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ABSTRACT

The importance o f  mechanical loading in maintaining bone quality is well illustrated by the 

drastic effects o f its absence in, for example, microgravity, cast immobilisation or paraplegia. 

The mechanisms underlying adaptation o f bone to mechanical loading occur on the cellular 

level. However, it remains unclear how a mechanical stimulus is detected by an osteoblast or an 

osteocyte to subsequently influence the signalling pathways that would lead to important 

signalling responses such as nitric oxide (NO) or prostaglandin E2 (PGE2) release.

The aim o f  this thesis is to devise both computational and experimental methods that 

will yield new insights into the mechanisms o f mechanotransduction in bone cells. It is 

hypothesised that mechanically-induced osteoblast and osteocyte NO and PGE2 response is 

dependent on the physical consequences o f a mechanical stimulus on the cellular level, and that 

this mechanotransduction mechanism is mediated by the cytoskeleton.

A computational cell model was developed to serve as a mechanobiological tool to both 

probe the structural characteristics o f cells, and to investigate the physical effects o f various 

magnitudes o f fluid flow or strain stimuli on cells. Experimental methods were devised to 

determine the involvement o f actin and microtubule components in mechanotransduction o f NO 

and PGE2 in both monolayers o f bone cells and in single cells.

By extending the results o f the cell model to interpreting past in vitro experiments, it 

was concluded that NO and PGE2 signalling response is dependent not only on the magnitude 

but also on the nature o f cell deformation caused by the stimulus. Experimental results indicate 

that the cytoskeleton is involved in the mechanotransduction o f NO and PGE2, but differently in 

osteoblasts and osteocytes. The dynamics and locations o f mechanically-induced synthesis and 

diffusion o f NO response occurring in a single osteoblast when stimulated with an indenting 

force were also determined. Combining these results with what has been reported in literature 

suggests that mechanotransduction o f NO occurs via actin filament regulation o f eNOS 

localised to both caveolae and Golgi membranes. The actin cytoskeleton modulates the PGE2 

pathway in osteocytes via stretch-activated ion channels, whereas in osteoblast PGE2 response 

focal adhesions may be the primary mechanosensors.

This information will strengthen the fiindamental knowledge required for 

understanding bone diseases such as osteoporosis, for in vitro engineering o f bone tissue and 

for the design o f orthopaedic devices that maintain bone health in ‘disuse’ conditions such as 

microgravity.
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1.1 Mechanobiology of bone

Bone is a structural material capable of self-repair and dynamic adaptation of its morphological 

and structural fitness to serve its fiinctions, which include protection of internal organs, 

leverage, and structural support under the various loading conditions experienced throughout 

life. As the continuous adaptation of our bones to the demands of daily usage is not likely pre

programmed in the genes, the most probable explanation lies in the relationship that exists 

between bone quality and its mechanical usage -  the drastic effects of the absence of 

mechanical loading in microgravity, disuse, and paraplegia include reduced bone mass, 

deterioration of bone architecture and increased susceptibility to fracture, whereas strenuous 

exercise results in increased bone mass. The importance of understanding how mechanical 

forces arising in bone can modulate bone cell activity such that bone mass and architecture 

remains fit for function throughout life is therefore undeniable, and has been the subject of 

scientific investigation for many years. Indeed the premise of ‘mechanobiology’, that 

“biological process are regulated by signals to cells generated by mechanical loading” (van 

der Meulen and Huiskes, 2002), is a concept that dates back to Roux (1881).

Bone comprises two forms of osseous tissue: cortical bone, a low porosity tissue found 

primarily in shafts of long bones and vertebrae, and cancellous bone consisting of a high 

porosity framework of struts and plates called trabeculae that is both light and can withstand 

multiaxial stresses. Either form of bone tissue comprises a mineral phase and an organic phase, 

mostly crystals of hydroxyapatite and collagen type I, respectively. This tissue is produced and 

maintained by the cells within bone, namely the osteocytes, osteoblasts, and osteoclasts (Fig. 

