffold, cells often proliferate and form multiple layers on top of the scaffold. 

We investigated the levels of strain that seeded cells received if they were 

directly attached to the scaffold’s surface, layered on top of the scaffold, or 

embedded within the scaffold matrix. 
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Abstract 

A parametric finite element model of an osteocyte lacuna was developed to 

predict the microstructural response of the lacuna to imposed macroscopic 

strains. The model is composed of an osteocyte lacuna, a region of perilacunar 

tissue, canaliculi, and the surrounding bone tissue. A total of 45 different 

simulations were modeled with varying canalicular diameters, perilacunar tissue 

material moduli, and perilacunar tissue thicknesses. Maximum strain increased 

with a decrease in perilacunar tissue modulus and decreased with an increase in 

perilacunar tissue modulus, regardless of the thickness of the perilacunar region. 

An increase in the predicted maximum strain was observed with an increase in 

canalicular diameter from 0.362 microns to 0.421 microns. In response to the 

macroscopic application of strain, canalicular diameters increased 0.8% to over 

1.0% depending on the perilacunar tissue modulus. Strain magnification factors 

of over 3 were predicted. However, varying the size of the perilacunar tissue 

region had no effect on the predicted perilacunar tissue strain. These results 

indicate that the application of average macroscopic strains similar to strain 

levels measured in vivo can result in significantly greater perilacunar tissue 

strains and canaliculi deformations. A decrease in the perilacunar tissue modulus 

amplifies the perilacunar tissue strain and canaliculi deformation while an 

increase in the local peri-lacunar tissue modulus attenuates this effect.  
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Introduction 

It is well known that bone adapts to changes in its mechanical environment and 

that this adaptation is controlled at the cellular level through the coordinated 

actions of osteoblasts, osteocytes, and osteoclasts. Osteocytes make up over 

90% of all bone cells (Marotti et al., 1995), and are hypothesized to be the 

mechanosensors in bone (Aarden et al., 1996; Burger et al., 1995; Burger and 

Klein-Nulend, 1999) that mediate the effects of bone loading through their 

extensive communication network. The application of force to the skeletal system 

produces several potential stimuli for osteocyte function including hydrostatic 

pressure, fluid flow-induced shear stress, and bone tissue strain. Theories based 

on fluid flow-derived shear stress stimulation of osteocyte cell processes within 

canaliculi have gained the most prominence (Weinbaum et al., 1994; You et al., 

2001; Weinbaum et al., 2003; Han et al., 2004) since it has been shown that 

direct mechanical strain applied to cells at levels measured to occur in humans in 

vivo do not stimulate bone cells in vitro (Owan et al., 1997; Smalt et al., 1997). In 

further comparisons of fluid flow stimulation to substrate stretching experiments 

on osteoblastic cells (You et al., 2000), it was found that substrate strain levels in 

the range of strains measured in vivo using a strain gages did not induce an 

increase in intracellular calcium and osteopontin mRNA, but higher strain levels 

did produce a calcium response in a significant number of cells. Furthermore, 

oscillatory fluid flow stimulation at 20 dynes/cm2 produced both increased 

intracellular calcium as well as an upregulation of osteopontin mRNA. However, 

fluid flow and direct mechanical stimulation have been shown to have different 
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effects on bone cells. Substrate stretching results in an increase of collagen or 

bone matrix production (Walker et al., 2000; Mullender et al., 2004) responses 

associated with the osteoblastic phenotype while fluid flow-induced shear stress 

stimulation results in increases in signals thought to be involved in osteocyte 

control of bone remodeling, including nitric oxide and prostaglandin E2 (PGE2, an 

osteogenic messenger) (Owan et al., 1997; You et al., 2000; Bacabac et al., 

2004; Mullender et al., 2004).  

 

The application of mechanical forces to whole bone does cause fluid to flow in 

vivo through the lacunar-canalicular system (Knothe Tate et al., 2000; Ciani et 

al., 2005). It is theorized that the fluid flow induced drag on the osteocyte and its 

processes results in the deformation of the cell membrane thus triggering a 

biological response (Han et al., 2004). Osteocytes have been shown to be more 

sensitive than osteoblasts by responding with a sustained release of PGE2 

following both hydrostatic compression and fluid flow treatment. Moreover, 

dynamic fluid flow produces the more effective response (Klein-Nulend et al., 

1995). 

 

However, the basis used for studying the stimulatory effects of mechanical strain 

on bone cell biological responses in vitro has been the direct measurement of 

bone strain in humans during various physical activities (Burr et al., 1996; 

Milgrom et al., 1996; Hoshaw et al., 1997; Milgrom et al., 2004). The limitation of 

applying this strain magnitude data to cells in vitro, however, is that the in vivo 
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strain gage measurements represent continuum measures of bone deformation. 

Clearly, at the spatial level of bone cells, cortical bone is not a continuum and 

microstructural inhomogeneities will result in inhomogeneous microstructural 

strain fields; local tissue strains will be magnified in association with 

microstructural features (Nicolella et al., 2001; Nicolella et al., 2006). A major 

source of the inhomogeneity in bone are osteocyte lacunae and canaliculi. Thus, 

it is important to quantify the local bone tissue deformation state surrounding the 

osteocyte since it is this deformation that is most likely acting on the osteocyte 

located within its lacuna and canaliculi. 

 

Recently, new evidence has been reported (Tazawa et al., 2004) in the long 

standing debate that osteocytes can alter their lacuna tissue (Parfitt, 1977). In 

this study, it was shown that in rats treated continuously with human parathyroid 

hormone (PTH) for four weeks exhibited a significant increase in osteocyte 

lacunar size due to tissue resorption by the osteocyte. Furthermore, the authors 

provide evidence that suggests regeneration of the resorbed perilacunar tissue, 

indicating the potential for osteocytes to alter their tissue microenvironment. It 

has also been shown that the administration of glucocorticoids in a rat model 

results in an increase in lacunar size and hypomineralization of the mineralized 

matrix surrounding the osteocyte (Lane et al., 2006). Additionally, it has been 

shown that the perilacunar tissue has different material and mechanical 

properties compared to tissue not associated with an osteocyte although specific 

pharmacological treatments or age effects were not investigated (Ling et al., 
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2005). Moreover, using this data in a preliminary numerical analysis, it was 

shown that changes in the mechanical properties of the osteocyte perilacunar 

tissue can significantly alter the perilacunar tissue deformation, thus theoretically 

altering the mechanical signal sensed by osteocytes (Ling et al., 2005). 

 

The objective of this study was to perform a more detailed investigation into the 

effect of changes to the perilacunar bone tissue structure and properties on 

microstructural bone tissue strains potentially transmitted to an embedded 

osteocyte.  

 

Materials and Methods 

A parametric finite element model of an osteocyte lacuna was developed to 

predict the microstructural tissue strains associated with lacunae in response to 

imposed macroscopic deformations. The model is composed of an osteocyte 

lacuna, its perilacunar tissue, canaliculi, and the surrounding bone tissue. The 

osteocyte lacuna was modeled as a revolved ellipsoid with minor and major axes 

equal to 3.9 microns and 8.9 microns respectively (McCreadie et al., 2004). 

Similar representations of the lacuna have been used previously (McCreadie et 

al., 1997, McCreadie, 2000). The size of the lacuna was kept constant for all 

simulations. Ten canaliculi were modeled using diameters of 0.362 microns and 

0.421 microns and lengths of 15 microns (Beno et al., in press, You et al., 2004). 

A simulation was also run where the canaliculi were not included in the model. 

The perilacunar tissue thickness was varied between 3 microns and 10 microns 
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to determine whether the parameter has an effect on the maximum predicted 

strain.    

 

The parametric finite element model was developed using TrueGrid (XYZ 

Scientific Applications, Inc., Livermore, CA). The geometry of the lacuna, 

perilacunar tissue, and canaliculi were described as above within TrueGrid and a 

hexahedral finite element mesh was mapped to the geometry. By changing the 

parameters describing the geometry (i.e. canaliculi diameter, thickness of the 

perilacunar tissue), updated meshes were automatically created. The parametric 

variables in this model include the size of the lacuna, the perilacunar thickness, 

the diameter and length of the canaliculi, and the material properties of the 

perilacunar and surrounding tissues (Figure1).  

 

The bone tissue was modeled as linearly elastic with two separate material 

regions. A material modulus of 25 GPa was used for the bone tissue surrounding 

the perilacunar tissue (Rho et al., 1999). A range of 15 GPa to 35 GPa was 

considered for the material modulus of the perilacunar tissue, to determine the 

effects of changing this value on the maximum strain predicted. A Poisson’s ratio 

of 0.3 was used for all of the material models.  

 

A prescribed axial displacement was applied to the model face perpendicular to 

its long axis (horizontal direction in Figure 1C) resulting in an overall model 

structural strain of 2000 microstrain. This strain was chosen since it is the range  
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Figure 1. A) Atomic force microscopy image of an osteocyte lacunae on a 

polished section of cortical bone. B) Transmission electron image of an osteocyte 

and its lacunae (courtesy of Jian Feng, University of Missouri at Kansas City, 

Department of Oral Biology). C) Finite element mesh shown for a perilacunar 

thickness of 5 microns and canaliculi diameter of 0.425 microns. The canaliculi, 

lacuna, and perilacunar tissue are labeled. 
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of maximum physiological strain experienced by bone under active conditions in 

the human body (Burr et al., 1996). The nodes on the model face opposing the 

applied displacement were constrained. Symmetry boundary conditions were 

applied to the nodes on the remaining model faces, which had the resultant effect 

of mirroring the model across each plane.  

 

A mesh convergence study was conducted to determine the mesh density used 

in this analysis. The finite element mesh was increased in ten steps from 15,480 

nodes to 605,400 nodes. Mesh convergence was determined by comparing the 

predicted maximum principal strain from successively finer meshes until the 

difference was less than 2%. The maximum lacunar strain converged to less than 

a 2% difference from 508,176 nodes to 605,400 nodes (Figure 2).  

 

A total of 45 simulations were performed with varying canaliculi diameters, 

perilacunar material moduli, and perilacunar thicknesses (Table 1). Following the 

model simulation, the maximum first principle strain was recorded. The quasi-

static simulations were run using LS-DYNA Version 970 (Livermore Software 

Technology Corporation, Livermore, CA) on a dual processor AMD Athlon 1.4 

GHz Linux system with 4 GB of memory. The simulations took approximately 30 

minutes each to run. The results were post-processed using LS-PrePost Version 

2.1 (Livermore Software Technology Corporation, Livermore, CA).  
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Figure 2. Mesh convergence results for maximum lacunar effective strain. 

Differences in model predicted strains converged to less than 2% at a mesh 

density of 605,400 nodes for both thicknesses (3 and 10 microns) and moduli (15 

and 35 GPa) considered.  
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Table 1. Simulation parameter matrix of values used, resulting in 45 different 

models. 

Parameter Value 

Canaliculi 
Diameter no canaliculi 0.362 microns 0.421 microns 

Perilacunar 
Material Modulus 15 GPa 20 GPa 25 GPa 30 GPa 35 GPa 

Perilacunar 
Thickness 3 microns 5 microns 10 microns 
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The maximum strain (first principle strain) in the perilacunar region was recorded 

and the strain amplification factor was computed as the maximum peri-lacunar 

tissue strain divided by the applied macroscopic strain. 

 

Results 

The maximum perilacunar tissue strain predicted using the model without any 

canaliculi present was 2957.3 microstrain, resulting in a strain amplification factor 

of 1.52 (Figure 3). Inclusion of the canaliculi of 0.362 diameter resulted in a 97% 

increase in maximum perilacunar tissue strain to 6036.6 microstrain and an 

increase in the strain magnification factor to 3.12. Increasing the canaliculi 

diameter to 0.421 increased the maximum predicted perilacunar strain 2.31% to 

6092.9 microstrain and resulted in a strain magnification factor of 3.14. 

 

The predicted maximum perilacunar strain increased with a decrease in 

perilacunar tissue modulus and decreased with an increase in perilacunar tissue 

modulus, regardless of the thickness of the perilacunar region (Figure 4). An 

approximate 15% increase in maximum strain was predicted for a 40% decrease 

in the modulus of the perilacunar tissue for both canaliculi diameters, while a 

40% increase in the perilacunar tissue modulus resulted in an approximate 10% 

decrease in maximum strain. There were no differences in the maximum 

predicted strain for varying perilacunar thicknesses.  
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Figure 3. Peri-lacuna strain increased 97% when the canaliculi (of either 

diameter) were included in the model. An increase in the diameter of the 

canaliculi from 0.362 microns to 0.421 microns resulted in an increase of 2.31% 

in the measured maximum perilacunar.  
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Figure 4. (A, B) Both the measured maximum strain increased with a decrease 

in perilacunar modulus and decreased with an increase in perilacunar modulus, 

regardless of the thickness of the perilacunar region. 
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The maximum perilacunar strain occurs where the canaliculi enter the lacuna 

(Figure 5). The contour plots also indicate the differences in the distribution of 

peri-lacunar tissue strain resulting from differences in perilacunar tissue modulus. 

Higher maximum perilacunar tissue strain values are predicted in the perilacunar 

region with a lower tissue modulus. 

 

Strain magnification factors of 1.26 to 1.52 were predicted using the model 

without the canaliculi and magnification factors of over 3 were predicted for both 

canaliculi diameters considered (Figure 6). For all of the perilacunar tissue 

property combinations considered that included canaliculi, the lowest 

magnification factor was 2.32. The average strain magnification factors were 2.68 

and 2.73 for the model with canaliculi diameters of 0.362 microns and 0.425 

microns respectively.  

 

The applied global model deformation of 2000 microstrain (0.2%) results in 

increases in the diameter of the canaliculi from 0.795% to 1.017% across the 

perilacunar tissue properties (Figure 7). A decrease in perilacunar tissue 

modulus results in an increase in canaliculi deformation while an increase in 

perilacunar tissue modulus results in a decrease in canaliculi deformation. In all 

cases, canaliculi deformation reaches its maximum at the intersection of the 

canaliculi and lacuna wall.  
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Figure 5. Fringe plots of the strain experienced by the perilacunar region and its 

surrounding material showing that a low perilacunar modulus led to higher strains 

than a high modulus: (left) a perilacunar region with a material modulus of 15 

GPa (right) a perilacunar region with a material modulus of 35 GPa.   
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Figure 6. Strain magnification factor. There is an average strain magnification 

factor of 1.36, 2.68, and 2.73 for the model with no canaliculi, a canaliculi 

diameter of 0.362 microns, and a canaliculi diameter of 0.425 microns 

respectively.  
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Figure 7. The measured percent change in canaliculi diameter ranges from 

0.811% to 1.015% across the perilacunar tissue properties.   
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Discussion 

In this analysis, a parametric microstructural bone tissue model was constructed 

to investigate the effect of perilacunar tissue properties and canaliculi geometry 

on computed perilacunar tissue strain and canaliculi deformation resulting from a 

globally applied deformation of 2000 microstrain. The results of this analysis 

indicate that a globally applied tissue strain of 2000 microstrain (0.2%) result in a 

perilacunar strain magnification of 1.52 without the inclusion of canaliculi to 3.14 

when the canaliculi are included. This level of applied macroscopic strain also 

results in an increase in canaliculi diameter of approximately 1.0%. Local 

differences in perilacunar tissue modulus result in significant changes in 

predicted perilacunar strain. 

 

Prior to discussing the implications of these results, the limitations of this analysis 

necessitate discussion. Idealized representations of the lacunae and canaliculi 

geometry were used. In reality, lacunae are not perfect ellipsoids nor are the 

canaliculi perfectly cylindrical (McCreadie et al., 2004). The size and shape of the 

lacuna can vary and the walls of the lacuna and canaliculi are not smooth but are 

irregular. Species-related and bone histology-related variations in lacuno-

canalicular geometries that have been described previously could also correlate 

with non-uniform strain distributions that may not be demonstrated using the 

selected parameters in the present study (Marotti, 1980; Cane et al., 1982; 

Marotti et al., 1990;  Metz et al., 2003). Variations in size and shape of the lacuna 

will lead to non-uniform strain distributions and depending on the orientation and 
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geometry of the lacuna will further increase the maximum strain values sensed 

by the osteocyte. Non-smooth lacuna and canaliculi walls will also increase the 

maximum strain values. Imperfections and small indentations at the lacuna-

canaliculi interface will lead to strain concentrations at that location.  

 

A linear elastic material model was used to represent the deformational behavior 

of the bone tissue. The strains predicted are on the order of yield strain 

measured in cortical bone (Cowin, 1989) and may result in damage to the bone 

tissue (Fondrk et al., 1988). Furthermore, isotropic material was assumed. At this 

level, there may be material properties that exhibit a directionality resulting from 

the underlying organization of the collagen fibril (Giraud-Guille, 1988; Hofmann et 

al., 2005; Weiner and Traub, 1986). These limitations are the focus of ongoing 

investigations.  

 

This finite element model also included a limited number of canaliculi. The 

estimated number of canaliculi per lacuna in human long bone is 41 (Beno et al., 

in press). One of the purposes of this model was to determine if the presence 

and size of the canaliculi influenced the strain at the osteocyte lacuna. Since it 

has been determined that by simply including the canaliculi in the model the 

measured maximum strain is doubled, the next step will be to create a model 

with the anatomically correct number of canaliculi, to investigate the effect on the 

strain at the osteocyte. 
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The perilacunar bone tissue strain magnitudes predicted in this study are 

consistent with tissue strain values measured in our previous work (Nicolella et 

al., 2001; Nicolella and Lankford, 2002; Nicolella et al., 2006; Nicolella et al., 

2006). In these studies, microstructural osteocyte bone tissue strains were 

measured to be significantly larger than macroscopic applied strains resulting in 

strain magnifications factors of 1.1-3.8. However, detailed measurements of the 

strains and deformations of the canaliculi were not included due to limitations in 

the optical resolution of our microscope systems. 

 

The tissue bone strains predicted in this analysis are consistent with applied 

substrate strain levels required to elicit a biological response from bone cells in 

culture. Biological responses, such as NO release and PGE2 release, have been 

reported to occur at strains ranging from 3,400 microstrain to 5,500 microstrain 

(Pitsillides et al., 1995; Owan et al., 1997; Fermor et al., 1998; Zaman et al., 

1999; Kunnel et al., 2002). These strain levels were originally thought to be too 

high to be experienced in vivo in human bone since the maximum physiological 

strain experienced by bone under active conditions in the human body is 

approximately 2,000 microstrain (Burr et al., 1996). However, it has been shown 

in this study, that an applied 2,000 microstrain globally can result in maximum 

strain concentrations of 4,000 to 6,000 microstrain, consistent with in vitro 

substrate stretch levels sufficient to elucidate a biological response.  
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Similar to McCreadie et al. (1997), this study found that there is strain 

magnification at the osteocyte lacuna. McCreadie et al. (1997) did not include in 

the canaliculi and the lacuna in the same finite element model. The strain values 

presented in the current study take into account the interface of the lacuna and 

canaliculi, which is the site of the maximum measured strain. Contrary to the 

results of McCreadie et al. (1997) the measured maximum strains were found to 

vary with changes in the tissue modulus.  

 

The globally applied strain resulted in an increase in canaliculi diameters of 0.8% 

to over 1.0%. This change in diameter will result in direct application of 

deformation to the enclosed cell process via transverse tethering elements that 

connect the cell process to the canalicular wall (You et al., 2004). It is interesting 

to note that if there is no attenuation of the canaliculi deformation by the tethering 

element, the change in diameter of the canaliculi predicted using this model will 

result in a radial strain within the cell process of 10,000 microstrain. This cell 

process strain is in the range of applied substrate strain required to produce a 

cellular response in bone cells cultured in vitro. In addition, dimensional changes 

to the canaliculi will result in changes to the fluid flow, and therefore to the shear 

stresses, experienced within the canaliculi and lacunae.  

 

There is increasing evidence that the osteocyte can affect changes to its local 

environment (Baylink and Wergedal, 1971; Rubin et al., 2002; Tazawa et al., 

2004; Lane et al., 2006). Additional studies have shown similar results with 
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chondrocytes in cartilage (Guilak et al., 1999; Alexopolous et al., 2005; Guilak et 

al., 2006). Although osteocyte alteration of the perilacunar tissue is not well 

understood, the results from the present investigation indicate that alterations to 

the perilacunar tissue may act to control the strain signal sensed by the 

embedded osteocyte. The material around the osteocyte may be remodeled due 

to changes in overall bone loads or changes in systemic biochemical equilibrium. 

The results of the present investigation demonstrate that for a given macroscopic 

strain level, a change in perilacunar tissue modulus will result in a modification of 

the perilacunar bone tissue strain. This may provide a mechanism whereby the 

osteocyte can fine tune the local bone tissue strain signal to remain within an 

optimal range. For example, local increases in perilacunar tissue stiffness will 

result in a decrease in perilacunar tissue strain. Local microstructural changes 

such as these may be implicated in the reduced ability of the aging skeleton to 

respond to mechanical loading (Rubin et al., 1992; Turner et al., 1995). As the 

skeleton ages, there is an overall increase in bone tissue mineralization (Currey 

et al., 1996) which will increase the bone tissue modulus. Therefore, if this 

increase in overall mineralized tissue extends to perilacunar bone tissue, the 

local perilacunar bone tissue modulus increases as a function of age, the aged 

skeleton may be less able to sense and transduce normal skeletal loading. In 

other words, even if the global strain signal remains relatively constant, the 

transmission of this global strain to the embedded osteocytes in an older 

skeleton may be significantly reduced. 
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In summary, a parametric finite element model of an osteocyte lacuna was 

developed to predict the microstructural response of the lacuna to imposed 

macroscopic strains. An increase in the predicted maximum strain was observed 

for an increase in canalicular diameter. The measured maximum strain increased 

with a decrease in perilacunar tissue modulus and decreased with an increase in 

perilacunar tissue modulus, regardless of the thickness of the perilacunar region. 

Canaliculi diameters increased from 0.8% to over 1.0% depending on the 

perilacunar tissue modulus. Strain magnification factors of over 3 were predicted. 

These results indicate that the application of average macroscopic strains similar 

to strain levels measured in vivo can result in significantly greater perilacunar 

tissue strains and canaliculi deformations.  
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Abstract 

Osteocytes comprise 90-95% of all bone cells and function as the 

mechanosensors within bone. Individual osteocytes are embedded in lacunae, 

intimately connected to the surrounding bone matrix, making them ideally 

situated to sense the strain caused by the deformation of loaded bone. In order 

to predict the microstructural response of the osteocyte to imposed macroscopic 

loads, a parametric finite element model of an osteocyte embedded in its lacuna 

was developed. A total of 27 different simulations were modeled with varying 

osteocyte, cell process, and peri-lacunar material moduli, and stiffness of the 

glycocalyx and cell process attachments. Maximum osteocyte strain was found to 

be inversely related to the modulus of the perilacunar matrix. Changes to the 

material properties of the osteocyte or its cell processes had little effect on the 

strains measured in the osteocyte and cell processes. However, when both the 

osteocyte cell modulus and the glycocalyx and cell process attachment spring 

constants were decreased, this led to a decrease in the maximum osteocyte 

strains. These results indicate that the application of average macroscopic 

strains similar to strain levels measured in vivo can result in the translation of 

significantly greater osteocyte, cell process, and perilacunar tissue strains.  
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Introduction 

Bone adapts to changes in its mechanical environment through the coordinated 

actions of osteoblasts, osteocytes, and osteoclasts. Osteoblasts and osteoclasts 

are situated at the bone’s surface and are well-recognized for their roles in the 

deposition and resorption of bone, respectively. Osteocytes make up over 90% of 

all bone cells and function as the mechanosensors within bone (1-4). 

Mechanosensitve osteocytes mediate the effects of bone loading on bone 

remodeling through their extensive communication network with each other and 

with osteoblasts and osteoclasts. Individual osteocytes are embedded in cave-like 

structures called lacunae and are intimately connected to the surrounding bone 

matrix. Osteocytes are connected to each other and to the bone surface cells via 

cell processes enclosed within tunnels called canaliculi. Although this type of 

organization makes osteocytes ideally situated to sense and respond to the 

strain caused by the deformation of loaded bone, it also makes them difficult to 

observe in vivo, thereby presenting a significant challenge and limitation in our 

ability to understand how these cells control bone remodeling and homeostasis.  

 

The application of force to the skeletal system produces several potential stimuli 

for osteocyte mechanosensation including hydrostatic pressure, fluid flow-

induced shear stress, and bone tissue strain. While debate continues over which 

stimuli or combination of stimuli are responsible, theories based on fluid flow-

derived shear stress stimulation of osteocyte cell processes within canaliculi 

have gained the most prominence (5-9). One reason for this are data 
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demonstrating that direct mechanical strain applied to cells at levels measured to 

occur in humans in vivo does not stimulate bone cells in vitro (10, 11). Further 

comparisons of fluid flow stimulation to substrate stretching on osteoblastic cells 

showed that substrate strain levels in the range of strains measured using strain 

gauges in vivo did not induce an increase in intracellular calcium and osteopontin 

mRNA, but higher strain levels did produce a calcium response in a significant 

number of cells (12). Furthermore, oscillatory fluid flow stimulation at 20 

dynes/cm2 produced both increased intracellular calcium as well as an 

upregulation of osteopontin mRNA. The application of mechanical forces to 

whole bone has also been shown to cause fluid to flow through the lacunar-

canalicular system in vivo (13, 14). It is theorized that the fluid flow induced drag 

on the osteocyte and its processes results in the deformation of the cell 

membrane thus triggering a biological response (6). Osteocytes have been 

shown to be more mechanosensitive than osteoblasts by responding with a 

relatively quick and sustained release of PGE2 following both hydrostatic 

compression and fluid flow treatment. Moreover, dynamic fluid flow produces the 

more effective PGE2 response when compared with the hydrostatic compression 

stimulation (15).  

 

It is unclear whether fluid flow and direct mechanical stimulation have the same 

effects on osteocytes and their precursor cells in the osteoblastic lineage; 

however, both stimuli seem to induce responses associated with the deposition 

of new bone. Substrate stretching results in an increase in collagen and bone 
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matrix production as well as additional responses associated with the 

osteoblastic phenotype (16, 17). Fluid flow-induced shear stress stimulation has 

been shown to increases signaling pathways involved in osteocyte control of 

bone remodeling, including nitric oxide (NO) and prostaglandin E2 (PGE2, an 

osteogenic messenger) production (10, 12, 16, 18). 

 

The basis for studying the stimulatory effects of mechanical strain on various 

biological responses of bone cells in vitro is the direct measurement of bone 

strain in humans during physical activity (19-22). The limitation of applying this 

strain magnitude data to cells in vitro is that the in vivo strain gage 

measurements represent continuum measures of bone deformation. At the 

spatial level of bone cells, cortical bone is not a continuum. Microstructural 

inhomogeneities will give rise to inhomogeneous microstructural strain fields, and 

local tissue strains will be magnified in association with microstructural features 

(23, 24). Thus, a question that has not been adequately answered is how much 

of these magnified strains will be directly transmitted to the osteocyte itself. 

Additionally, if the osteocyte has the ability to alter its perilacunar environment, it 

is unknown what effect changes to the perilacunar environment have on the 

strain that is transmitted to the osteocyte and its cell processes. The objective of 

this study was to perform a more detailed investigation into the effect of changes 

to the perilacunar bone tissue structure and properties on microstructural bone 

tissue strains that are transmitted to an embedded osteocyte and its 

corresponding cell processes.  
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Materials and Methods 

To predict the microstructural response of the osteocyte to imposed macroscopic 

loading, a parametric finite element model of an osteocyte embedded in its 

lacuna was developed. The model is composed of an osteocyte, glycocalyx 

attachments between the osteocyte and the lacunar wall, its cell processes and 

cell process attachments to the canalicular wall, a lacuna, a region of perilacunar 

matrix, canaliculi, and surrounding bone tissue. The osteocyte lacuna was 

modeled as a revolved ellipsoid with a minor and major axis equal to 3.9 microns 

and 8.9 microns respectively (25). Similar representations of the lacuna have 

been used in previous computational models (26-28). The perilacunar tissue 

thickness was held constant at 5 microns, as it has been determined previously 

that varying the perilacunar tissue thickness had very little effect on maximum 

strains transmitted to the osteocyte lacuna (26). The osteocyte was also modeled 

as a revolved ellipsoid. The minor and major axes of the osteocyte were equal to 

3.0 microns and 8.0 microns respectively. The size of the osteocyte and the 

lacuna was kept constant for all simulations. The canaliculi and cell processes 

were modeled using the idealized geometry of long hollow cylinders with 

diameters of 0.425 microns and 0.210 microns, respectively, and lengths of 15 

microns (29, 30). The cell processes were centered within the canaliculi and 

attached to the canalicular walls with idealized attachments, modeled as linear 

elastic springs, with an average length of 0.115 microns and an average spacing 

of 0.315 microns in between any two neighboring attachments (30).  The 

glycocalyx attachments between the osteocyte cell membrane and the lacunar 
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wall were modeled in a similar manner, as linear elastic springs, with an average 

length of 0.900 microns and approximately 0.252 microns in between 

neighboring attachments.  

 

The parametric three-dimensional finite element model was developed using 

TrueGrid (XYZ Scientific Applications, Inc., Livermore, CA). The geometry of the 

osteocyte, lacuna, perilacunar tissue, cell processes, and canaliculi were 

described as above within TrueGrid, and a hexahedral finite element mesh was 

projected onto to the geometry. By creating the model parametrically, parameters 

describing the geometry and material properties could be changed and updated 

meshes could be automatically created in a matter of minutes. The parameters 

varied in this study include the material properties of the osteocyte, cell 

processes, perilacunar and surrounding tissues (Figure 1). A mesh refinement 

study had been conducted previously on solely the osteocyte lacuna model, and 

this mesh density was also chosen for the current model (26). The model was 

created with four planes of symmetry, allowing boundary conditions that can 

mirror the geometry and allow shorter simulation run times, an aspect which is 

highly desirable in parametric model simulations. The resulting one-eighth model 

consisted of 154,953 nodes and 143,155 elements (142,818 solid elements and 

337 discrete elements).  
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As in previous models, the bone tissue was modeled as linearly elastic with two 

separate material regions (26). A material modulus of 25 GPa was used for the 

bone tissue surrounding the perilacunar tissue while a range of material moduli 

were considered for the perilacunar tissue to determine the effects of changing 

material properties on the maximum strains transmitted to the embedded 

osteocyte (31). A Poisson’s ratio of 0.3 was used for all of the material models. 

The mean spring constant, k, values for the glycocalyx attachments and cell 

process attachments were determined from a bending rigidity, EI, of 700 pN/nm2 

and assuming a cylindrical geometry with a diameter of 2 nm (6). A range of plus 

and minus 96 percent was considered for these attachment values since their 

morphology and material properties are not clearly understood. The osteocyte 

and cell process material moduli were varied from 0.1 kPa to 2.5 kPa to include 

the range of values quoted in the literature for osteocytes, chondrocytes, 

osteoblast-like cells, and endothelial cells (32-41).   

 

A prescribed axial displacement was applied to the model face perpendicular to 

its long axis (horizontal direction in Figure 1C) resulting in an overall model 

macroscopic strain of 2000 microstrain. This strain was chosen since it is at the 

upper end of the range of maximum physiological strains experienced by bones 

in the human body under everyday active loading conditions (19). The nodes on 

the model face opposing the applied displacement were constrained. As 

mentioned previously, symmetry boundary conditions were applied to the nodes 
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Figure 1. A) Atomic force microscopy image of an osteocyte lacuna in a polished 

section of cortical bone. B) Transmission electron microscope image of an 

osteocyte and its lacuna (courtesy of Jian Feng, University of Missouri at Kansas 

City, Department of Oral Biology). C) Finite element model with the osteocyte, 

cell processes, canaliculi, lacuna, connective ligaments, perilacunar tissue, and 

surrounding bone matrix labeled.  
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 on the remaining model faces, which had the resultant effect of mirroring the 

model across each plane. This mirroring resulted in 10 cell processes and 

canaliculi per osteocyte and lacuna. 

 

A total of 27 simulations were performed with varying osteocyte and cell process 

moduli, perilacunar material moduli, and glycocalyx and cell process attachment 

moduli (Table 1). Following each model simulation, first principle strains were 

recorded. The average strain for each cell process, the maximum lacunar strain, 

as well as the average strain surrounding each of the five maximum strain 

locations on the osteocyte cell membrane were calculated (Figure 2). Both the 

maximum lacunar strain and maximum osteocyte membrane strains were 

calculated from the average of the 27 elements around the element with the 

maximum strain. The quasi-static simulations were run using LS-DYNA Version 

970 (Livermore Software Technology Corporation, Livermore, CA) on a dual 

processor AMD Athlon 1.4 GHz Linux system with 4 GB of memory. The 

simulations took approximately 25 minutes each to run, and the results were 

post-processed using LS-PrePost Version 2.1 (Livermore Software Technology 

Corporation, Livermore, CA).  
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Table 1. Simulation parameter matrix of values used, resulting in 27 different 

models. 

Parameter Value 

Osteocyte and Cell 
Process Material 

Modulus 
0.1 kPa 1.3 kPa 2.5 kPa 

Perilacunar 
Material Modulus 15 GPa 25 GPa 35 GPa 

Spring Constants for 
Glycocalyx and Cell 

Process Attachments 
k – 96%k k k + 96%k 
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Figure 2. The average strain was calculated for each cell process, identified in 

this image by their axial alignment, as well as the average at each of the five 

maximum strain locations (A-E) on the osteocyte cell membrane. 
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Results 

The maximum strain locations within the osteocyte were found to occur on the 

osteocyte cell membrane, primarily parallel to the plane of applied strain (Figure 

3). Maximum strain levels in the osteocyte reached over 10,000 microstrain,  

which is over 5 times the applied macroscopic strain of 2000 microstrain. 

However, the average strain on the cell processes remained close to or below 

the applied macroscopic strain value.             

 

When modified within the parametric finite element model, changes in the peri-

lacunar bone tissue modulus were found to have the most profound effect on the 

maximum strain experienced by the osteocyte cell body as well as the average 

strains in the osteocyte cell processes (Figure 4). When the peri-lacunar bone 

tissue modulus was increased by 40%, the maximum strain values within the 

osteocyte dropped by 10.54% to 14.31%, depending on the location along the 

cell membrane. Similarly, when the peri-lacunar bone tissue modulus was 

decreased by 40.00%, the maximum strain values within the osteocyte increased 

by 13.74% to 20.72%, again depending on the location along the cell membrane. 

Osteocyte cell membrane locations A and E experienced the greatest changes in 

maximum strain as a result of changes in the lacuna modulus (Figure 4).            
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Figure 3. Fringe plots of the 1st principle strain experienced by the osteocyte 

finite element model. A) strain distribution across the model, B) strain distribution 

at the osteocyte and lacuna interface, C) strain distribution on the osteocyte cell 

membrane and cell processes. 
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Figure 4. The modulus of the perilacunar matrix is inversely related to the 

maximum strain sensed by the osteocyte. The cell processes and maximum 

strain locations are identified in Figure 3. 
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The maximum peri-lacunar bone tissue strain was found to occur where the 

canaliculi enter the lacuna. There was a 16.06% increase in lacunar maximal 

strain with a 40% decrease in peri-lacunar bone tissue modulus. Conversely, 

there was an 11.79% decrease in maximum lacunar strain with a 40% increase 

in peri-lacunar bone tissue modulus.     

When varied, the modulus of the osteocyte had very little effect on the maximum 

strain transmitted to the osteocyte (Figure 5). There was less than a 1% change 

in strain at the five areas of maximal strain on the cell membrane of the osteocyte 

with a plus or minus 96% change in osteocyte modulus. The change in strain 

was even less apparent for a change in the cell process modulus. A variation of 

plus and minus 96% in cell process modulus led to less than a 0.4% change in 

the average cell process strains. However, when both the osteocyte cell body 

material properties and the glycocalyx and cell process attachment spring 

constants were decreased, this led to a decrease in maximum osteocyte strains 

of as much as 32.45% (Figure 6). When both the osteocyte cell body elastic 

modulus and the glycocalyx and cell process attachment spring constants were 

increased, there were minimal changes in the maximum osteocyte strain. These 

simultaneous changes in moduli had no effect on lacunar bone tissue strain, and 

relatively small effects on the average strains measured in the cell processes.   
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Figure 5. Changes in the osteocyte and cell process modulus had little effect on 

the maximum strain in the osteocyte, the average strain in the cell process, nor 

the maximum strain in the lacuna. The cell processes and maximum strain 

locations are identified in Figure 3. 