1.1). Osteocytes are differentiated osteoblasts that become buried in lacunae within the bone 

matrix. They connect via canaliculi to osteoblasts and to osteoblast-derived lining cells on the 

bone surface. Osteocytes exhibit little synthetic activity and may engage in low-level control of 

local mineralization, and in communicating signals to other cells in bone. The flinction of 

osteoblasts is to synthesise, secrete and regulate assembly of the organic matrix, and to facilitate 

mineral deposition. Osteoclasts are large multi-nucleated cells that are specialised to resorb

2



Osteoclast gQPg lining cells
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Fig. 1.1 Schematic illustration o f the locations o f cells in bone tissue.

Adapted from www.roche.com/pages/facets/Jl/ostedefe.htm.

bone, which involves dissolution and digestion of the mineral and organic phases. Growth 

(known as modelling) and continuous renewal of bone (remodelling) occurs via a balance of 

osteoblast and osteoclast activity.

During physical activity mechanical loads result in strain in the load-bearing matrix, or 

in strain-derived fluid shear stresses in the bone porosity. As it is known that both osteoblasts 

and osteocytes are responsive to mechanical forces, a popular hypothesis proposed by Huiskes 

et al. (2000) is that optimal bone quality is maintained by positive feedback control of bone cell 

response to the prevailing levels of these stimuli (Fig. 1.2). For example, mechanosensitive 

osteocytes would respond to bone ‘overuse’ (an excess level o f fluid flow or strain stimuli) by 

recruiting bone forming osteoblasts via gap-junction communication, or anabolic signalling 

molecules such as nitric oxide or prostaglandin E2. Increased osteoblastic activity would cause 

an increase in bone mass leading to restoration of normal levels of mechanical stimulus. 

Conversely, a reduction of mechanical loading results in decreased osteoblastic activity and 

therefore dominant osteoclastic activity, leading to removal o f bone mass. Although this 

hypothesis requires further corroboration, it does emphasise the important fact that any 

mechanical regulation o f bone must occur on the cellular level, via mechanosensitive bone cell 

(i.e. osteoblast and osteocyte) responses to physiological magnitudes of mechanical stimuli.
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sensing o f  strain-energy density (SED), mechanical loading and 

osteoclast resorption regulate bone remodelling. Adapted from  Huiskes 

et al. (2000).

In several in vitro experiments, there have been attempts to replicate the in vivo 

environment o f mechanosensitive bone cells by subjecting cultured osteoblasts and osteocytes to 

fluid flow or strain in vitro and subsequently measuring alterations in specific osteoblast or 

osteocyte functions. For example, osteopontin and collagen type I (associated with osteoblastic 

matrix production), nitric oxide and prostaglandin E2 (both chemical messengers that mediate 

mechanically-induced bone formation), c-fos (a transcription factor) and cyclooxygenase-2 (an 

enzyme required for prostaglandin production) have all been reportedly up-regulated by either 

fluid shear stress or strain of various magnitudes and frequencies. While these results confirm 

mechanotransduction of important functional responses in osteoblast and osteocyte bone cells, 

the approach taken in several of these experiments (applying a mechanical stimulus and 

recording the downstream cell response) does not address the mechanism underlying the 

conversion of mechanical forces to a biochemical response, that must occur on the cellular level. 

Interpreting these responses and comparing results from separate experiments is difficult 

because the physical changes undergone by the cell due to the various applied mechanical 

stimuli are not known -  no theoretical approach has yet been successfully applied to this 

problem. Furthermore, it is not known what bone cell organelles play a role in
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mechanosensitivity, or how a mechanical stimulus is detected and subsequently transduced to 

signalling responses such as nitric oxide and prostaglandin E2. Bridging this gap in our 

understanding o f how osteoblasts and osteocytes both detect information regarding the 

mechanical status o f bone, and subsequently transduce the received mechanical stimulus to an 

appropriate biochemical response, is dependent on the development of new scientific 

approaches that integrate both theoretical and experimental methods.

1.2 Objectives of this thesis

The aim of this thesis is to investigate the processes whereby mechanosensitive bone cells 

transduce a mechanical stimulus to a biochemical signalling response. Specifically, two 

hypotheses are proposed in the thesis:

(i) that osteoblast and osteocyte response to mechanical stimuli includes a magnitude- 

dependent release o f nitric oxide and prostaglandin E2 signalling molecules; and

(ii) the mechanotransduction mechanism is mediated by the cytoskeleton.