 

  

-1.0%

-0.8%

-0.6%

-0.4%

-0.2%

0.0%

0.2%

0.4%

0.6%

0.8%

1.0%

-100% -80% -60% -40% -20% 0% 20% 40% 60% 80% 100%

%
 C

ha
ng

e 
in

 S
tra

in

% Change in Osteocyte and Cell Process Modulus

Average Strain Cell Process - X
Average Strain Cell Process - Y
Average Strain Cell Process - Z
Average Strain Cell Process - YZ
Osteocyte Maximum Strain - A
Osteocyte Maximum Strain - B
Osteocyte Maximum Strain - C
Osteocyte Maximum Strain - D
Osteocyte Maximum Strain - E
Lacuna Maximum Strain



‐ 71 ‐ 
 

A B

C D

  

-35
-31
-27

-23

-19

-15

-11

-7

-3

1

5

-80
-60

-40
-20

0
20

40
60

80

-80
-60

-40
-20

0
20

40
60

80

S
tra

in
 (%

 c
ha

ng
e)

Cell M
odulus (%

 change)Attachment Spring Constants, k (% change)

Average Strain Cell Process - X

-35 %
-31 %
-27 %
-23 %
-19 %
-15 %
-11 %
-7 %
-3 %
1 %
5 %

-35
-31
-27

-23

-19

-15

-11

-7

-3

1

5

-80
-60

-40
-20

0
20

40
60

80

-80
-60

-40
-20

0
20

40
60

80

S
tra

in
 (%

 c
ha

ng
e)

Cell M
odulus (%

 ch
ange)Attachment Spring Constants, k (% change)

Average Strain Cell Process - Y

-35 %
-31 %
-27 %
-23 %
-19 %
-15 %
-11 %
-7 %
-3 %
1 %
5 %

-35
-31
-27

-23

-19

-15

-11

-7

-3

1

5

-80
-60

-40
-20

0
20

40
60

80

-80
-60

-40
-20

0
20

40
60

80

S
tra

in
 (%

 c
ha

ng
e)

Cell M
odulus (%

 ch
ange)Attachment Spring Constants, k (% change)

Average Strain Cell Process - Z

-35 %
-31 %
-27 %
-23 %
-19 %
-15 %
-11 %
-7 %
-3 %
1 %
5 %

-35
-31
-27

-23

-19

-15

-11

-7

-3

1

5

-80
-60

-40
-20

0
20

40
60

80

-80
-60

-40
-20

0
20

40
60

80

S
tra

in
 (%

 c
ha

ng
e)

Cell M
odulus (%

 ch
ange)

Attachment Spring Constants, k (% change)

Average Strain Cell Process - YZ

-35 %
-31 %
-27 %
-23 %
-19 %
-15 %
-11 %
-7 %
-3 %
1 %
5 %



‐ 72 ‐ 
 

E F

G H

  

-35
-31
-27

-23

-19

-15

-11

-7

-3

1

5

-80
-60

-40
-20

0
20

40
60

80

-80
-60

-40
-20

0
20

40
60

80

St
ra

in
 (%

 c
ha

ng
e)

Cell M
odulus (%

 change)
Attachment Spring Constants, k (% change)

Maximum Strain Osteocyte - Location A

-35 %
-31 %
-27 %
-23 %
-19 %
-15 %
-11 %
-7 %
-3 %
1 %
5 %

-35
-31
-27

-23

-19

-15

-11

-7

-3

1

5

-80
-60

-40
-20

0
20

40
60

80

-80
-60

-40
-20

0
20

40
60

80

St
ra

in
 (%

 c
ha

ng
e)

Cell M
odulus (%

 ch
ange)

Attachment Spring Constants, k (% change)

Maximum Strain Osteocyte - Location B

-35 %
-31 %
-27 %
-23 %
-19 %
-15 %
-11 %
-7 %
-3 %
1 %
5 % 

-35
-31
-27

-23

-19

-15

-11

-7

-3

1

5

-80
-60

-40
-20

0
20

40
60

80

-80
-60

-40
-20

0
20

40
60

80

S
tra

in
 (%

 c
ha

ng
e)

Cell M
odulus (%

 ch
ange)Attachment Spring Constants, k (% change)

Maximum Strain Osteocyte - Location C

-35 %
-31 %
-27 %
-23 %
-19 %
-15 %
-11 %
-7 %
-3 %
1 %
5 %

-35
-31
-27

-23

-19

-15

-11

-7

-3

1

5

-80
-60

-40
-20

0
20

40
60

80

-80
-60

-40
-20

0
20

40
60

80

S
tra

in
 (%

 c
ha

ng
e)

Cell M
odulus (%

 change)Attachment Spring Constants, k (% change)

Maximum Strain Osteocyte - Location D

-35 %
-31 %
-27 %
-23 %
-19 %
-15 %
-11 %
-7 %
-3 %
1 %
5 %



‐ 73 ‐ 
 

I J

 

Figure 6. The average changes in strains measured in the cell processes, 

average maximum strain locations on the osteocyte cell membrane, and average 

lacunar strain were calculated as a function of changes in the ligament 

attachment spring constants, k and the osteocyte and cell process modulus: (A) 

along the x-axis cell process , (B) along the y-axis cell process , (C) along the z-

axis cell process, (D) along the yz-axis cell process, (E) maximum strain location 

A on the osteocyte membrane, (F) maximum strain location B on the osteocyte 

membrane, (G) maximum strain location C on the osteocyte membrane, (H) 

maximum strain location D on the  osteocyte membrane, (I) maximum strain 

location E on the osteocyte membrane, and (J) lacunar strain. 
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Discussion 

In this analysis, a parametric microstructural finite element model was 

constructed of an osteocyte embedded within cortical bone to investigate the 

effect of altering the material properties of each component of the model on the 

computed strains transmitted to the osteocyte and surrounding tissue following a 

globally applied deformation. The results of this analysis indicate that globally 

applied tissue strains of 2000 microstrain (0.2%) results in localized strains of up 

to 10000 microstrain at the level of the osteocyte cell membrane.  

 

While finite element modeling represents a powerful approach to studying 

biological systems that cannot be easily studied and/or manipulated in an in vivo 

or even ex vivo model system, the limitations of this type of analysis merit 

discussion. Idealized geometry was used in our representations of the osteocyte, 

lacunae, and canaliculi. In reality, osteocytes and lacunae are not perfect 

ellipsoids nor are the canaliculi perfectly cylindrical (25, 42). Osteocytes and their 

lacuna vary in size and shape and are not symmetrical. Osteocyte morphology 

also changes with age and species. The interior walls of the lacuna and canaliculi 

are not perfectly smooth as modeled but are irregular. Species-related and bone 

histology-related variations in osteocyte-lacunar-canalicular geometries that have 

been described previously could also correlate with non-uniform strain 

distributions that may not be demonstrated using the selected parameters in the 

present study (43-46). Variations in size and shape of the osteocyte and lacuna 

will lead to non-uniform strain distributions and, depending on the orientation and 
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geometry can further increase the maximum strain values sensed by the 

osteocyte. Non-smooth lacunar and canalicular walls would also increase the 

maximum strain values. Imperfections and small indentations at the lacunar-

canalicular interface would lead to strain concentrations at that location. The 

addition of focal adhesions, intimate connections between the osteocyte and 

lacunar wall as well as between the cell processes and the canalicular wall of 

greater surface area than modeled in the present model, would furter increase 

the strains transmitted to the osteocyte.    

 

A linear elastic material model was used to represent the deformational behavior 

of the bone tissue. The strains predicted are on the order of yield strain 

measured in cortical bone and may result in damage to the bone tissue (47, 48). 

Furthermore, isotropic material was assumed. At this level, there may be material 

properties that exhibit a directionality resulting from the underlying organization of 

the collagen fibril (49-51). The glycocalyx attachments and cell process 

attachments were modeled as linear elastic springs. The material properties and 

behavior of these attachments have not been well characterized and may 

actually be more faithfully represented using a different material model, such as a 

visco-elastic material model. These limitations are the focus of ongoing 

investigations. 
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This finite element model also included a limited number of canaliculi and cell 

processes. The estimated number of canaliculi per lacuna in human long bone is 

41 (29). The purpose of this model was to determine the influence of bone tissue 

material properties on the strain that is transmitted to the osteocyte. It has been 

determined previously that by including the canaliculi in the model the measured 

maximum strain is doubled; therefore, it was important to include multiple  

canaliculi and cell processes (26). Future investigations will focus on 

investigating the number of canaliculi as a parameter that can be varied in order 

to investigate the effect of canalicular number on mechanical signals acting on 

embedded osteocytes.  

 

Even though the exact geometries and material properties of the components of 

our model are unknown, they are most likely within the range of values 

considered in this study. Therefore, we believe that the values employed in this 

study model a fair representation of an embedded osteocyte for our investigation 

of how differences in material properties impact the strains sensed within the 

system.  

 

Similar to the results of McCreadie’s model of an osteocyte embedded within a 

lacuna, when the modulus of the osteocyte was varied in our model, there was 

minimal effect on the maximum strain sensed by the osteocyte (28). Strains of 

over 10,000 microstrain were predicted in the osteocyte, which is equivalent to 
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five times the applied strain and in the range of applied substrate strains required 

to produce a cellular response in bone cells cultured in vitro (16, 52). 

 

The perilacunar bone tissue strain magnitudes predicted in this study are again 

consistent with tissue strain values experimentally measured in our previous 

work (16, 23, 24, 52-54). In these studies, microstructural osteocyte bone tissue 

strains were measured to be significantly larger than macroscopic applied strains 

resulting in strain magnifications factors of 1.1-3.8. However, detailed 

measurements of the strains and deformations of the osteocytes and cell 

processes were not included due to the absence of the cells from the bone 

specimens. 

 

Importantly, the tissue bone strains predicted in this analysis are consistent with 

applied substrate strain levels required to elicit a biological response from bone 

cells in culture. Biological responses such as NO and PGE2 release have been 

reported to occur at strains ranging from 3,400 microstrain to 5,500 microstrain 

(10, 55-59). These strain levels were originally thought to be too high to be 

experienced in vivo in human bone since the maximum physiological strain 

experienced by bone under active conditions in the human body is approximately 

2,000 microstrain (19). However, it has been shown in this study, that an applied 

2,000 microstrain globally can result in maximum strain concentrations of 4,000 
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to 6,000 microstrain, consistent with in vitro substrate stretch levels sufficient to 

elucidate a biological response.  

 

There is increasing evidence that the osteocyte can affect changes to its local 

environment (60-63). Additional studies have shown similar results with 

chondrocytes in cartilage (34, 64-66). Although osteocyte alteration of the 

perilacunar tissue is not well understood, the results from the present 

investigation indicate that alterations to the perilacunar tissue may act to 

modulate the strain sensed by the embedded osteocyte. The material around the 

osteocyte may be remodeled due to changes in overall bone loads or changes in 

systemic biochemical equilibrium. The results of the present investigation 

demonstrate that for a given macroscopic strain level, a change in perilacunar 

tissue modulus will result the greatest change in the strain transmitted to the 

osteocyte. This may provide a mechanism whereby the osteocyte can fine-tune 

the local bone tissue strain signal to remain within an optimal range. For 

example, local increases in peri-lacunar tissue stiffness will result in a decrease 

in peri-lacunar tissue strain. Such local microstructural changes may be 

implicated in the reduced ability of the aging skeleton to respond to mechanical 

loading (67, 68). As the skeleton ages, there is an overall increase in bone tissue 

mineralization which will increase the bone tissue modulus(69). Therefore, if this 

increase in overall mineralized tissue extends to perilacunar bone tissue, and the 

local peri-lacunar bone tissue modulus increases as a function of age, the aged 

skeleton may be less able to sense and respond to normal skeletal loading. In 
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other words, even if the global strain signal remains relatively constant, the 

transmission of this global strain to the embedded osteocytes in an older 

skeleton may be significantly reduced and fall below a threshold needed to illicit a 

biologic response required to maintain tissue homeostasis. 

 

In summary, a parametric finite element model of an osteocyte and its cell 

processes embedded in a lacuna with canaliculi was developed to predict the 

microstructural response of the osteocyte to imposed macroscopic strains and 

determine how changes in regional material properties impacts the transmission 

of strain to osteocytes. Physiologically relevant macroscopic strains were found 

to be amplified at the microstructural level of our model and resulted in levels of 

strain on the osteocyte that have been shown to elicit biological responses. 

Changing the material properties of the perilacunar matrix, an ability osteocytes 

are believed to have and a phenomenon that may be attenuated in aging, had 

the greatest impact on the strain transmitted to the osteocyte, with the maximum 

osteocyte strain relating inversely to the perilacunar tissue modulus. These 

results indicate that the application of average macroscopic strains similar to 

strain levels measured in vivo can result in significantly greater strains in the 

osteocyte and that any mechanism that changes the material properties of the 

perilacunar matrix will have consequences on mechanosensation by osteocytes.  
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Abstract 

Using real-time imaging, this study shows that the immediate upregulation of 

intracellular calcium production in individual osteocyte-like MLO-Y4 cells after 

exposure to fluid flow stimulation is directly proportional to the amount of cell 

deformation. 

 

Introduction: Osteocytes compose 90-95% of all bone cells and are the 

mechanosensors of bone. In this study, the strain experienced by individual 

osteocytes resulting from an applied fluid flow shear stress was quantified and 

correlated to two biological responses measured in real time within the same 

individual osteocytes 1) the upregulation of intracellular calcium and 2) changes 

in intracellular nitric oxide.  

 

Materials and Methods: Fluo-4 AM and DAR-4M-loaded osteocyte-like MLO-Y4 

cells were exposed to uniform laminar fluid flow shear stresses of 2, 8, or 16 

dynes/cm2. Intracellular calcium and nitric oxide changes were determined by 

measuring the difference in fluorescence intensity from the cell’s basal level prior 

to fluid flow and the level immediately following exposure. Individual cell strains 

were calculated using digital image correlation.  

 

Results: MLO-Y4 cells showed a linear increase in cell strain, intracellular 

calcium concentration, and nitric oxide concentration with an increase in applied 



‐ 91 ‐ 
 

fluid flow rate. The increase in intracellular calcium was well correlated to the 

strain that each cell experienced.  

 

Conclusions: Osteocytes exposed to the same fluid flow experienced a range of 

individual strains and changes in intracellular calcium and nitric oxide 

concentrations, and the changes in intracellular calcium were correlated with cell 

strain. These results are among the first to establish a relationship between the 

strain experienced by osteocytes in response to fluid flow shear and a biological 

response at the single cell level.  
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Introduction 

Bone is known to adapt to its loading conditions via modeling and remolding. 

Osteocytes comprise 90-95% of all bone cells (1) and function as the 

mechanosensors of bone (2). They are located in the mineralized bone matrix 

within cave-like structures called lacunae. Extending from the lacunae is a 

network of canaliculi, which contain the extensive number of cell processes of the 

osteocytes. Through the establishment of this complex network of caves and 

canals osteocytes become ideally situated to sense the presence or absence of 

bone loading and respond by sending signals to the bone-forming osteoblasts 

and the bone-absorbing osteoclasts, thereby orchestrating the bone remodeling 

process. The application of force to the skeletal system produces several 

potential stimuli for osteocytes. Bone loading induces fluid flow and changes in 

hydrostatic pressure within the interstitial lacunar-canalicular network, while fluid 

flow across and around cells induces shear stresses. Bone tissue strain can also 

be transmitted to embedded cells directly though cellular adhesions and 

attachments, stretching and deforming the cells. Osteocytes have been shown to 

respond biologically to both strain via direct mechanical stimulation through 

membrane/cell stretching, and shear induced by fluid flow (3-17).  

 

The strain induced upon osteocytes by shear applied via fluid flow has yet to be 

quantified and associated with any resulting biological responses. However, fluid 

flow has been shown to rapidly increase intracellular calcium and nitric oxide 

levels in bone cells (7,9,13,15,17-25). In the 2006 study of Kamioka et al., it was 
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suggested that the calcium response of bone cells under fluid flow varied in 

response to the number of cell adhesions (17). However, this relationship could 

be more directly related to the actual strains experienced by the individual bone 

cells as a result of the integrity of these adhesions. It is possible that the more 

tightly bound a cell is to the substrate, the less strain and deformation the cell will 

experience in response to fluid shear stress. In this study, the real-time 

upregulation of intracellular calcium and nitric oxide levels within individual 

osteocytes in response to an applied fluid flow was examined. The resulting 

imposed strain of each of the osteocytes was also quantified and correlated to a 

biological response.                 

 

Materials and Methods 

Cell culture 

Osteocyte-like MLO-Y4 cells  were cultured on type I rat tail collagen (Becton, 

Dickinson and Company, Franklin Lakes, NJ) coated on 100mm dishes in α–

minimal essential medium (αMEM) (GIBCO, Grand Island, NY) supplemented 

with 2.5% fetal bovine serum (FBS) (Summit Biotechnology, Fort Collins, CO), 

2.5% calf serum (CS) (HyClone Laboratories, Logan, UT), and 1% penicillin and 

streptomycin (PS) (Cellgro, Manassas, VA). Cells were maintained at 37°C and 

5% CO2 in a humidified incubator and not allowed to exceed 70-80% confluency 

in order to maintain the dendritic characteristics of the cell line. Forty-eight hours 

prior to the fluid flow experiment, cells were harvested using 0.25% trypsin 

(Sigma-Aldrich, St. Louis, MO) and 0.1% ethylenediaminetetraacetic acid (EDTA) 
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(Sigma-Aldrich, St. Louis, MO) in phosphate buffered saline (PBS) (GIBCO, 

Grand Island, NY) and cultured on type I rat tail collagen-coated 40 mm diameter 

glass slides at 70-80% confluency (Bioptechs Inc., Butler, PA) as described 

above.  

 

Intracellular calcium and nitric oxide 

To visualize changes in the intracellular calcium concentration, a cell membrane 

permeable fluorescein dye, Fluo-4 acetoxymethyl ester (Fluo-4 AM; Molecular 

Probes Inc., Eugene, OR, USA) was used. A cell-permeable diaminorhodamine-

4M acetoxymethyl ester dye (DAR-4M AM; EMD Chemicals Inc., San Diego, CA, 

USA) was used to monitor changes in inracellular nitric oxide concentrations. 