Testing these hypotheses requires that several unresolved aspects of bone cell response 

to mechanical stimuli be addressed, for example: which organelles are structurally important 

under imposed mechanical stimuli and in mechanotransduction; what the physical 

consequences o f an applied fluid shear stress or strain are on the cellular level; the nature and 

magnitude o f mechanical stimulus required to activate a signalling response in a single bone 

cell; whether the cytoskeleton is involved in osteoblast and osteocyte transduction of 

mechanical forces to nitric oxide and prostaglandin E2 response. Resolving these primary 

questions of the thesis will contribute to elucidating the role of mechanical forces in bone 

adaptation. Such information will strengthen the fiindamental knowledge required for 

understanding biomechanical aspects of bone diseases such as osteoporosis, for determination 

of the optimal stimuli for in vitro engineering of bone tissue, and for the design o f orthopaedic 

devices that may maintain bone health in ‘disuse’ conditions such as microgravity.
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2.1 Introduction

The purpose o f this chapter is to draw attention to many o f the unresolved aspects o f bone cell 

response to mechanical forces, thus setting a background for the scientific questions o f this 

thesis. The chapter begins in Section 2.2 with a review of experimental studies investigating the 

composition and material properties of adherent eukaryotic cells, with a particular emphasis on 

bone cells. The aim is to establish which organelles are of primary importance within the 

structural complexity o f a living cell. In Section 2.3 theoretical modelling approaches for 

exploration o f mechanotransduction in adherent cells are discussed. In Section 2.4, the 

biochemical responses of interest in bone adaptation to mechanical loads are discussed. In 

Section 2.5, experiments involving application o f mechanical stimuli to bone cells in vitro are 

reviewed.

2.2 Cell biomechanics

2.2.1 Composition and structure o f  eukaryotic cells

The organelles in eukaryotic cells (which includes bone cells) of most structural significance 

due to their function, size or material properties include the cytoskeleton, nucleus, cytoplasm 

and cell membrane (Fig. 2.1).

2.2.1.1 The cytoskeleton

The cytoskeleton can be viewed as the cell’s skeleton. It is a complex interconnected network of 

various protein filaments that provide strength, flexibility and structure to the overall cell and 

cytoplasm (Alberts et al., 1989; Martini, 2004). There are three main components o f the 

cytoskeleton; actin filaments, microtubules and intermediate filaments. Due to their mechanical 

properties, ability to transmit forces, continuously polymerise and reposition, interactions 

between these interconnected cytoskeletal components dynamically influence cell shape, 

stiffness, substrate adhesion, and the positioning of other organelles, cell adhesion and overall
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Fig. 2.1 Schematic illustration o f  the components o f  a typical eukaryotic 

cell. The intracellular material between the cell membrane and nucleus 

(i.e. the cytoplasm) contains organelles (including the cytoskeleton) that 

perform specific functions, and an intracellular liquid cytosol containing 

soluble nutrients, ions and proteins. Adapted from  Bao and Suresh 

(2003).

cell shape (Maniotis et al., 1997; Martini, 2004). Next the structural characteristics o f each

cytoskeletal component are introduced.

• Actin filaments are solid thread-like fibres ~3 to 6 nm in diameter distributed 

throughout the cell cytoplasm and generally arranged in an interconnected network. 

Most ‘rigid’ adherent cells (including fibroblasts, osteoblasts, osteocytes and 

chondrocytes) have a dense sub-membranous network of actin filaments that 

contributes to maintaining cell shape, and also transmits contractile forces generated 

by actomyosin sliding mechanisms (Alberts et al., 1989) (Fig. 2.2). Actomyosin is a 

protein complex of both actin and myosin (motor enzymes that interact with actin) 

that is also the contractile substance o f muscles. It is generally accepted that these 

contractile forces give rise to a membrane tension that is balanced by microtubules 

forming interconnected networks with actin, by the cytosol (Wang and Ingber, 

1994; Pourati et al., 1998), and by cytoskeletal attachments to the extracellular 

matrix. These contractile forces have often been referred to as a pre-tension or
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Fig. 2.2 (a) Illustration o f the clustering o f actin filaments during the 

formation o f focal adhesion complexes, (b) A detailed view illustrating 

the structural proteins involved in formation o f an adhesion bond with 

the fibronectin integrin receptor. Adaptedfrom Alberts et al. (1989).