After rinsing away the culture medium with PBS, slides containing 70-80% 

confluent MLO-Y4 cells were incubated for 30 minutes at 37°C with 5 µM 

solutions of Fluo-4 AM ester and DAR-4M AM ester in culture media. After 

incubation, the cells were washed three times with PBS and incubated for an 

additional 30 minutes to allow for de-esterification of the intracellular AM esters 

rendering the fluorescent dye membrane impermeable. It should be noted that all 

steps involving the fluorescent dyes were conducted in the dark or with as little 

exposure to light as possible.  

 

Changes in intracellular calcium and nitric oxide levels were determined by 

measuring changes in the fluorescent intensity of individual cells loaded with both 

Fluo-4 AM and DAR-4M AM. The excitation and emission wavelengths of Fluo-4 



‐ 95 ‐ 
 

AM were 494 and 516nm respectively, and a fluorescein isothiocyanate (FITC) 

filter was used to capture these images. For DAR-4M AM excitation and emission 

wavelengths were 560 and 575 nm, respectively, and a rhodamine filter set was 

used. Stabilized basal level intracellular calcium and nitric oxide concentration 

fluorescence levels were captured as a control immediately before exposure of 

the cells to fluid flow. Immediately following the application of fluid flow over the 

cells, a second image was taken. For both the calcium and nitric oxide indicators, 

the difference between the average fluorescence in regions of interest (ROIs) of 

the stimulated cell images (F) and the same ROIs in the background 

fluorescence images (Fo) were calculated. In order to take into account varying 

basal intracellular calcium and nitric oxide levels, the fluorescence intensity 

increase was calculated with respect to the individual cell intensities prior to 

exposure to the fluid flow. Results are presented as a percentage change in 

fluorescence intensity for each individual cell ((F-Fo)/Fo).      

 

Fluid flow  

For the application of fluid flow to the cells, a closed system, parallel plate, live-

cell micro-observation chamber (Focht Chamber System 2, Bioptechs Inc., 

Butler, PA) was utilized, as it provided a well established laminar flow region (26). 

The chamber was mounted on the stage of an inverted microscope (Nikon 

Eclipse TE2000-E, Nikon Instruments Inc., Melville, NY) to allow real-time 

visualization of the cells exposed to flow. The glass slides seeded with the Fluo-4 

AM and DAR-4M AM-loaded MLO-Y4 cells were placed inside the flow chamber, 
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and a silicon gasket with a 14 mm x 22 mm x 1 mm rectangular cut-out for the 

region of flow was placed atop the slide. The slide and gasket were covered in 

flow media, and the chamber was sealed. The flow media consisted of αMEM 

supplemented with 1% FBS, 1% CS, and 1% PS. Utilizing a peristaltic pump 

(Masterflex, Cole-Parmer, Vernon Hills, IL), slides of cells were exposed to 

laminar fluid flow rates resulting in shear stresses of 2, 8, or 16 dynes/cm2.  

 

Cell strain 

Differential interference contrast (DIC) images were captured prior to and 

immediately following the application of fluid flow. The strain experienced by the 

osteocytes was determined by quantifying the deformation of each individual cell 

utilizing an optical strain measurement method, called microdisplacements by 

machine vision photogrammetry (DISMAP) (27). In this method, digital image 

correlation is utilized to calculate the strain from the displacement vectors of 

points selected by the operator. We chose four points per cell body and the strain 

was calculated as an average strain for each cell body.  

 

Statistical analysis 

For statistical comparisons, the Student’s t-test for unpaired samples assuming 

unequal variances was used. Probability levels of p <0.05 were considered 

significant. All statistics and additional linear regressions and correlations were 

performed using statistical analysis software (Statistica, Statsoft, Tulsa, OK). 
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Results 

Osteocyte-like MLO-Y4 cells seeded on collagen-coated glass slides were 

imaged prior to and immediately following exposure to laminar fluid flow resulting 

in shear stresses of 2, 8, and 16 dynes/cm2. The field of view for each glass slide 

was randomly selected from the laminar flow region and all viable cells within the 

field were analyzed. The upregulation of intracellular calcium levels, nitric oxide 

levels, and average cellular strains were calculated for a total of 96 different 

individual cells exposed to fluid flow of varying rates (Figure 1). Prior to and 

following exposure to fluid flow, intracellular calcium and nitric oxide were 

observed to be localized to both the cell body and cell processes of the MLO-Y4 

cells. 

 

The osteocyte-like MLO-Y4 cells experienced a linear increase in intracellular 

calcium and nitric oxide concentration with increasing imposed shear stress due 

to laminar fluid flow exposure (Table 1, Figures 2 and 3). There was also a linear 

increase in the average strain experienced by the cell body of each cell with 

increasing imposed shear stress levels (Figure 4). A wide range of strains and 

changes in intracellular calcium and nitric oxide levels were experienced by the 

cells, even though the cells were subjected to the same global shear induced 

strain. However, significant differences between each of the three shear stress 

flow rates were found for changes in intracellular calcium levels, intracellular 

nitric oxide levels, and average cell body strain.  
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Figure 1. Utilizing fluorescent microscopy, (A) intracellular calcium and (B) nitric 

oxide levels were imaged in MLO-Y4 cells prior to and immediately following 

exposure to fluid flow. (C) ROIs were chosen for each cell, and the changes in 

calcium and nitric oxide levels relative to basal levels were determined. (D) DIC 

images were also captured before and after flow, and average cell body strains 

were calculated from strain vectors using DISMAP.   
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Table 1. Average values of calcium and nitric oxide increase, and cell body strain 

for different applied shear rates. 

  Average Standard 
Deviation 

2 dynes/cm2 
n=11 

Increase in 
Calcium 9.34% 15.70% 

Increase in 
Nitric Oxide 8.08% 7.87% 

Average Cell 
Body Strain 0.85% 0.60% 

8 dynes/cm2 
n=45 

Increase in 
Calcium 12.18% 8.23% 

Increase in 
Nitric Oxide 7.46% 6.53% 

Average Cell 
Body Strain 2.57% 2.28% 

16 dynes/cm2 
n=40 

Increase in 
Calcium 33.34% 37.94% 

Increase in 
Nitric Oxide 14.41% 10.71% 

Average Cell 
Body Strain 3.32% 2.97% 
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Figure 2. Increasing imposed shear stress results in an increase in osteocyte 

intracellular calcium levels (**p < 0.05, error bars show the standard deviation).  
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Figure 3. Increasing imposed shear stress results in an increase in osteocyte 

intracellular nitric oxide levels (**p < 0.05, error bars show the standard 

deviation).  
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Figure 4. Increasing imposed shear stress results in an increase in the average 

osteocyte cell body strain (**p < 0.05, error bars show the standard deviation).  
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There was a significant correlation between the increase in intracellular calcium 

concentration and the average osteocyte cell strain in response to fluid flow for 

each of the imposed shear stress flow rates. With increasing cell strain, there 

was a related increase in intracellular calcium levels. When the results for the 

cells of each of the flow rates were combined, the significant correlation 

remained, regardless of the level of induced shear stress (Figure 5). However, 

there was not a significant relationship between the increase in intracellular nitric 

oxide levels and average cell body strain.  

 

Discussion 

The purpose of this study was to measure both the real-time changes in 

intracellular calcium and nitric oxide levels and the mechanical strain in individual 

osteocyte-like MLO-Y4 cells exposed to a laminar fluid flow field. Interestingly, 

cells exposed to the same fluid flow experienced a wide range of strains and 

changes in intracellular calcium and nitric oxide concentrations, suggesting that 

strain at the cell level is influenced by more than just the globally applied shear 

rate. This finding highlights the importance of knowing the strain experienced by 

a single cell when trying to predict or elicit a strain-sensitive biologic response as 

each cell will respond differently based upon differences in the actual strain they 

perceive in response to the same globally applied force. Mechanosensing and 

chemical signaling in osteocytes has been hypothesized to occur at the single 

cell level, making it imperative to understand the biological response of the 

individual cell (3). 
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Figure 5. The osteocytes showed an increase in intracellular calcium 

concentration with an increase in cell strain in response to fluid flow regardless of 

the induced shear stress. 
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Similar to other studies in the literature, the osteocyte-like MLO-Y4 cells in this 

study were found to increase their intracellular calcium levels in response to  

shear stress induced via fluid flow (19,20); however, this increase was not 

uniform across all cells in a given experiment. A significant correlation was found 

between cell strain and changes in intracellular calcium levels, with larger cell 

strains or deformations leading to increased intracellular calcium levels. These 

results may indicate that intracellular calcium levels and downstream signaling 

pathways such as prostaglandin E2 (PGE2) release are strain dependent, and do 

not rely simply upon the sensation of fluid flow to elicit a biologic response.  

 

Utilizing the significant positive linear relationship between increasing cell strain 

and the resulting increase in intracellular calcium, more accurate predictions can 

made with regard to the biological response of osteocytes to imposed 

mechanical stimuli. Fluid flow imposed shear stress results in a range of strains 

and biological responses for the perturbed population of osteocytes. If the 

resulting individual cell strain is known, the biological response can be more 

closely predicted. 

 

A possible explanation for the range of strains and intracellular calcium 

responses experienced by the osteocytes, other than general biological variation, 

includes a varying number of cell adhesions to the collagen-coated glass slide 

substrate. Cells with a larger number of attachments to the substrate are more 

tightly bound to the surface and therefore will likely provide a more stable base 
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from which to resist the surface shear stresses created by the fluid flow. If a cell 

has a small number of attachments, the cell will be more ‘fluid-like’ and will 

deform to a larger degree in response to the applied shear via the fluid flow. 

Thus, we predict that among cells exposed to a given shear stress, those that are 

most tightly bound to the substrate will experience the least amount of cell strain 

and the smallest strain-sensitive biological response, while those least tightly 

adhered would experience the greatest amount of strain and the largest strain-

sensitive biological response. This implicates the cell’s interaction with its 

environment as an integral component of its ability to sense and respond to 

strain. The cell must be firmly attached or embedded enough to be anchored and 

able to be deformed, but not so well attached/embedded that deformation is not 

possible. It follows that an environment and or interaction that allows for more 

deformation will result in greater mechanosensitivity. In the case of the osteocyte, 

adhesions between the cell and the lacunae and canaliculi in addition to the 

material properties of the perilacunar matrix are likely to modulate the ability of 

the cell to be deformed and thus its ability to respond to strain and function as 

mechanosensors (28). If these parameters are changed in a disease state or 

during the aging process, for example, such changes in how the osteocyte 

interacts with its environment might explain a loss or gain in mechanosensitivity 

and a subsequent change in bone remodeling or a changing of the set point for 

maintaining bone homeostasis.         
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In this study, nitric oxide production in MLO-Y4 cells, a parameter for bone cell 

activation, was found to be dependent on the fluid shear stress rate. These 

results are consistent with in vitro studies previously published in the literature. 

Bacabac et al. illustrated using the MC3T3-E1 cell line that nitric oxide levels in 

osteoblastic cells are shear stress dependent (25,29). These results were further 

confirmed in the same cell line using pulsatile fluid flow by Mullender et al. (23). 

Primary osteocytes, isolated from fetal chicken calvariae, were also shown to be 

responsive to pulsating fluid flow shear stress, upregulating nitric oxide 

production and the downstream inhibition of osteoclast formation and bone 

resorption (7,15,22). 

 

In the present study, nitric oxide was not found to be cell strain dependent. 

Others have published similar findings showing an increase in nitric oxide in 

response to shear stress induced via fluid flow in vitro but no nitric oxide 

response when subjected to unidirectional linear substrate strains in osteoblastic 

rat calvarial and long bone cells, MC3T3-E1, UMR-106-01, and ROS 17/2.8 cells 

(24,30). More recently, MLO-Y4 cells have been shown to increase their nitric 

oxide production in response to perturbations with a microneedle (13,14). This 

type of stimulation is different than cell deformation induced by fluid flow as the 

deformation is concentrated in a single point and location within the cell and may 

result in the excitation of distinct signaling cascades due to local cytoskeletal 

strain concentrations. Additional studies investigating the real-time nitric oxide 



‐ 108 ‐ 
 

response of individual MLO-Y4 cells to global cellular deformation via substrate 

stretching are planned. 

 

In summary, we have measured real-time biological responses of individual 

osteocyte-like cells to the shear stress induced by uniform laminar flow and 

correlated these responses to the amount of strain specifically experienced by 

each cell. Intracellular calcium, nitric oxide, and strain were all found to increase 

when cells were exposed to varying flow rates resulting in increasing shear 

stress. Furthermore, an increase in cellular strain was shown to be significantly 

correlated to an increase in intracellular calcium levels of single osteocytes, 

thereby providing the first evidence that some biological responses elicited by 

fluid flow are due, in part, to sensation of cell strain rather than solely the 

sensation of fluid flow.      
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Abstract 

Osteocytes are generally accepted to be the mechanosensors of bone, 

regulating both bone formation and resorption in response to the presence or 

absence of mechanical stimulation, respectively. In this study, the strain 

experienced by individual osteocytes resulting from an applied substrate stretch 

is quantified and correlated to two biological responses measured in real-time 

within the same individual osteocytes: 1) changes in intracellular calcium and 2) 

changes in intracellular nitric oxide. Fluo-4 AM and DAR-4M-loaded osteocyte-

like MLO-Y4 cells were seeded on collagen coated flexible silicon membranes 

and exposed to substrate stretching resulting in 1% or 5% global uniaxial 

membrane strain utilizing a microscope stage-mounted device. MLO-Y4 cells 

exposed to 1% strain experienced an average increase in intracellular calcium 

concentrations of 5.76%  ± 5.69% (n=9), while cells exposed to 5% strain 

experienced far higher increases in intracellular calcium concentrations of 

219.31% ± 32.11% (n=9). Neither level of induced substrate stretch yielded a 

change in intracellular nitric oxide concentrations. The results presented here 

confirm the results of our fluid flow study. With an increase in strain, there was an 

increase in intracellular calcium concentration, but no resulting increase in 

intracellular nitric oxide. As mechanosensing and signaling occurs at the single 

osteocyte level, it is important to understand how cell deformation is translated in 

a wide range of osteocyte responses. 
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Introduction 

 Osteocytes comprise 90-95% of all bone cells (1) and function as the 

mechanosensors of bone (2). Individual osteocytes are embedded in lacunae, 

intimately connected to the surrounding bone matrix, making them ideally 

situated to sense the strain caused by the deformation of loaded bone. When 

bone loads are sensed by osteocytes, they are translated into biochemical 

signals that are believed to regulate the actions of osteoblasts and osteoclasts, 

thereby providing a mechanism to regulate bone deposition and absorbtion 

according to the local mechanical needs of the bone. The manner by which this 

takes place is not entirely understood.  

 

There are several possible ways that osteocytes can sense bone loading. These 

include shear stress along dendritic processes and/or the cell body, direct cell 

deformation in response to strain induced by the deforming bone matrix, and 

primary cilia deformation caused by fluid flow or deformation (2). Theories based 

on fluid flow-derived shear stress stimulation of osteocyte cell processes within 

canaliculi have gained the most prominence (3-6) since it has been shown that 

direct mechanical strain applied to cells at levels measured to occur in humans in 

vivo do not stimulate bone cells in vitro (7-9). In further comparisons of fluid flow 

stimulation to substrate stretching experiments on osteoblastic cells (6), it was 

found that substrate strain levels in the range of strains measured in vivo using a 

strain gages did not induce an increase in intracellular calcium and osteopontin 

mRNA, but higher strain levels did produce a calcium response in a significant 
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number of cells. It has also been shown that substrate stretching of bone cell 

populations result in an increase of collagen or bone matrix production (10,11) 

characteristic of an osteoblastic response. Thus, cell deformation is likely to 

stimulate biochemical responses, and the signal molecules generated are likely 

to be transmitted between gap junction channels connected through extensive 

networks of dendritic processes, and through hemichannels between osteocytes 

and extracellular matrix (2,12,13). In turn, the signaling cascade activated in this 

fashion leads to the expression of important regulatory molecules crucial for 

modulating bone formation and remodeling. 

 

In this study, the real-time upregulation of intracellular calcium and nitric oxide 

levels within individual osteocytes in response to an applied substrate strain is 

examined. The resulting imposed strain of each of the osteocytes is also 

quantified and correlated to a biological response.                 

 

Materials and Methods 

Cell culture 

Osteocyte-like MLO-Y4 cells  were cultured on type I rat tail collagen (Becton, 

Dickinson and Company, Franklin Lakes, NJ) coated 100mm dishes in α–minimal 

essential medium (αMEM) (GIBCO, Grand Island, NY) supplemented with 2.5% 

fetal bovine serum (FBS) (Summit Biotechnology, Fort Collins, CO), 2.5% calf 

serum (CS) (HyClone Laboratories, Logan, UT), and 1% penicillin and 

streptomycin (PS) (Cellgro, Manassas, VA). Cells were maintained at 37°C and 



‐ 116 ‐ 
 

5% CO2 in a humidified incubator and not allowed to exceed 70-80% confluency 

in order to maintain the dendritic characteristics of the cell line. Forty-eight hours 

prior to the substrate stretching experiment, cells were harvested using 0.25% 

trypsin (Sigma-Aldrich, St. Louis, MO) and 0.1% ethylenediaminetetraacetic acid 

(EDTA) (Sigma-Aldrich, St. Louis, MO) in Phosphate Buffered Saline (PBS) 

(GIBCO, Grand Island, NY). The osteocyte-like MLO-Y4 cells were seeded on 

type I rat tail collagen (Becton, Dickinson and Company, Franklin Lakes, NJ) 

coated six-well plates with flexible membrane bottoms (UniFlex™ culture plates, 

Flexcell International, Hillsborough, NC) at a density of 7 x 104 cells/well.  

 

Intracellular calcium and nitric oxide 

To visualize changes in the intracellular calcium concentration, a cell membrane 

permeable fluorescein dye, Fluo-4 acetoxymethyl ester (Fluo-4 AM; Molecular 

Probes Inc., Eugene, OR, USA) was used. A cell-permeable diaminorhodamine-

4M acetoxymethyl ester dye (DAR-4M AM; EMD Chemicals Inc., San Diego, CA, 

USA) was used to monitor changes in inracellular nitric oxide concentrations. 

After rinsing away the culture medium with PBS, the six-well plates with flexible 

membrane bottoms containing 70-80% confluent MLO-Y4 cells were incubated 

for 30 minutes at 37°C with 5 µM solutions of Fluo-4 AM ester and DAR-4M AM 

ester in culture media. After incubation, the cells were washed three times with 

PBS and incubated for an additional 30 minutes to allow for de-esterification of 

the intracellular AM esters-rendering the fluorescent dye membrane 
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impermeable. It should be noted that all steps involving the fluorescent dyes 

were conducted in the dark or with as little exposure to light as possible.  

 

Changes in intracellular calcium and nitric oxide levels were determined by 

measuring changes in the fluorescent intensity of individual cells loaded with both 

Fluo-4 AM and DAR-4M AM. The excitation and emission wavelengths of Fluo-4 

AM are 494 and 516nm respectively, and a fluorescein isothiocyanate (FITC) 

filter was used to capture these images. For DAR-4M AM excitation and emission 

wavelengths are 560 and 575 nm, respectively, and a rhodamine filter set was 

used. Stabilized basal level intracellular calcium and nitric oxide concentration 

fluorescence levels were captured as a control immediately before exposure of 

the cells to substrate stretch. These images were used as the background 

normal fluorescence levels of non-stimulated cells. Immediately following the 

application of strain, a second image was taken. For both the calcium and nitric 

oxide indicators, the difference between the average fluorescence in the regions 

of interest (ROIs) of the stimulated cell images (F) and the same ROIs in the 

background fluorescence images (Fo) were calculated. In order to take into 

account varying basal intracellular calcium and nitric oxide levels, the 

fluorescence intensity increase was calculated with respect to the individual cell 

intensities prior to exposure to the substrate strain. Results are presented as a 

percentage change in fluorescence intensity for each individual cell ((F-Fo)/Fo).     
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Application of substrate stretch 

For the application of substrate stretch to the cells a StageFlexer® chamber 

(Flexcell International, Hillsborough, NC) with a clear Arctangle™ Loading 

Station™ (Flexcell International, Hillsborough, NC) was used. The chamber was 

mounted on the stage of a Zeiss M1 Imager upright fluorescent microscope 

equipped with a 20X water immersion lens (Zeiss, Thornwood, New York) to 

allow real-time visualization of the cells exposed to strain. The flexible silicon 

membranes seeded with the Fluo-4 AM- and DAR-4M AM-loaded MLO-Y4 cells 

were removed from the 6-well plates and placed inside the chamber. The 

membrane was secured in place, thereby sealing the chamber, and the cells 

were covered in culture media. Utilizing the FX-4000™ Tension Plus™ System 

and FlexSoft® software (Flexcell International, Hillsborough, NC) a vacuum was 

applied to the bottom of the flexible membrane resulting in uniaxial strain in the 

membrane region over the loading station. Predicted imposed strains of 1% and 

5% were investigated. The predicted strains were based on vacuum pressure 

calibration curves provided by the manufacturer (Flexcell International, 

Hillsborough, NC). 

 

Cell strain 

Differential interference contrast (DIC) images were captured prior to and 

immediately following the application of substrate strain. The strain experienced 

by individual osteocytes was determined by quantifying the deformation of each 

cell utilizing an optical strain measurement method called microdisplacements by 
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machine vision photogrammetry (DISMAP) (14). The strain was calculated as an 

average strain for the cell body.  

 

Statistical analysis 

For statistical comparisons, the Student’s t-test for unpaired samples assuming 

unequal variances was used. Probability levels of p <0.05 were considered 

significant. All statistics and additional linear regressions and correlations were 

performed using statistical analysis software (Statistica, Statsoft, Tulsa, OK). 

 

Results 

Osteocyte-like MLO-Y4 cells seeded on collagen-coated flexible silicon 

membranes were imaged prior to and immediately following exposure to global 

substrate strains of 1% and 5%. Changes in intracellular calcium levels, nitric 

oxide levels, and average cellular strains were calculated for a total of 18 

different individual cells exposed to substrate stretching (n=9 for each strain 

level) (Figure 1). Prior to and following exposure to substrate strains, intracellular 

calcium and nitric oxide was observed to be localized to both the cell body and 

cell processes of the MLO-Y4 cells.  

 

The osteocyte-like MLO-Y4 cells experienced an increase in intracellular calcium 

with increasing imposed substrate stretch (Figure 2). MLO-Y4 cells exposed to 

1% strain via substrate stretching experienced an average increase in 

intracellular calcium concentration of 5.76% ± 5.69% (n=9). The predicted  
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Figure 1. DIC images were captured (A) before and (D) after the MLO-Y4 cells 

were exposed to substrate stretching. Utilizing fluorescent microscopy, (B,E) 

intracellular nitric oxide and (C,F) calcium levels were imaged in cells (B,C) prior 

to and (E,F) immediately following exposure to substrate strain. 
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Figure 2. Increasing imposed substrate strain results in an increase in osteocyte 

intracellular calcium levels (**p < 0.0001, error bars show the standard deviation, 

n=9 for each imposed strain level). Note, a 100% increase is equivalent to 

doubling the baseline level of intracellular calcium. 
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imposed 1% strain resulted in average individual cell strains of 1.18% ± 0.22% as 

measured via DISMAP. MLO-Y4 cells exposed to 5% strain experienced greater 

increases in intracellular calcium concentration, with levels increasing 219.31% ± 

32.11% (n=9) following the application of strain. The predicted imposed 5% strain 

resulted in average individual cell strains of 8.34% ± 2.83% as measured using 

DISMAP. However, neither level of induced substrate stretch yielded a change in 

intracellular nitric oxide concentration.  

 

Discussion 

Mechanosensing and chemical signaling in osteocytes has been hypothesized to 

occur at the single cell level, making it imperative to understand the biological 

response of the individual cell (15). The purpose of this study was to measure 

real-time changes in both intracellular calcium and nitric oxide levels as well as 

the actual mechanical strain experienced by individual osteocyte-like MLO-Y4 

cells exposed to substrate stretching.  

 

In the present study, intracellular nitric oxide was not found to increase in 

response to strain. Others have published similar findings showing an increase in 

nitric oxide in response to shear stress induced via fluid flow in vitro but a lack of 

a nitric oxide response when subjected to unidirectional linear substrate strains. 

These results were obtained in the study of osteoblastic rat calvarial and long 

bone cells, MC3T3-E1, UMR-106-01, and ROS 17/2.8 cells (8,9). Additionally, in 

our previous studies, we have shown that the intracellular nitric oxide response of 



‐ 124 ‐ 
 

MLO-Y4 cells exposed to laminar fluid flow is directly correlated to the increase in 

imposed shear stress via fluid flow, but there was no correlation between this 

increase and the resulting cell strain. Recently, MLO-Y4 cells have been shown 

to increase their nitric oxide production in response to perturbations with a 

microneedle (16,17). This type of stimulation is different than cell deformation 

induced by substrate stretching as the deformation is concentrated in a single 

point and location within the cell and may result in the excitation of distinct 

signaling cascades due to local cytoskeletal strain concentrations.  

 

Intracellular calcium was found to increase in response to strain induced by 

substrate stretching. The calcium response in this study was significantly higher 

than the calcium response in our previous fluid flow study. The maximum 

intracellular calcium increase for a single cell due to fluid flow exposure was 52% 

in response to a 16 dynes/cm2 flow rate that resulted in a measured cell strain of 

4.6%. The maximum intracellular calcium increase for a single cell in the 

substrate stretching study presented here was 267% with a measured cell strain 

of 10.7%. The biological response of osteocytes to imposed shear stress via fluid 

flow and substrate deformation, when normalized by strain, is statistically 

different (Figure 3). This leads us to conclude that the osteocyte is able to 

differentiate between cell deformation induced by direct cell stretching and cell 

deformation induced by fluid flow. 
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Figure 3. The increase in intracellular calcium response is different between cell 

strains imposed by shear stress via fluid flow and cell strains imposed substrate 

deformation.  
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Intracellular calcium acts as a second messenger in cells controlling processes 

such as secretion, cell differentiation, and signal transmission (18). Even a small 

increase in a second messenger will have a profound effect on cellular behaviour 

and processes because of the downstream amplification of the signalling 

cascade.  

 

In summary, we have shown that substrate stretching of osteocytes can result in 

significant biological responses at the individual cell level. Intracellular calcium 

levels and empirically measured individual cell strain were both found to increase 

when cells were exposed to increasing predicted substrate strain. Both of these 

increases were higher in response to substrate stretching than they were as a 

result of exposure to fluid flow. In contrast, intracellular nitric oxide was not found 

to increase with exposure to substrate stretch. 
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Abstract 

Osteocytes comprise 90-95% of all bone cells and function as the 

mechanosensors within bone. The objective of this study was to establish a 

method for determining changes in gene expression and cytoskeletal 

organization in osteocytes following exposure to physiologically relevant levels of 

mechanical strain. Osteocyte-like MLO-Y4 cells were exposed cyclic strain, and 

the expression of genes related to osteocyte function was assayed following 

loading. Additionally, cytoskeletal organization and focal adhesion formation were 

analyzed utilizing confocal microscopy. The expression of several genes was 

found to be altered in MLO-Y4 cells exposed to mechanical strain. Strained cells 

also appeared to re-align the major axis of their cytoskeleton perpendicular to the 

applied uni-axial strain, which minimizes the cell’s percieved strain. Additionally, 

cells exposed to strain appeared to increase both their number of dendrites and 

their number of focal adhesions. The experimental methods described here can 

be used in the future to study the response of primary osteocytes to mechanical 

stimulation. By understanding how osteocytes respond to mechanical strain, 

ways of stimulating osteocytes to achieve a desired result may be discovered, for 

example in the treatment of osteoporosis 
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Introduction 

Osteocytes comprise 90-95% of all bone cells and function as the 

mechanosensors within bone. Individual osteocytes are embedded in lacunae, 

intimately connected to the surrounding bone matrix, making them ideally 

situated to sense the strain caused by the deformation of loaded bone. When 

bone loads are sensed by osteocytes, they are translated into biochemical 

signals that are believed to regulate the actions of osteoblasts and osteoclasts, 

thereby providing a mechanism to regulate bone deposition and absorbtion 

according to the local mechanical needs of the bone. The manner by which this 

takes place is not entirely understood.  

 

There are several different possibilities of ways that osteocytes can sense bone 

loading these include shear stress along dendritic processes and/or the cell 

body, direct cell deformation in response to strain induced by the deforming bone 

matrix, and primary cilia deformation caused by fluid flow or deformation (1). 

Theories based on fluid flow-derived shear stress stimulation of osteocyte cell 

processes within canaliculi have gained the most prominence (2-5) since it has 

been shown that direct mechanical strain applied to cells at levels measured to 

occur in humans in vivo do not stimulate bone cells in vitro (6-8). In further 

comparisons of fluid flow stimulation to substrate stretching experiments on 

osteoblastic cells (5), it was found that substrate strain levels in the range of 

strains measured in vivo using a strain gages did not induce an increase in 

intracellular calcium and osteopontin mRNA, but higher strain levels did produce 
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a calcium response in a significant number of cells. It has also been shown that 

substrate stretching of bone cell populations result in an increase of collagen or 

bone matrix production (9,10) characteristic of an osteoblastic response. Thus, 

cell deformation is likely to stimulate biochemical responses, and the signal 

molecules generated are likely to be transmitted between gap junction channels 

connected through extensive networks of dendritic processes, and through 

hemichannels between osteocytes and extracellular matrix (1,11,12). In turn, the 

signaling cascade activated in this fashion leads to the expression of important 

regulatory molecules crucial for modulating bone formation and remodeling. 

 

When mechanically loading cells via substrate stretching, two different classes of 

cyclic stretching protocols have been used most often. The first is continuous 

strain, whereby the substrate is continuously cyclically stretched without a pause 

between cycles. The second is rest-inserted stain, where a period of rest is 

inserted between cycles of loading. Rest-inserted loading has been shown to be 

effective in increasing bone deposition in vivo (13-15). These studies indicate 

that inserting a 10 second rest interval between each load cycle amplifies bone's 

response to mechanical loading. In vitro human adipose-derived adult stem cells 

(hASCs) exposed to 1 Hz cyclic strain with a 10 second rest insertion 

experienced an accelerated osteodifferentiation response and increase calcium 

accretion (16). Computational and mathematical models have been developed in 

an effort to understand how osteocytes may respond to rest-inserted loading via 

signaling responses (17,18).  
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The objective of this study was to establish a method for determining changes in 

gene expression and cytoskeletal organization in osteocytes following exposure 

to rest-inserted mechanical strain on the physiologic level. 

 

Methods 

Culture of MLO-Y4 cells 

MLO-Y4 cells, a murine osteocyte-like immortalized cell line were cultured on 

type I rat tail collagen (Becton, Dickinson and Company, Franklin Lakes, NJ) 

coated 150 mm plates in α–minimal essential medium (αMEM) (Invitrogen, 

Carlsbad, CA) supplemented with 2.5% fetal bovine serum (FBS) (Summit 

Biotechnology, Fort Collins, CO), 2.5% calf serum (CS) (HyClone Laboratories, 

Logan, UT), and 1% penicillin and streptomycin (PS) (Cellgro, Manassas, VA). 

The cells were maintained in a 37°C and 5% CO2 humidified incubator and 

subcultured approximately every 72 hours to maintain a confluency of less than 

70%. 

 

 

Mechanical stimulation of MLO-Y4 cells 

Osteocyte-like MLO-Y4 cells were seeded on type I rat tail collagen (Becton, 

Dickinson and Company, Franklin Lakes, NJ) coated six-well plates with flexible 

membrane bottoms (UniFlex™ culture plates, Flexcell International, Hillsborough, 
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NC) at a density of 7 x 104 cells/well and cultured as described above. After 48 

hours in culture, cells were exposed to 10 second rest-inserted cyclic loading at 1 

Hz for a period of four hours utilizing the FX-4000™ Tension Plus™ System with 

Arctangle™ Loading Stations™ and FlexSoft® software (Flexcell International, 

Hillsborough, NC). Maximum strain levels of 1% and 5% were investigated 

(Table 1).  

 

Analysis of gene expression 

RNA was harvested prior to and immediately after strain exposure, as well as at 

timepoints 24 and 48 hours after exposure to strain. RNA was only harvested 

from cells located within the uniform uniaxial strain region of the wells, and an n 

of 3 was used in each experimental group, where each sample, n, consisted of 

the RNA harvested from four wells. The expression of several genes related to 

osteocyte function was analyzed utilizing real-time polymerase chain reaction 

(PCR) with the following TaqMan primer/probe sets: Sost, DMP1, Mepe, Cox2, 

Itga5, E11, Spp1, CD44, Phex, FGF23, and RANKL (Applied Biosystems, Foster  

 

City, CA). Gapdh was used as the housekeep gene. Results are presented using 

the comparative  method where the fold change in gene expression,    

was calculated as: 
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Table 1. Experimental groups for the MLO-Y4 strain exposure. 

Time 
Points 

Prior to 
Strain 

Exposure 

24 Hours  
Following Strain Exposure 

48 Hours  
Following Strain Exposure 

Strain 
Levels 

No  
strain 

No 
strain 

1% 
strain 

5% 
strain 

No 
strain 

1% 
strain 

5% 
strain 

n 3 3 3 3 3 3 3 
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  (1) 

 

where,  is the value for the sample normalized to the 

endogenous housekeeping gene, Gapdh. The variable  is the  

value at the reference point normalized to the endogenous housekeeping gene, 

Gapdh. The reference point in this study was the timepoint where RNA was 

harvested prior to cell loading at time zero. 

 

Analysis of prostaglandin E2 

The level of prostaglandin E2 (PGE2) present in the harvested culture media at 

each time point and strain condition was also investigated. A competitive 

immunoassay (Assay Designs, Inc., Ann Arbor, MI) was used to compare PGE2 

expression among the samples. 

 

Fluorescence staining of vinculin and phalloidin  

The cytoskeletal organization and focal adhesion formation of MLO-Y4 cells were 

analyzed utilizing immunofluorescent staining following exposure to 4 hours of 10 

second rest-inserted cyclic loading at 1 Hz with an amplitude of 5% strain. Static 

cultures of cells seeded on the flexible membranes and collagen-coated tissue 
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culture plastic were analyzed as controls. Cells were fixed wtih 4% 

paraformaldehyde and TRITC-conjugated phalloidin (Millipore, Billerica, MA) was 

used to stain the actin filaments, while anti-vinculin (Millipore, Billerica, MA) was 

used to stain focal adhesions. TO-PRO-3 iodide (Invitrogen, Carlsbad, CA) and 

DAPI were used to counterstain the nuclei. 

 

Fluorescent and confocal imaging  

Images were captured utilizing a Zeiss Lsm 510 confocal microscope with four 

channels and a Zeiss M1 Imager upright epifluorescent microscope (Zeiss, 

Thornwood, New York). 

 

Statistical analysis 

For comparisons of the changes in gene expression and PGE2 concentrations, a 

repeated measures ANOVA (analysis of variance) was used. Probability levels of 

p <0.05 were considered significant (Statistica, Statsoft, Tulsa, OK). 

 

Results 

Changes in cell morphology in response to strain 

MLO-Y4 cells appeared to change their morphology in response to strain. In this 

study, images of MLO-Y4 cells were captured immediately following exposure to 
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4 hours of cyclic rest-inserted strain and images of cells in static culture on the 

flexible membranes served as controls (Figure 1). The morphology of the static 

cells on the membranes typifies the MLO-Y4 and osteocyte morphology, stellite 

cell bodies with long dendrites and connections formed in between cells. On the 

other hand, MLO-Y4 cells exposed to strain appeared to form connections in 

between cells but exhibited a greater number of dendrites and had a more 

branching morphology. These cells also had bulbus protrusions at the ends of 

their dendrites and along their cell bodies. 