prestress, the effects of which (on cell structure) have been observed in several 

studies (Sato et al., 1990; Wang et al., 1993; Shroff et al., 1995; Hubmayr, 1996; 

Wang et al., 2002). During adhesion bond formation, integrins and intracellular 

proteins found in adhesion plaques serve as transmembrane links between actin 

filament bundles (stress fibres) that form inside the cell (Fig. 2.2), and the 

extracellular matrix or substrate (Alberts et al., 1989). In this way actin cytoskeleton 

organisation, cell shape, and the number o f focal adhesion complex formed are 

linked (Fig. 2.3). This may explain why a highly spread cell is much stiffer than 

when rounded (Thoumine et al., 1999). It has been speculated that forces acting on 

adhesive contacts contribute not only to cell shape and viability, but also to 

mechanical signal transduction (Chen et al., 1997; Galbraith and Sheetz, 1998; 

Chen and Ingber, 1999).
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Fig. 2.3 Images o f  an adherent fibroblast immunostained fo r  (a) focal 

adhesion complexes, and (b) actin filaments. Adapted from  Alberts et al.

(1989).

Microtubules are 20 to 25 nm diameter cylindrical tubes composed o f units of the 

protein tubulin, that radiate outward from centrosomes. A centrosome (also known 

as a ‘microtubule organising centre’) is a region of the cytoplasm near the nucleus 

that contains a pair o f centrioles oriented at right angles, each consisting o f nine 

microtubule triplets. It is now generally accepted that in several cell types 

microtubules resist cell compression (Alberts et al., 1989; Martini, 2004). Danowski 

(1989) reports that treating fibroblasts with microtubule disrupting toxins results in 

a rapid strengthening of fibroblast contractility, suggesting that microtubules inhibit 

transmission o f contractile forces generated by the sub-membranous actin filament 

bundles. Microtubules have strength and rigidity, influence the positioning o f other 

organelles, act as tracks for the movement o f vesicles by molecular motor proteins, 

and due to their continuous polymerisation influence such diverse functions as cell 

migration, and spindle formation in cell mitosis (Martini, 2004).

Intermediate filaments are durable, insoluble protein fibres of intermediate 

diameter, 8 to 11 nm. These filaments are arranged in a network surroundirj? the 

nucleus and, as such, influence the positioning of other organelles, particularly the 

nucleus (Alberts et al., 1989). Wang and Stamenovic (2000) report that endothelial



cell stiffness is significantly reduced when intermediate filaments are disrupted. 

Intermediate filaments are thought to contribute largely to the mechanical support 

o f the cell, particularly at higher strains (Janmey et al., 1991). A specific tensile or 

compressive role for intermediate filaments has not been established, nor has it been 

established if they form an interconnected network for force transmission with the 

other cytoskeletal components. For this reason, the contribution o f intermediate 

filaments to cellular stiffness does not necessarily require distinction from that of 

the material properties o f the cytoplasm.

2.2.1.2 The cytoplasm and nucleus

The cytoplasm is essentially the intracellular material between the cell membrane and the 

nucleus. It contains the organelles (including the cytoskeleton) and the liquid cytosol which 

contains soluble nutrients, ions and a high concentration of proteins (Martini, 2004). Because it 

is mainly a liquid, the cytoplasm is often considered to be incompressible. The degree o f 

incompressibility and material properties o f the cytoplasm are dealt with in Section 2.2.2. A 

reasonable approximation to the structural complexity of the cytoplasm could involve treating 

the cytosol and internal organelles as a continuum with the appropriate degree of 

compressibility, provided that the highly significant dynamic role o f the various cytoskeletal 

components in maintaining cell structure is explicitly accounted for.

The nucleus is the largest and most visible organelle within an eukaryotic cell. It is the 

control centre for cellular operations and stores information required for protein synthesis. The 

nucleus also contains a fluid nucleoplasm containing a network of fine filaments (the nuclear 

matrix) and nucleoli. As the largest organelle in the cytosol, the nucleus and its complex internal 

matrix comprise a most significant part of cell structure.