 

Changes in MLO-Y4 gene expression in response to strain 

The greatest effects in gene expression were found to be at 24 hours in response 

to 5% strain (Figure 2). The expression of Cox2, a gene involved in and positively 

correlated with PGE2 synthesis and release and the expression of Spp1 

(osteopontin), a molecule involved in formation of the matrix around osteocyte 

cell processes were both found to increase in response to 5% strain at 24 hours 

(19-22). The expression of Itga5, which is involved in hemichannel formation and 

negatively correlated to PGE2 release, and TGFB1 expression decreased in  

response to 5% strain at 24 hours (23). In response to 5% strain, CD44 

expression, which is thought to be involved in the formation of the perilacunar 

matrix and cell processes did not decrease (23). The expression of E11, which 

has been shown to be responsible for dendrite elongation, was found to 

decrease at all timepoints and in all experimental conditions, and no descernible  
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Figure 1. MLO-Y4 cells appeared to change their morphology in response to 4 

hours of rest-inserted cyclic 5% strain. (A) Static MLO-Y4 cells exhibited typical 

morphology with stellite cell bodies, long dendrites, and connections formed in 

between cells. (B) Immediately following strain exposure, uniaxially strained 

(arrow represents direction of applied strain) MLO-Y4 cells had a more branching 

dendritic morphology with bulbus protrusions at the ends of the dendrites and 

along the cell body. 
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trends were found for RANKL expression, which is involved in osteoclastic 

resorption (24,25). Dmp1, Mepe, and Sost were not found to be expressed by the 

MLO-Y4 cells under any of the strain conditions or at any of the timepoints. 

 

Changes in PGE2 expression 

The levels of PGE2 in the media were analyzed 24 and 48 hours following 

exposure to substrate stretching and also for the static controls at the same 

timepoint. The PGE2 levels in the media were interpolated utilizing the standard 

curves we obtained (Figure 3). The PGE2 concentration in the media was found 

to increase with imposed strain in comparison to the static control at the same 

timepoint (Figure 4).  

 

Focal adhesion and cytoskeletal changes in response to strain 

The MLO-Y4 cells plated on collagen-coated tissue culture plastic as a control, 

exhibited a similar focal adhesion staining pattern to the collagen-coated flexible 

membranes (Figure 5). In response to 4 hours of cyclic rest-inserted strain, MLO-

Y4 cells appeared to increase their number of focal adhesions and re-align its 

cytoskeleton (Figure 6). The bulbous protrusions at the ends of the dendrites and 

along the cell body noted in Figure 2 appear to be focal adhesions. The actin 

filaments in the cytoskeleton of the strained cells appeared to re-align itself 

perpendicular the applied uni-axial strain.  
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Figure 2. The greatest effects in gene expression were found to be at 24 hours 

in response to 5% strain. (A) The expression of Cox2, a gene involved in and 

positively correlated with PGE2 synthesis and release was increased in response 

to 5% strain at 24 hours. (B) The expression of E11 was found to decrease at all 

timepoints and in all experimental conditions. (C) The expression of Itga5, which 

is involved in hemichannel formation and negatively correlated with PGE2 

release, decreased significantly in response to 5% strain at 24 hours. (D) The 

expression of Spp1 (osteopontin), a molecule involved in formation of the matrix 

around osteocyte cell processes increased in response to 5% strain at 24 hours. 

(E) In response to 5% strain, CD44 expression, which is thought to be involved in 

the formation of the perilacunar matrix and cell processes did not decrease. (F) 

Phex expression, which is a regulator of FGF23 and inturn bone mineralization, 

decreased in all strain conditions. (G) No descernible trends were found for 

RANKL expression, which is involved in osteoclastic resorption, at the 24 and 48 

hour timepoints. (F) TGFB1 expression, which is was found to decrease in 

response to 5% strain at 48 hrs. Error bars represent the standard deviation. 

‐2
‐1.5
‐1

‐0.5
0

0.5
1

1.5
2

2.5

Control 1% Strain 5% Strain

Fo
ld
 C
ha

ng
e 
(lo

g2
)

RANKL

24 Hrs
48 Hrs

G

‐2
‐1.5
‐1

‐0.5
0

0.5
1

1.5
2

2.5

Control 1% Strain 5% Strain

Fo
ld
 C
ha

ng
e 
(lo

g2
)

TGFB1

24 Hrs
48 Hrs

H



‐ 143 ‐ 
 

 

 

Figure 3. Standard curves were obtained for (A) optical density (OD) and the (B) 

percentage of PGE2 bound to the substrate of the wells in the assay plate. These 

curves were used to determine the amount of PGE2 in our samples.  
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Figure 4. The PGE2 concentration in the media was found to increase with 

imposed strain in comparison to the static control at the same timepoint. All 

variables were considered statistically significantly different (p < 0.001). The error 

bars represent the standard deviation.  
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Figure 5. (A) The control MLO-Y4 cells plated on collagen-coated tissue culture 

plastic, exhibited a similar focal adhesion staining pattern to the (B) control 

collagen-coated flexible membranes. Focal adhesions were stained with an 

antibody to vinculin (green), actin filaments were stained with phalloidin (red), 

and nuclei with TO-PRO 3 iodide (blue). 
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Figure 6. In response to 4 hours of cyclic rest-inserted strain, MLO-Y4 cells 

appeared to increase their number of focal adhesions and re-align their 

cytoskeleton perpendicular to the applied strain field. Focal adhesions were 

stained with an antibody to vinculin (green), actin filaments were stained with 

phalloidin (red), and nuclei with TO-PRO 3 iodide (blue). Confocal microscopy 

was used to visualize (A,C,E) unstrained and (B,D,F) strained (uniaxial strain 

direction is indicated by the yellow arrow) osteocyte-like MLO-Y4 cells. 

Transmission fluorescent microscopy was also used to visualize the (G) 

unstrained and (H) strained cells at a higher level of magnification. 
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Discussion 

Osteocytes have been shown to respond biologically to both strain via direct 

mechanical stimulation through membrane/cell stretching, and shear induced by 

fluid flow (9,26-39). Here, we have illustrated additional changes in gene 

expression in an osteocyte-like cell line, as well as changes to the cytoskeleton, 

in response to strain. In future studies with MLO-Y4 cells, we would like to 

examine earlier time points as well as variations in the loading protocol. Several 

of the genes of interest, including RANKL and Cox2 have been shown to respond 

more definitively in MLO-Y4 cells following exposure to fluid flow than where 

found in this study, but the analyses were conducted at earlier timepoints than 24 

and 48 hours (24,40). We plan to reinvestigate the expression of the same set of 

genes in this study but at time points immediately following exposure to strain, 

and 4 hours after exposure to strain to allow a more direct comparison. In 

addition to increasing Cox2 expression in MLO-Y4 cells, fluid flow has also been 

found to induce PGE2 release (41). In vivo it has been shown that blocking the 

production of Cox2, which is associated with PGE2 signaling in bone cells, 

inhibits mechanically induced bone formation (21,22). In the study presented 

here, the levels of PGE2 in the media were found to increase with increasing 

imposed strain, and with time. 

 

MLO-Y4 cells appeared to re-align their cytoskeleton perpendicular to the applied 

uniaxial strain. This phenomenon has been known occur in other cell types in 

vitro (42-48). By re-aligning its cytoskeleton perpendicular the applied uni-axial 
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strain, a cell’s exposure to strain is minimized. In vivo however, this is not the 

case. Osteocytes in the long bones are found to align themselves parallel to the 

imposed longitudinal loads, where they are likely more sensitive to sensing strain 

and regulating bone mass in response to these percieved strains (49). The 

protocol described in this study could be modified to impose maximal strain upon 

each of the cells. Strategies such as flexible membranes with microchannels that 

force the cell’s long axis and cytoskeleton to be to be aligned parallel to the 

imposed strain can be employed.  

 

Vast et al. investigated phalloidin staining of osteocyte cell bodies in situ and 

hypothesized that the external mechanical loading pattern likely determines the 

orientation of the actin cytoskeleton (49). Similar to the findings in our study, they 

found that actin was distributed throughout the osteocyte cell bodies and that the 

actin cytoskeleton was elongated in the osteocyte cell bodies in the fibula while in 

calvarial osteocyte cell bodies, the actin cytoskeleton was relatively more round. 

These shapes are indicative of the strain profiles experienced by the cells in each 

of their respective environments. Similar to our findings, Vasta et al. investigated 

the focal adhesions of osteocytes in situ using a paxillin stain and found that the 

focal adhesions were predominantly in the ‘polar’ regions of cell bodies of 

individual fibular osteocytes. This is consistent with the focal adhesion staining 

presented here, with the vinculin concentrations at the ends of the cell processes 

and edges of the strained MLO-Y4 cells. We plan to employ Western blots for 
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vinculin, paxillin, talin, and focal adhesion kinase to quantify differences in focal 

adhesion formation between strained and unstrained cells. 

 

In the future, gene expression and cytoskeletal organization of primary 

osteocytes in response to mechanical loading in vitro can be studied utilizing this 

system. Although the MLO-Y4 cell line is a powerful tool for the study of 

osteocytes, there are known differences between primary osteocytes and the 

immortalized MLO-Y4 cell line. For example, MLO-Y4 cells express low to 

undetectable levels of Dmp1 and Sost while osteocytes are know to express 

these genes in vivo (23,50-58). By repeating these experiments with primary 

osteocytes procured from young and old mature mice, this would provide us the 

opportunity to discover differences in the response of osteocytes with age. One 

of the long term goals of our research is to determine if old cells retain the 

potential to respond to strain like young cells. If not, then there are intrinsic 

changes to the aged cells. If young and old cells respond in a similar manner, 

then this points to the importance of trying to control the perilacunar environment 

as a strategy to influence the mechanosensitivity of osteocytes. As it has been 

shown previously by our group that changes in the perilacunar modulus directly 

influence the strains sensed by the embedded osteocyte (59). An increase in 

modulus, or hypermineralized perilacunar tissue region, will lead to decreased 

strains transmitted to the osteocyte; while a decrease in modulus, or 

hypomineralized matrix, will lead to an increase in the strains transmitted to the 

osteocyte. In future studies, we would also like to utilize gene arrays which 
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include genes and pathways utilized by osteocytes to modify their perilacunar 

matrix. Variations in osteocyte expression with disease state can also be studied 

using this protocol. By better understanding how osteocytes respond to 

mechanical strain, ways of stimulating osteocytes to achieve a desired result may 

be discovered, for example in the treatment of osteoporosis.  
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Abstract 

The coordinated actions of three different types of bone cells are required for 

bone to be remodeled in response to mechanical loading: osteoblasts which 

create new bone, osteoclasts which remove bone, and osteocytes which are the 

mechanotransducers in bone. Osteocytes are the most abundant of the three 

bone cell types; however, the least is known about them. While their location 

deep within the bone matrix makes them ideally situated to sense bone strain, it 

also makes their observation and study in vivo difficult and their isolation 

burdensome. The purpose of the work presented here was to adapt previously 

published osteocyte isolation techniques to enable the isolation and study of 

osteocytes from the long bones of two-month-old mice as well as to improve 

osteocyte yield. Osteocytes were isolated through a process of sequential 

digestions using collagenase and EDTA and the use of a tissue homogenizer. 

This procedure potentially resulted in up to a 100% pure population of osteocytes 

isolated from the final digestion of bone pieces after processing in the tissue 

homogenizer. It appears that 100% of the isolated cells in the final digestion 

displaying an osteocyte-like morphology, stained positive for E11/gp38 potentially 

confirming the osteocyte phenotype. With the additional capability of isolating 

and culturing osteocytes procured from young and potentially old adult mice, a 

new area of osteocyte research becomes available. 
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Introduction 

The coordinated actions of three different types of bone cells are required for 

bone to be remodeled in response to mechanical loading. On the surface of bone 

are osteoblasts, which form new bone, and osteoclasts, which remove or absorb 

bone. Located deeper within the bone matrix and housed in cave-like lacunae, 

are osteocytes, which function as the mechanosensors of bone. Osteocytes have 

a dendritic morphology with their many cell processes extending through 

canaliculi and forming a connective network between themselves and the bone 

surface cells. When various types of mechanical loads are applied to bone, they 

are sensed by osteocytes, which translate signals provided by 

mechanostimulation into biochemical signals that are believed to regulate the 

actions of osteoblasts and osteoclasts, thereby providing a mechanism to 

regulate bone deposition and absorbtion according to the local mechanical needs 

of the bone.  

 

Osteocytes are the most abundant of the three bone cell types; however, the 

least is known about them. While their location deep within the bone matrix 

makes them ideally situated to sense bone strain, it also makes their observation 

and study in vivo difficult. Additionally, primary osteocytes, particularly those 

within the long bones of skeletally mature animals, have proven difficult to obtain 

and study ex vivo. Furthermore, once primary osteocytes are obtained, their 

study is often limited by their inability to proliferate as they are considered 

terminally differentiated cells. 
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To facilitate the study of osteocytes in vitro, Bonewald et al. created the 

immortalized osteocyte-like MLO-Y4 line from osteocytes isolated from the long 

bones of 6-week-old transgenic mice in which the SV40 large T-antigen 

oncogene is expressed under the control of an osteocalcin promoter [1, 2]. The 

MLO-Y4 cell line is well characterized and represents the phenotype of early 

osteocytes [1, 3]. This osteocyte-like cell line has been used to study 

communication between osteocytes as well as communication between 

osteocytes and bone surface cells [4-10]. MLO-Y4 cells have also been 

employed in the investigation of the response of osteocytes to various types of 

physical stimulation including fluid flow and mechanical perturbations [4-17]. 

Although the MLO-Y4 cell line is a very powerful tool for the study of osteocytes 

in vitro, there are known differences between primary osteocytes and the 

immortalized MLO-Y4 cell line. For example, MLO-Y4 cells express low to 

undetectable levels of Dentin matrix protein 1 (Dmp1) and Sost while osteocytes 

are know to express these genes in vivo [3, 18-26]. Thus, while MLO-Y4 cells 

provide a convenient and useful tool, an ideal strategy for the study of osteocyte 

function ex vivo is to develop better methodology for the isolation and study of 

primary osteocytes. 

 

Primary osteocytes have most commonly been isolated from 16- or 18-day-old 

chick calvaria [12, 27-38]. Primary osteocytes have also been isolated from 
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newborn and 3- to 4-day-old rat calvaria and 12-day-old mouse calvaria [39]. 

Recently, osteocytes have also been isolated from the long bones of 3-day-old 

Sprague-Dawley rats [27]. Calvaria from young chicks and neonatal rats and 

mice, as well as the long bones from neonatal rats are all very thin and easily 

processed using sequential digestions with EDTA (ethylenediaminetetraacetic 

acid) and collagenase. Studies utilizing these primary osteocytes can provide 

insight to the behavior of young, developmental osteocytes but do not aid in the 

study of osteocytes from skeletally mature animals or enable the comparison 

between osteocytes isolated from skeletally mature but relatively young subjects 

(4-6-month-old mice) and aged subjects (> 24-month-old mice).  

 

Additionally, the yield from the aforementioned primary osteocyte isolation 

methods is rather low and not conducive to conducting large, high-replicate, 

biochemical and molecular studies. The purpose of the work presented here was 

to adapt previously published osteocyte isolation techniques to enable the 

isolation and study of osteocytes from the long bones of young and old adult 

mice as well as to improve osteocyte yield.  

 

Materials and Methods 

Primary osteocyte isolation 

Bone cells, which are likely osteocytes, were isolated from mouse cortical bone 

utilizing a modified protocol derived from the combined methods of Gu et al., van 
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der Plas et al., and Bonewald et al. [27, 38, 40]. Long bones (femora, tibia, and 

humeri) were aseptically dissected from five two-month-old mice. The bones 

were prepared separately by serial digestion as described in Table 1. 

Collagenase solution was prepared as 1 mg/mL collagenase type I (Worthington, 

Lakewood, NJ) dissolved in α–minimal essential medium (αMEM) (Invitrogen, 

Carlsbad, CA). The 4 mM EDTA solution (Sigma-Aldrich, St. Lewis, MO) was 

prepared in calcium-free Phosphate Buffered Solution (PBS) (HyClone 

Laboratories, Logan, UT). All steps of the digestion took place in 4 mL of solution 

in a six-well petri dish, rotating shaker, set to 200 RPM in a 37°C and 5% CO2 

humidified incubator unless otherwise indicated. The tissue homogenizer 

employed in this study (Medimachine, BD Biosciences, San Jose, CA) was 

utilized with a stainless steel mincing screen with a pore size of 50 µm. The 

resulting cell and bone fragment suspensions were filtered through a 100 µm 

screen. The cell suspension solutions were kept only from the digestions in steps 

13 and 14, because we believed these digestions were osteocyte enriched and 

free of other cell types.  

 

Primary osteocyte culture 

Cell suspensions resulting from the primary isolation procedure detailed in the 

previous section were cultured on type I rat tail collagen-coated six-well plates 

(Becton, Dickinson and Company, Franklin Lakes, NJ) in α–minimal essential 
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Table 1 Osteocyte isolation from mouse cortical bone procedure 

Step Procedure 
1 Long bones from mice were removed and dipped in 70% ethanol for 5 

seconds.  
2 Bones were placed in αMEM. 
3 Soft tissue and periosteum were removed through scrapping and 

extensive washing. 
4 Bones were placed in fresh αMEM. 
5 Epiphyses were cut off and the marrow flushed out with PBS using a 

syringe. 
6 Bones were cut lengthwise and then cut into 1.5 to 2 mm lengths. 
7 Bone pieces were placed in PBS. 
8 Bone pieces were incubated in collagenase solution for 25 min, solution 

aspirated, and washed in PBS. Repeated two more times, for a total of 
three digestions. 

9 Bone pieces were incubated with EDTA solution for 25 min, and solution 
aspirated. 

10 Bone pieces were incubated with collagenase solution for 25 min, 
solution aspirated, and washed in PBS. 

11 Bone pieces were incubated with EDTA solution for 25 min, solution 
aspirated, and washed in PBS. 

12 Bone pieces were incubated with collagenase solution for 25 min, 
solution aspirated, and washed in PBS. 

13 Bone pieces were incubated with EDTA solution for 25 min solution 
aspirated, and washed in PBS. 

14 Bone pieces were incubated with collagenase solution for 25 min 
solution aspirated, and washed in PBS. 

15 0.5 ml of FBS was added to the solutions kept from steps 13 and 14 and 
combined.  

16 Solution from step 15 was centrifuged at 200g for 5 min and 
resuspended for culture and plated. 

17 Remaining bone pieces were washed in PBS and minced in αMEM with 
a tissue homogenizer. 

18 αMEM cell suspension from the tissue homogenizer was filtered and 
plated.  
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 medium (αMEM) (Invitrogen, Carlsbad, CA). supplemented with 5% fetal bovine 

serum (FBS) (Summit Biotechnology, Fort Collins, CO), 5% calf serum (CS) 

(HyClone Laboratories, Logan, UT), and 1% penicillin and streptomycin (PS) 

(Cellgro, Manassas, VA). Cells were maintained at 37°C and 5% CO2 in a 

humidified incubator for 7 days. 

  

Culture of MLO-Y4 cells 

MLO-Y4 cells, a murine osteocyte-like immortalized cell line were cultured on 

type I rat tail collagen (Becton, Dickinson and Company, Franklin Lakes, NJ) 

coated 150 mm plates in α–minimal essential medium (αMEM) (Invitrogen, 

Carlsbad, CA) supplemented with 2.5% fetal bovine serum (FBS) (Summit 

Biotechnology, Fort Collins, CO), 2.5% calf serum (CS) (HyClone Laboratories, 

Logan, UT), and 1% penicillin and streptomycin (PS) (Cellgro, Manassas, VA). 

The cells were maintained in a 37°C and 5% CO2 humidified incubator and 

subcultured approximately every 72 hours to maintain a confluency of less than 

70%. 

 

E11/gp38 staining 

Primary bone cells, which are likely osteocytes, were immunologically stained 

using an anti-E11/gp38 antibody. Isolated bone cells from mouse long bones and 

MLO-Y4 cells were fixed with 4% paraformaldehyde in PBS for 10 min, then 
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permeabilized with 0.1% Triton X-100 (Sigma-Aldrich, St. Lewis, MO) for 2 

minutes. For comparison, half of the wells of cells were not permeabilized, and 

incubated with PBS instead. The cells were then incubated for 45 minutes at 

25°C with gentle shaking with blocking solution: PBS + 10% goat serum 

(HyClone Laboratories, Logan, UT). Primary antibody, podoplanin (8.1.1) (Santa 

Cruz Biotechnology, Santa Cruz, CA), was applied in PBS + 3% goat serum 

overnight at 4°C with shaking. After washing with PBS the secondary antibody, 

Alexa Fluor 488 Labeled Goat Anti-Hamster IgG Antibody (Molecular Probes 

Inc., Eugene, OR), was applied for 45 minutes at 25°C with gentle shaking. Cells 

were then washed with PBS, counter-stained with DAPI (Vector, Burlingame, 

CA), and mounted prior to imaging with fluorescence microscopy. 

 

Osteocyte quantification 

The percentage of potential osteocytes within the cell isolates was quantified by 

determining the percentage of E11/gp38+ cells present using DAPI to quantify 

the total number of cells. A total of 10 random fields of each isolate were 

counted. The total number of cells was quantified by DAPI staining. 

 

Results 

This procedure potentially resulted in up to a 100% pure population of osteocytes 

which were isolated from the final digestion of bone pieces after processing in the 

tissue homogenizer. The isolated cells exhibited the classic osteocyte 
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morphology with long dendritic cell processes projecting away from the cell body. 

After only 2 days in culture, some of the cells, which are likely osteocytes, 

already connected to each other via their cell processes. After 4 days in culture, 

the remaining bone fragments were washed away, the cells imaged, and the 

media changed (Figure 1).  

 

After 7 days in culture the isolated primary bone cells were fixed, stained for 

immunofluorescence, and imaged. We found that permeabilization was not 

required as the cells that were not permeabilized exhibited better staining and 

imaging than the cells that were permeabilized. We counted 1.3x105 cells in the 

final digestion where 100% of the isolated cells displayed an osteocyte-like 

morphology and stained positive for E11/gp38 possibly confirming the osteocyte 

phenotype (Figure 2). E11/gp38 is the earliest osteocyte-selective protein to be 

expressed as the osteoblast differentiates into an osteocyte [6]. E11/gp38 is also 

highly expressed in MLO-Y4 osteocyte-like cells, which were used as a positive 

control for E11/gp38 staining (Figure 3) [3].  
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To verify the specificity of the secondary antibody, several wells of MLO-Y4 and 

primary osteocyte wells were not incubated with a primary antibody. These wells 

showed no staining for E11/gp38. Additionally, cells from the early stages of the 

digestions were also plated and stained to verify the specificity of the E11/gp38 

antibody. Only about 50% of these cells stained positive for E11/gp38.  Based 

upon the cell morphology and lack of E11 expression indicated that these cells 

were likely osteoblasts. 

 

Discussion 

In this study, we were able to successfully isolate bone cells which are likely 

primary osteocytes from the long bones of two-month-old mice through a process 

of sequential digestions and the use of a tissue homogenizer. We were also able 

to characterize the isolated population of cells using E11/gp38 staining. In future 

studies, further characterization could also be conducted using DMP-1 and Sost, 

the markers for early and last osteocytes, respectively. By combining this 

methodology with fluorescence activated cell sorting (FACS) to sort pure 

populations of E11/gp38+ cells from bone, cells isolated from the earlier 

digestions could be included as well. We believe that FACS holds promise 

because the cells did not require permeabilization for E11/gp38.This isolation 

and cell sorting protocol could also be used to obtain primary osteocytes from 

transgenic mice carrying the green fluorescent protein (GFP) under control of the 

DMP-1 promoter [41]. 
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With the additional capability of isolating and culturing osteocytes procured from 

young and old mice, a new area of osteocyte research becomes available. It 

would be possible to directly compare osteocytes obtained from young adult and 

aged adult bone in several important ways including age-related differences in 

mechanosensitivity that may play a role in the deterioration of bone quality with 

age and in diseases such as osteoporosis. Osteocytes could also be obtained 

from mouse models of various diseases, different strains of mice with different 

bone characteristics, and transgenic mice designed to test specific hypotheses 

related to osteocyte biology. Our future work will include attempts to utilize the 

methodology described herein to obtain primary osteocytes from bone samples 

procured from both non-human primates and clinical bone samples.  
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CHAPTER VIII 
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In the discussion section, I will address the limitations of the studies presented 

here, as well as potential ways of mitigating these limitations in future studies. I 

will also touch upon how the results presented here can lead to follow-on studies. 

I will address the importance of considering interactions between cells, their 

environment, and the mechanical stimuli they receive in experimental design. I 

will also discuss how the studies presented here add to the field of tissue 

engineering. I will then conclude with how these methods and results significantly 

add to the body of mechanotransduction and osteocyte knowledge. 

 

Limitations and Future Studies 

There are several limitations common to all five of the finite element models 

presented in this research, Chapters II, III, and Appendix). In all cases, idealized 

representations of the geometry within the models were used as these were 

preliminary models used to compare material properties in the microscopic bone 

models and various cell arrangements in the tissue engineering models. This 

includes the osteocyte, lacunae, cell processes, and canaliculi in the bone 

models, and the cells, nuclei, and scaffolds in the tissue engineering models. In 

the future, more realistic representations of lacunae, osteocytes, and the number 

and arrangement of cell processes and canaliculi could be created from 

geometry captured from images obtained using scanning electron microscopy 

(SEM) of resin embedded bone samples, confocal microscopy, and potentially 

nano-CT (computed tomography). The range of strains experienced by 

embedded osteocytes from variations in geometry and the number of 
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canaliculi/cell processes could be investigated. In the tissue engineering models, 

changes in the cell’s morphology following exposure to strain could be modeled; 

with the cells more intimately connected to the scaffold’s surface reflecting this 

change, and the cells further away from the surface remaining the same due to 

lack of strain transmission. Representations of the cells in all five finite element 

models could be modified to include an intracellular cytoskeleton, which would 

likely increase the magnitude of the strains transmitted to the cells. In all of the 

models, linear elastic isotropic material models were used to represent the 

deformational behavior of the bone tissue, scaffolds, and cells. In future models, 

viscoelastic and anisotropic material models which take into account the 

directionality of loading can be employed. Additionally, a Lagrangian mesh was 

utilized in the model. By switching to a Eulerian mesh in future models, the 

cytoplasm of the cells can be modeled as a more fluid-like material with stiff 

cytoskeletal elements, and a shell element cell membrane to contain it. Making 

any/all of the above changes would increase the run-time of the model, but could 

yield more accurate results. Importantly, while these limitations are real and more 

accurate models can be generated, I believe the results presented here are still 

valid in light of these limitations. The models were created to estimate the strain 

transmission to cells in various configurations. Although the exact numerical 

values may be inaccurate, the comparative differences between the parameters 

in the models, such as the strain transmitted to the embedded osteocyte as a 

result of variations in perilacunar modulus, still yields useful information. We 
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know that the stiffer the perilacunar modulus, the lower the strain transmitted to 

the osteocyte in response to imposed loads.     

 

In the fluid flow and substrate stretching experiments where the real-time 

biological responses and deformations of the cells were analyzed, there are 

several limitations and improvements which could be made in the experimental 

protocol. Each of the strains, intracellular calcium, and intracellular nitric oxide 

measures that were made after exposure to fluid flow or substrate stretching are 

images captured at single points in time. It would be ideal to have continuous-

capture-imaging of the cells while they are being subjected to mechanical 

stimulation. This would give us a much better idea of the temporal responses of 

the cells to stimulation, and would allow us to see transients in the regulation of 

intracellular calcium and nitric oxide with time and cyclic loading of the cells. All 

of the images captured in these experiments were two-dimensional images, 

which yield no information concerning the height of the cell. This is particularly 

important for the cells subjected to fluid flow derived shear stress, as the taller 

the cell is, the higher the resulting induced shear stress levels and likely the 

resulting cell strain [1]. Future experiments could incorporate the use of a 

confocal microscope, or a fluorescent microscope with a motorized stage, to 

facilitate the capture of z-stack images. Additionally, the set-up for the substrate 

stretching experiment was not ideal. When the vacuum was applied to the 

underside of the membrane to impose the strain upon the cells, the field of view 

(FOV) moved significantly and out of focus. This made it difficult to image the 
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cells immediately after the strains were imposes, as the same FOV had to be 

recognized following the application of the vacuum to the membrane and 

refocused. A solution to the moving FOV issue could be to apply a uniaxial strain 

using a loading stage where the FOV is kept in the center of the stage as the 

membrane is stretched equally in opposing directions. To keep the membrane 

from then moving out of plane and therefore out of focus, the membrane could be 

placed over a support and stretched against it (Figure 1). 

 

In future studies, the single cell analysis experiments and the gene expression 

and cytoskeletal organization experiments can be conducted with primary 

osteocytes utilizing the protocol detailed in Chapter VII. Although the MLO-Y4 

cell line used in the presented studies is a powerful tool for the study of 

osteocytes, there are known differences between primary osteocytes and the 

immortalized MLO-Y4 cell line. For example, MLO-Y4 cells express low to 

undetectable levels of Dmp1 and Sost while osteocytes are know to express 

these genes in vivo [2-11]. By repeating these experiments with primary 

osteocytes procured from young and old mature mice, we have the opportunity to 

discover differences in the biologic response of osteocytes to mechanical 

stimulation with age. 
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Figure 1. Including a support under the cell-seeded flexible membrane will keep 

the cells in plane and in focus while the opposing uniaxial displacement platens 

will keep the FOV constant (the dashed red line indicates the line-of site of the 

microscope). 
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One of the long term goals of our research is to determine if old cells retain the 

potential to respond to strain like young cells. If not, then there are intrinsic 

changes to the aged cells. If young and old cells respond in a similar manner, 

then this points to the importance of trying to control the perilacunar environment 

as a strategy to influence the mechanosensitivity of osteocytes. As detailed in 

Chapters II and III, via finite element modeling, it was shown that changes in the 

perilacunar modulus directly influence the strains sensed by the embedded 

osteocyte. An increase in modulus, or hypermineralized perilacunar tissue 

region, will lead to decreased strains transmitted to the osteocyte; while a 

decrease in modulus, or hypomineralized matrix, will lead to an increase in the 

strains transmitted to the osteocyte. In future studies, I would also like to utilize 

gene arrays which include genes and pathways utilized by osteocytes to modify 

their perilacunar matrix. Variations in osteocyte expression with disease state 

can also be studied using this protocol. By better understanding how osteocytes 

respond to mechanical strain, ways of stimulating osteocytes to achieve a 

desired result may be discovered in the treatment of osteoporosis.  

 

The Importance of Considering Interactions Between Cells, Their Environment, 

and the Mechanical Stimuli They Receive in Tissue Engineering Experimental 

Design  

It is important to consider the interactions between cells, their environment, and 

the mechanical stimuli that they receive when creating experimental designs. The 

studies presented here sought to study the contributions of each of these 
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components by deconstructing the in vivo condition and developing models and 

performing experiments in which each could be studied as an independent 

variable. Through utilizing the methods detailed in these studies, I can investigate 

different cells simply by varying the age, disease state, or source that the cells 

are derived from. I can model changes in the environment of the cells via finite 

element modeling and to some extent manipulate the environment in the in vitro 

studies. Finally, I can apply different mechanical stimuli experimentally or in the 

finite element models. Each type of study, the finite element models and the in 

vitro experiments, benefit the other by providing the opportunity to validate and/or 

the opportunity to design more accurate experiments. My studies recognize that 

contributions from cells, the environment, and mechanical stimulation are key to 

the regulation of bone homeostasis and I have tried to take into account each of 

these aspects in studying osteocytes. This philosophy is not simply limited to 

breaking down tissues and organs into the core component(s) one wants to 

study. For example, they can be applied to tissue engineering. To engineer or 

replace a damaged tissue/organ, you must consider the cells, the 

environment/scaffold, and the mechanical conditions the construct will see in 

vivo. If one fails to do this, the engineered construct will be deficient in one 

aspect and not work as well as it could.  

 

In the studies presented here, cells isolated from their natural environment were 

examined. Physiologic loads and conditions experienced by the cells in vivo were 

recreated in order to study their response and better understand the osteocyte’s 
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ability to sense strains and translate them into biological responses. The most 

ideal circumstances in which to study these cells, or any other type for that 

matter, is in vivo. Unfortunately, the osteocytes’ location within the bone matrix 

makes them difficult to study in vivo. An alternative method is to study them in 

vitro or in situ by recreating their physiologic environment as closely as possible. 

These same principles are applied in tissue engineering, and the importance of 

properly induced loads can be readily seen in the three finite element models of 

the cells seeded in various scaffold configurations. The cells which are 

embedded within the scaffold receive the full amount of strain, while cells in the 

other constructs receive exponentially decreasing strain with increasing distance 

form the substrate. One of the major goals of tissue engineering is to create 

tissues which incorporate into and respond the same as native tissue. Tissue 

engineers seek scaffold constructs where the cells fully infiltrate and become 

integrated with the scaffold. In the finite element model detailed in the Appendix it 

was shown that these cells also will receive the full amount of imposed strain, 

and will be properly preconditioned in a bioreactor. When they are implanted 

within the host tissue, they are more likely readily accepted by the host because 

of their similar mechanical properties and proper phenotype and morphology.  

 

The basic principle of tissue engineering is to combine cells with a 

biomaterial/scaffold to form a construct that can be implanted to repair and/or 

replace a damaged or diseased tissue or organ. In many cases, tissue 

engineering constructs can benefit from mechanical conditioning within ex vivo 
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bioreactors that simulate the mechanical forces and stimuli the construct will see 

in vivo. If one were to take each of the components separately: the cells, the 

scaffold, and the loading environment, and try to utilize them individually they 

would not be as strong as the whole. Simply injecting cells into a defect is 

unlikely to regenerate tissue. Similarly, placing an empty scaffold into a void with 

hopes of cells infiltrating it would not be as effective as placing in a fully seeded 

scaffold. It follows that the seeded scaffold without prior preconditioning would 

not be as mechanically sound or acclimated to its environment, and could fail 

immediately. A fully seeded scaffold exposed to proper preconditioning would be 

the most like native tissue and would serve as a good representation for study in 

vitro and for subsequent implantation for therapeutic purposes. This paradigm 

was employed in Chapters V through VII, in the study of osteocytes in vitro by 

applying physiologic loads and stimulation to imitate the in vivo environment of 

the cells.  

 

Significance 

The work presented here significantly adds to the study of mechanotransduction 

in osteocytes in numerous ways (1) by illustrating how strains are transmitted to 

the embedded osteocyte through the use of finite element modeling and how 

variations in the perilacunar matrix influence these strains, (2) by examining 

strains experienced by individual osteocytes in vitro exposed to fluid flow and 

substrate stretching and correlating those strains to biological responses, (3) by 

formulating and utilizing a rest-inserted loading methodology to investigate 
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changes in the gene expression and cytoskeletal organization of MLO-Y4 cells, 

(4) by establishing a protocol to isolate primary osteocytes with a higher yield and 

purity than any previous methods and enabling isolation of osteocytes from the 

long bones of mature and even old animals, and (5) by illustrating how strains 

are transmitted to cells seeded on scaffolds in varying configurations.     

 

In Chapter II, a parametric finite element model of an osteocyte lacuna was 

developed to predict the microstructural response of the lacuna to imposed 

macroscopic strains. The measured maximum perilacunar strain increased with a 

decrease in perilacunar tissue modulus and decreased with an increase in 

perilacunar tissue modulus regardless of the thickness of the perilacunar region. 

Strain magnification factors of over three were predicted. These results indicated 

that the application of average macroscopic strains similar to strain levels 

measured in vivo can result in significantly greater perilacunar tissue strains.  

 

In Chapter III, the finite element model of the osteocyte lacuna from Chapter II 

was modified to enable to the study of strains transmitted to an embedded 

osteocyte. Similar to the maximum perilacunar strain, the maximum osteocyte 

strain was found to be inversely related to the modulus of the perilacunar matrix. 

These results indicate that the application of average macroscopic strains similar 

to strain levels measured in vivo can result in the translation of significantly 

greater osteocyte, cell process, and perilacunar tissue strains.  
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In Chapter IV, it was determined that osteocytes exposed to the same fluid flow 

experienced a range of individual strains and changes in intracellular calcium and 

nitric oxide concentrations, and the changes in intracellular calcium were 

correlated with cell strain. These results are among the first to establish a 

relationship between the strain experienced by osteocytes in response to fluid 

flow shear and a biological response at the single cell level. 

 

In Chapter V, real-time biological responses of individual osteocyte-like cells to 

imposed substrate stretch were measured. It was determined that intracellular 

calcium and individual cell strains increased when cells were exposed to 

increasing substrate strains, but nitric oxide was not found to increase with 

exposure to substrate stretch. 