2.2.1.3 The membrane and cortical tension

The cell membrane is the outer boundary o f the cell that physically separates the cytoplasm 

from the extracellular environment (Fig. 2.4). A phospolopid bilayer through which water and
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Fig. 2.4 Schematic o f the components and structure o f the cell 

membrane. Source: www.people. Virginia. edu/~rjh9u/cellmemb. html.

solutes cannot pass forms a large part of the membrane structure. Both integral and peripheral 

proteins that account for 55% of membrane weight are embedded in the bilayer o f the 

membrane (Alberts et al., 1989). Besides acting as a physical barrier, the membrane regulates 

entry o f ions and nutrients and the elimination o f waste, exhibits receptor-mediated sensitivity to 

changes in concentration or composition of the extracellular fluid and to specific molecules, and 

provides a stable site for binding and catalysis o f enzymes. Membrane proteins have specialised 

functions such as: anchoring the membrane to other cells or to the cytoskeleton, sensitivity to 

specific molecules called ligands, transport of solutes across the membrane, and selective 

passage of ions through channels or pores in integral proteins (Martini, 2004). These various 

functions may be influenced by perturbation of the membrane structure (Janmey, 1998). 

Although the membrane is neither rigid nor uniform with many proteins free to drift across the 

surface, the membrane does form a structural barrier (Martini, 2004) and is thus considered an 

important structural component of adherent eukaryotic cells. There are numerous studies in the 

literature (as discussed below) documenting the structural importance o f the membrane, with 

many also reporting that membrane tension has a large bearing on cell shape. This membrane 

tension originates in the sub-membranous (cortical) network of contractile actin filaments 

anchored to the membrane (Alberts et al., 1989).
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Albrecht-Buehler (1987) investigated the role of cortical membrane tension in fibroblast 

shape and movement. The technique involved drawing a part of the membrane to a point on the 

substrate a short distance from the cell and observing the consequences. As the membrane 

retracted rapidly when released, it was concluded that fibroblast shape is partly regulated by 

membrane tension.

Raucher et al. (1999) used a laser tweezers to pull on the fibroblast membrane. They 

obtained force versus cell extension characteristics. Resistance to increased displacement was 

found to be high initially, but decreased exponentially with time. Raucher et al. (1999) noted 

that this behaviour may be due to the gradual depletion of a membrane reservoir that unfolds to 

buffer against changes in membrane tension.

Frisch and Thoumine (2002) have predicted the kinetics o f spreading fibroblasts in a 

biomechanical model. Three main parameters were used: adhesion energy, cytoplasmic 

viscosity, and cortical tension. The value determined for cortical tension was 0.2 -  0.4 mN/^m, 

which was considered a significant contribution to cell structure. In his observations o f spread 

fibroblasts, Frisch and Thoumine (2002) suggest that cells reach their final degree o f spreading 

when the membrane is pulled taut by depletion o f a tension-buffering reservoir.

Using a microneedle, Pourati et al. (1998) reports that adherent endothelial cells 

immediately retracted (or rounded up) when detached from a substrate. On disruption o f the 

actin cytoskeleton there was no retraction. Furthermore, using magnetic twisting cytometry, 

application o f a 5% strain to the cells resulted in a ~30 % increase in cell stiffness, which did 

not occur when the actin cytoskeleton was disrupted. Both these results suggested that 

contractile forces in actin filaments have a significant influence on cell shape and on dynamic 

alterations in cell stiffness in response to mechanical strain.

2.2.2 Material behaviour o f adherent cells

In this Section the various studies in the literature involving experimental characterisation o f the 

material properties of osteoblasts or other morphologically similar cell types, such as 

fibroblasts, chondrocytes, and endothelial cells are discussed.
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2.2.2.1 Cell elasticity

It has been proposed by Radmacher and co-workers (e.g. Radmacher, 2002) that living cell 

elastic properties range from 1 kPa to 100 kPa, as illustrated in Fig. 2.5. A more extensive 

examination o f the literature reveals that cell elasticity varies considerably depending on the cell 

type, and on the nature of the experimental methods used in their determination. An overview of 

the elastic properties of various cell types obtained using micropipette aspiration, atomic force 

microscopy, magnetic twisting cytometry and other techniques will now be discussed. An 

overview of this cell elasticity data is presented in Table 2.1 at the end of this Section.