 

In Chapter VI, the expression of several genes, including Cox2 and Itga5, was 

found to be altered in MLO-Y4 cells exposed to rest-inserted mechanical strain. 

Strained cells also appeared to re-align the major axis of their cytoskeleton 

perpendicular to the applied uni-axial strain, which minimizes the cell’s percieved 

strain, suggesting that osteocytes likely have a preferential strain value. 

Additionally, cells exposed to strain appeared to increase both their number of 

dendrites and their number of focal adhesions, possibly indicating increased 

communication in response to strain. The experimental methods described in 

Chapter VI can be used in the future to study the response of primary osteocytes 
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from various bone matric states (young, old, diseased, human, non-human 

primates) to mechanical stimulation.  

 

In Chapter VII, an effective method for the isolation of osteocytes from the long 

bones of any aged mice was described. Osteocytes were isolated through a 

process of sequential digestions using collagenase and EDTA followed by the 

use of a tissue homogenizer. This procedure potentially results in up to a 100% 

pure population of osteocytes isolated from the final digestion of bone pieces 

after processing in the tissue homogenizer, as 100% of the cells obtained in the 

final digestion display an osteocyte-like morphology and stain positive for 

E11/gp38 confirming the osteocyte phenotype. 

 

In the Appendix, the importance of achieving cellular penetration into scaffolds 

when mechanically conditioning tissue engineering constructs was illustrated. 

Three-dimensional finite element models representative of three cell-scaffold 

seeding conditions were created. When 10% strain was applied to the construct, 

embedded cells received the full imposed strain. However, cells growing on top 

of the scaffold received 5% strain within the first layer of cells (50% of the applied 

strain), and the strain transmitted to cells in subsequent layers fell off 

exponentially with increasing distance from the scaffold’s surface.  
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Conclusion 

In conclusion these studies significantly add to the body of knowledge concerning 

osteocytes and mechanotransduction. Through the use of finite element 

modeling, I have illustrated how strains are transmitted to the embedded 

osteocyte and how variations in the perilacunar matrix influence these strains. I 

have shown that the strains experienced by individual osteocytes in vitro when 

exposed to fluid flow and substrate stretching are correlated to biological 

responses. I have shown that by utilizing a rest-inserted loading methodology 

MLO-Y4 cells experienced changes in gene expression and cytoskeletal 

organization. I have established a protocol to isolate primary osteocytes that 

results in a higher yield and purity than any previously published methods and 

enables the isolation of osteocytes from the long bones of skeletally mature and 

old animals. Finally, I have illustrated the importance of seeding cells in a manner 

in which they are allowed to infiltrate the scaffold completely and how strains are 

transmitted to cells seeded on scaffolds in varying configurations. My future plans 

include applying the methods presented in these studies to primary osteocytes 

isolated from osteoporotic bone in an attempt to better understand the disease 

and investigate potential treatments. 
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Abstract 

In a typical tissue engineering paradigm, cells are seeded onto scaffolds and the 

resulting constructs mechanically preconditioned in a bioreactor prior to 

implantation. A commonly encountered problem with scaffold seeding is that cells 

tend to form layers on top of scaffolds rather than infiltrating them. We 

hypothesized that strain applied to tissue engineering constructs being 

conditioned within a bioreactor is most efficiently transmitted to the cells that 

penetrate the scaffold and establish direct cell to scaffold contacts. The purpose 

of this research was to develop a model that quantifies how strain is transmitted 

to cells growing on the surface of a scaffold compared to cells embedded within a 

scaffold. Three-dimensional finite element models representative of these 

conditions were created. When 10% strain was applied to the construct, 

embedded cells received the full imposed strain. However, cells growing on top 

of the scaffold received 5% strain within the first layer of cells, and the strain 

transmitted to cells in subsequent layers decreased exponentially with increasing 

distance from the scaffold’s surface. This research illustrates the importance of 

achieving cellular penetration into scaffolds and the role of direct cell-to-scaffold 

contacts when mechanically conditioning tissue engineering constructs. Strain-

induced biological responses could be muted if cells lack the architecture 

provided through direct cell-scaffold interaction. 
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Introduction 

In tissue engineering, it is common practice to seed cells onto a scaffold and 

expose the resulting construct to mechanical preconditioning in a bioreactor prior 

to implantation [1, 2]. Bioreactors are used to expose the construct to the tissue-

specific mechanical conditions it will encounter in vivo in hopes that such 

conditioning better prepares both the cellular and non-cellular components of the 

construct for the forces it will experience after implantation, and produces a 

product that more closely resembles the tissue it is designed to replace and/or 

repair [3-5]. Bioreactor mechanostimulation effects key cellular processes 

including proliferation and differentiation and can be used to enhance the 

differentiation of cells into a particular lineage as well as facilitate more complete 

maturation of a tissue engineered construct than static growth conditions allow. 

This is of particular interest for directing stem and progenitor cells to differentiate 

into the specific lineage needed for the replacement and/or repair of the tissue of 

interest.[6, 7]. Thus, when mechanically conditioning tissue engineering 

constructs in a bioreactor with the expectation that cells seeded onto the 

construct will respond to their mechanical environment following implantation, it is 

imperative to employ tissue engineering scaffolds that allow for efficient 

transmission of mechanical stimuli to the seeded cells.  

 

A number of ex vivo studies have examined the effects of mechanical stimulation 

on cellular proliferation, differentation, adaptation, and gene expression via the 

application of well-defined mechanical loads to cells cultured in both two-
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dimensional and three-dimensional conditions [1, 7-10]. In these studies, it was 

assumed that the entirety of the imposed strain is transmitted to the cells. 

However, there is no empirical evidence that this is the case. Thus, recent 

studies have employed finite element modeling to computationally model how the 

relationship between cells and their microenvironment impacts the 

mechanotransduction of imposed forces to cells [6, 11-13]. These studies found 

that focal adhesions, regional variations in cell material properties, cell 

cytoskeletal organization, and micromanipulation of the cell had effects on the 

regional and global strains percieved by the cell. It was also shown that the 

strains predicted via finite element modeling of mesenchymal stem cells (MSCs) 

seeded within 3D collagen type I-glycosaminoglycan (GAG) scaffolds exposed to 

mechanical constraints and cyclic tensile strains, were high enough to induce 

measurable chondrogenic differentiation effects of the MCSs.   

 

While scaffold properties such as composition, material properties, and porosity 

can be controlled and optimized, one area of scaffold design and fabrication that 

presents a difficult challenge is the production of scaffolds that allow complete 

infiltration of seeded cells. Rather than penetrating the scaffold, cells often 

proliferate and form multiple layers on top of the scaffold. We hypothesized that 

cells not directly attached to the scaffold’s surface or embedded within the 

scaffold matrix receive a decreased level of the imposed bioreactor loads. The 

purpose of this research was to quantify and illustrate how strain is transmitted to 
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cells growing on top of a scaffold in monolayer or in multiple layers in contrast to 

cells embedded within a scaffold using a finite element model. 

 

Materials and Methods 

To predict the strains transmitted to cells seeded on top of and within a scaffold, 

different three-dimensional parametric finite element models representing three 

possible results of scaffold seeding were created: (1) cells embedded within a 

scaffold, (2) a monolayer of cells growing on the surface of a scaffold, and (3) 

multi-layers (five layers in this work) of cells growing on the surface of a scaffold 

(Fig. 1). Idealized eukaryotic cells were modeled utilizing ellipsoid volumes for 

the cell body and nucleus, while an ellipsoid shell was utilized for the cell 

membrane. The minor and major axes used for the cell were 14.3 µm and 28.8 

µm, respectively, while the axes for the nucleus were 2.5 µm and 4 µm, 

respectively. The thickness of the cell membrane was 0.006 µm. The geometric 

properties used in the models have been published previously [14]. 

 

The parametric finite element models were developed using TrueGrid (XYZ 

Scientific Applications, Inc., Livermore, CA). The geometry of the cell, its nucleus, 

and cell membrane were described as above within TrueGrid, and a hexahedral 

finite element mesh was mapped to the geometry. By changing the parameters 

describing the geometry, updated meshes can automatically be created. The 

parametric variables for the cells in the three models included the 
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Fig 1. Parametric finite element models representative of eukaryotic cell scaffold 

seeding configurations. The following models were employed in the study: (A) a 

single cell eukaryotic cell with idealized geometry (model is cut along the half 

plane), (B) cells embedded within a scaffold (model is cut along the half plane), 

(C) a monolayer of cells growing on a scaffold, and (D) five layers of cells 

growing on a scaffold (only one plane of cells is shown, however, boundary 

conditions were applied in the simulation which mirror the plane of cells 

indefinitely). 
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 size of the nucleus, the cell membrane thickness, the size of the cell, the 

distance between the cells, the strength of the cell attachments to each other and 

to the scaffold, and the material properties of the cell, cell membrane, and cell 

nucleus. For simplicity, and based upon published values, all of the materials in 

the model were modeled as linear elastic with a Poisson’s ratio of 0.3. The 

mechanical properties of the cell are representative of human mesenchymal 

stem cells (hMSC), where the material modulus for the nucleus was 4.6 kPa, the 

cell cytoplasm material modulus was 3.2 kPa, and the cell membrane modulus 

was also 4.6 kPa [15].  

 

For the model of cells embedded within a matrix, the scaffold was modeled as a 

rectangular solid with parametric pore sizes equal to the size of the cells. The 

parametric variables in this model included the length and thickness of the 

scaffold, the distance between the cells, and the material properties of the 

scaffold. For the models of the cells seeded on the surface of a scaffold in either 

a monolayer or multi-layer configuration, the scaffold was represented as a 

rectangular membrane. The parametric variables in this model included the 

length and thickness of the scaffold and the material properties of the scaffold. 

For all three finite element models, the scaffold material modulus used was 160 

kPa, which is representative of commonly electrospun poly(epsilon-caprolactone) 

(PCL) scaffolds [16, 17]. 
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In all cases, the cells were attached to the scaffold and tied contacts were used. 

In cases where neighboring cells were present, the nodes of the adjacent cells 

were connected with tied contacts with an offset, which ensured that the 

maximum amount of strain would be transmitted to each of the cells. The tied 

contact with an offset option was used to mimic the extracellular matrix between 

the cells, particularly for the cells in the multi-layer configuration. In the tied 

contact with an offset option, select nodes within a prescribed radius of each 

other were connected even though they do not appear to be physically touching 

in the model.  

 

A mesh convergence study was conducted for each of the models to determine 

the mesh density to be used in these analyses. The finite element meshes were 

increased in density parametrically. Mesh convergence was determined by 

comparing the average predicted maximum principal strains from successively 

finer meshes until the difference was less than 2%. All three models were 

created so that they could be mirrored across a plane of symmetry to reduce the 

simulation runtime. The embedded cell model consisted of 111,224 nodes and 

102,927 elements. The monolayer cell model consisted of 349,158 nodes and 

345,521 elements, and the multi-layer cell model consisted of 398,997 nodes and 

396,491 elements. 
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A prescribed axial displacement was applied to the scaffold face perpendicular to 

its long axis resulting in an applied 10% strain. This strain was chosen because it 

is within the range of strains currently used for bioreactor conditioning of many 

tissue engineered constructs [1, 6-8, 10]. Symmetry boundary conditions were 

applied to all remaining faces of the model. Simulations were run using LSDYNA 

Version 971 and post processed using LS-PrePost Version 2.2 (LSTC, 

Livermore, CA). The models took approximately 30 minutes to run on a dual 

processor AMD Athlon 1.4 GHz Linux system with 4 GB of memory. The 

resulting average 1st principal strains were analyzed for the cells of each of the 

models. 

 

Results 

In the model of cells embedded within a scaffold, the entire imposed 10% strain 

was distributed evenly throughout each cell. In fact, a small amplification in strain 

was noticed, due to strain concentration at the pores of the scaffold (Fig. 2-3). 

The resulting average strain for the entire construct, consisting of the cells and 

the scaffold, matched the imposed 10% strain. 

 

In the model of a cell monolayer attached to the surface of a scaffold, strain was 

transmitted evenly to each of the six modeled cells regardless of their location on 

the scaffold. However, the imposed 10% strain was only transmitted to the base 

of every cell; with strain diminishing to nearly zero approaching the apex. This  
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Fig 2. Fringe plot results of the distribution of the 1st principal strains for (A) the 

embedded cell, (B) the cell monolayer, and (C) the five cell layer finite element 

models. Models are cut along the mid-plane and the direction of imposed 10% 

scaffold strain is indicated by the arrow. 
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Fig 3. Graph showing the average cell strain for each of the cell-scaffold models. 

Cells embedded within a strained scaffold received the full imposed strain while 

cells in a mono layer and five layer configuration received only half and less than 

2% of the imposed strain respectively. 
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resulted in an average strain of 5% for each cell, which was only half of the 

imposed 10% strain (Fig. 3).  

 

In the model of multiple cell layers growing on the surface of a scaffold, the 

greatest strains were seen by the first layer of cells directly attached to the 

scaffold. Cells within the first layer of the multilayered construct had a similar 

strain distribution to the monolayer cell model, with the maximum strains 

occurring at the base of the cells. However, as the cell layer’s distance from the 

substrate increased, the strain transmitted to the cells decreased markedly (Fig. 

4). There was an exponential decay of strain transmission to the cells with 

increasing distance from the substrate. The average cell strain in the first layer of 

cells directly attached to the scaffold was 5.4%. However, this decreased to 1.2% 

in the second layer, 0.7% in the third layer, 0.5% in the fourth layer, and 0.1% in 

the fifth layer of cells. 

 

Discussion 

In this study, three-dimensional finite element models representative of three 

possible outcomes of seeding cells onto scaffolds were created. When a scaffold 

embedded with cells was exposed to 10% strain, all cells received the full 

imposed strain. However, cells growing on the surface of a scaffold received only 

half of the imposed strain within the first layer of cells, and the strain received by 

cells in subsequent layers decreased exponentially with increasing distance from  
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the scaffold’s surface. This research illustrates the importance of considering the 

strain environment that each cell experiences when mechanically conditioning 

tissue engineering constructs, rather than generalizing a global mechanical 

environment to all of the cells present. 

 

Prior to discussing the implications of these results, the limitations of this analysis 

necessitate discussion. Idealized representations of the cells and scaffold were 

employed. Cells are rarely uniform in size and shape even across what is 

considered to be a homogeneous population. Additionally, changes in cell 

morphology, orientation, and stiffness with response to strain were not modeled 

[8, 15]. By modeling morphological changes associated with strain exposure 

such as cell flattening, which can be modeled by changing the shape of the cells, 

and changes in th cell’s cytoskeletal stiffness, which can be modeled as an 

increased material modulus, cells in the muli-layer model may perceive more of 

the imposed strain. Regardless of these changes, it remains unlikely that the 

cells several layers away from the substrate’s surface will experience a 

significant portion of the imposed strain. In addition, any changes made to these 

parameters is not likely to change the relative ranking of average applied strain 

between the different models. Another limitation of this study is that the material 

moduli within the models were represented as continuous, homogenous, and 

linear elastic to reduce run time and facilitate comparison between the three 

models. Changes in the material moduli of the cells to a more realistic 

heterogeneous and visco-elastic representation could change the average cell 
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strain values of the cells and the scaffold surface models marginally depending 

on imposed scaffold strains. However, the embedded cells would still receive the 

full imposed strain, regardless of the material modulus chosen for the cells.  

 

Similar to other finite element studies in the literature, the imposed 10% scaffold 

strain resulted in resulting cell strains that were non-uniform [13, 18]. In the 2008 

study conducted by Stops et al, an external uniaxial strain of 10% was applied to 

a porous scaffold modeled as a matrix of tetrakaidecahedrons. The imposed 

strain generated embedded cellular strains as high as 49%, while the majority of 

cells experienced less than 5% strain. However, the cells in the Stope et al. study 

were modeled with only two or three elements, so strain concentrations could be 

responsible for the 49% strains which cells experienced. In the 2008 study of 

Pfeiler et al. models were created to evaluate the local loading conditions on 

bone marrow-derived hMSCs seeded in three-dimensional collagen matrices 

exposed to cyclic tensile strain [13]. Through their finite element analysis, it was 

determined that globally applied uniaxial tensile strains of 10% resulted in local 

strains of up to 18.3% due to geometric variations in the gel shape. They 

assumed that the cells embedded within the gel received the same amount of 

strain as the surrounding gel, but no actual cells were included in the model. 

Based on the embedded cell model results presented in the current study, this 

assumption appears to be reasonable. 

 



‐ 211 ‐ 
 

When utilizing a bioreactor to mechanically condition a tissue engineering 

construct, it is important to consider the strain environment that each cell will 

experience. If improper cell-scaffold constructs are produced or allowed to 

develop during culture, strain-induced biological responses could be muted. This 

is best illustrated by the case of cells forming multiple layers on the surface of a 

scaffold. When subsequent global assays, such as RT-PCR, are used to 

determine how the cells are responding to mechanical conditioning, material from 

all of the cells is harvested and mixed together prior to analysis. This results in 

averaged data where the contribution from the cells within the first layer, which 

are directly attached to the scaffold, is severely diluted. Only the cells directly 

attached to the scaffold will demonstrate the full effect of mechanotransduction 

on many biological outcomes. In the case of the multilayer construct, if the 

relationship between cell strain and the measured biologic response is linear, our 

model would predict that cells within the first layer will demonstrate a response 

that over four times greater than cells in the second layer and over 50 times 

greater than cells in the fifth layer. In contrast, if the cells within the first cell layer 

of the multilayer construct had become fully embedded rather than growing on 

the surface of the scaffold, the response would be doubled. It is possible that in 

some cases mechanostimulation of cells results in a response that becomes 

amplified as it is propagated to some final measurable and relevant biological 

outcome, meaning differences in perceived strain could result in even greater 

differences in biological response. Thus to maximize the effect of mechanical 

conditioning of cell-seeded scaffolds used for tissue engineering and 
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regenerative medicine, it is imperative that cells are allowed to penetrate and 

infiltrate the scaffold. Current methodologies largely struggle to meet this need; 

therefore, more attention should be focused on the development of scaffolds that 

facilitate infiltration of seeded cells prior to mechanical conditioning and 

implantation.  
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