In micropipette aspiration a suction pressure is applied to a suspended cell, and the 

resultant cell deformation into the suction pipette is recorded (Fig. 2.6). Guilak et al. (2000) 

quantified the mechanical properties of articular chondrocytes using micropipette aspiration in 

conjunction with a theoretical viscoelastic model. It was determined that chondrocytes exhibited 

an instantaneous elastic modulus of -0 .7  kPa. Using a similar approach, Trickey et al. (2000) 

determined an instantaneous elastic modulus o f 0.41 ± 0 .17  kPa for chondrocytes. In that study 

the stiffness of chondrocytes derived from osteoarthritic tissue was significantly higher 

(increased to 0.63 kPa) and it was proposed that, based on the observed effect of actin- 

disrupting drugs, the altered biomechanical properties of osteoarthritic cartilage are due to 

reorganisation o f the chondrocyte actin cytoskeleton. Freeman et al. (1994) applied a uniaxial 

compressive load to deform isolated chondrocytes. A finite element model was used to 

determine that the chondrocytes deformed with an elastic modulus o f ~4 kPa. Hochmuth (2000) 

also using micropipette aspiration on rigid adherent cells, such as chondrocytes and endothelial 

cells, and determined that their material behaviour corresponded to an overall elastic modulus 

on the order o f 0.5 kPa.

Atomic force microscopy (AFM) indentation can yield interesting insight into cell 

elasticity and the importance o f cytoskeleton effects on cell stiffness. AFM can be used to 

obtain force-indentation characteristics at localised points across the cell topography. This data 

can yield local elasticity estimates by applying the classical Hertz contact relation. Charras and 

Horton (2002b) report an average elastic modulus of 2.1 kPa for an osteoblast, which can
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Fig. 2.5 Overview o f the elastic properties o f cells relative to those o f  

other common materials (the lower scale shows the expanded range fo r  

cells). Source: www. biophysik. uni-bremen. de/radmacher/elasticity. html.

increase ~100-fold if the AFM tip indents above cytoskeletal components such as stress fibres 

(actin bundled into long fibres). Domke et al. (2000) found that elasticity values are highest if 

the cell is indented over the underlying cytoskeleton, as illustrated in Fig. 2.7. In that study it 

was also reported that osteoblast elasticity varies with underlying substrate material properties -  

osteoblasts were most stiff on titanium (~8.8 kPa), least stiff on titanium-vanidium (~2.1 kPa), 

and exhibited intermediate values on polystyrene. This suggested that the cytoskeleton has a 

large influence on osteoblast stiffness, and that the influence of the degree o f cell adhesion on 

cell stiffness may be related to the number and strength o f cytoskeletal attachments that can 

form on a particular extracellular surface.

Mathur et al. (2001) report a wide range o f elasticity values for various cell types: 

cardiac muscle were stiffest (-lOOkPa), endothelial were least stiff (~6 kPa), while skeletal 

muscle cells exhibited intermediate values. Besides these well-documented differences in 

elasticity between cell types and within a single cell, Mathur et al. (2001) also report variation in 

elasticity with indentation depth in an endothelial cell (Fig. 2.8).
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Fig. 2.6 Micropipette aspiration o f  a chondrocyte 4 s after application o f  

the aspiration pressure. Adapted from  Trickey et al. (2004).

Magnetic twisting cytometry involves measuring the rotation of a ferromagnetic bead 

attached to the cell membrane under application o f a magnetic torque. Wang and Ingber (1994) 

used magnetic twisting cytometry to measure the stiffness of both round and spread endothelial 

cells. Stiffness ranged from 3 to 9 Pa in spread cells, but was 50% lower in round cells. Since 

then Stamenovic and Wang (2000) have attributed these low stiffness values to free rotation of 

the bead. Such errors associated with the magnetic twisting technique have now been addressed 

and higher stiffness values (up to 0.1 kPa) have been obtained for smooth muscle cells using a 

similar method (Maksym et al., 1999), which is in closer agreement with data obtained by other 

experimental methods.

Other novel experimental methods have been developed to measure cell elasticity. 

These include a piezo-controlled micromanipulation system developed by Thoumine and Ott 

(1997) to impose dynamic deformation on individual chick fibroblasts. By fitting their results to 

a three-element Kelvin model, an elastic modulus in the range o f 0.6 kPa to 1 kPa was 

calculated -  this value increased by 40% for more highly spread fibroblasts. Using magnetic 

beads, Lo and Ferrier (1999) applied forces to layers of osteosarcoma cells adherent on gold 

electrodes. The cells were cultured on an electrode, and electrical cell-substrate impedance 

sensing was used to measure the continuous stress-induced mechanical strain o f the cells. An 

elastic modulus of ~1 kPa was determined for these osteosarcoma cells.

16



lateral position [>jm|

2.75 log(E(Pa)) 5.25

Fig. 2.7 Elasticity map o f  a region o f  an osteoblast. Elasticity (E) was 

calculated from the force-deflection characteristics determined at 

numerous points using atomic force microscopy. Adapted from  Domke et 

al. (2000).

800
♦ — Conical 

Blunt Cone
A. Endothelial Ceil700

v> 500

■a 400 
o
2  300u
(/)

m
200

100

0 20 40 60 80

inden ta tion ,5 (nm)

Fig. 2.8 Variation in elastic modulus with indentation fo r  an endothelial 

cell. Note the decreasing stiffness with indentation depth and the 

dependence o f  elastic modulus on probe geometry, which becomes less 

significant at higher indentation depths.

17



Table 2.1 Summary table o f  overall elastic modulus fo r various cell types. 

Abbreviations: AFM, atomic force microscopy; MTC, magnetic twisting 

cytometry; MA, micropipette aspiration; MM, microplate manipulation; 

EC, endothelial cell; SMC, smooth muscle cell.

Authors Year Method Cell type Elasticity (kPa)

Charras 2001 AFM Osteoblast >2.1

Domke et al. 2000 AFM Osteoblast 1 00 bo

Shin et al. 1999 - Osteoblast 2.05

Lo et al. 1999 - Osteosarcoma 1

Guilak et al. 1999 MA Chondrocyte 0.7

Hochmuth 2000 MA EC/Chondrocyte 0.5

Trickey et al. 2000 MA Chondrocyte 0.24

Maksym et al. 1999 MTC Muscle cell 0.1

Peterson et al. 1982 - Fibroblast 1.6

Thoumine et al. 1997 MM Fibroblast 0 . 6 - 1

Sato et al. 1990 MA Endothelial 0 .075 -0 .16

Mathur 2001 AFM SMC 24.7

2.2.2.2 Cell compressibility

The degree o f compressibility of an adherent cell is influenced by the content o f the cytoplasm 

and intracellular fluid. In biomechanical models of chondrocytes (Trickey et al., 2000; Guilak 

and Mow, 2002), it is often assumed that chondrocytes are incompressible due to the high liquid 

content of the cytoplasm -  estimated to be ~70 % (Alberts et al., 1989). In a linear elastic model 

of cell material behaviour this assumption corresponds to a Poisson’s ratio (the ratio o f lateral to 

axial strain) of 0.5. However, a more extensive review of experimental data in the literature 

reveals that this assumption of incompressibility may not be entirely valid. For example. 

Freeman et al. (1994), using a finite element model, determined the parameters that fit 

experimentally-measured area changes o f chondrosarcoma cells under compression, and 

determined a Poisson’s ratio o f 0.4. Jones et al. (1999) describe how their measurements of 

chondrocyte volume changes during micropipette aspiration corresponds to a similar degree of
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compressibility to that reported by Freeman et al. (1994). Furthermore, it has been reported that 

a decrease in chondrocyte volume occurs in compression in situ (Guilak, 1995), which is 

consistent with a degree of compressibility, although it was proposed that this may be explained 

by loss of water content through the permeable chondrocyte membrane during compression 

(Gray et al., 1988; Lai et al., 1991). Shin and Athanasiou (1999) used a biphasic model to 

interpret their measurements o f osteoblast deformation under applied forces -  it was concluded 

that a Poisson’s ratio value o f 0.37 captured osteoblast change in shape. In a biomechanical 

model by Wu et al. (1999), a compressibility of Poisson’s ratio o f 0.4 was used, based on the 

data of both Shin and Athanasiou (1997) and Jones et al. (1997). Also it is worth noting that in 

their biphasic finite element model of a chondrocyte surrounded by pericellular and extracellular 

matrix (Guilak and Mow, 2000), the chondrocyte Poisson’s ratio was varied parametrically from 

0.1 to 0.5. Based on these various studies, it is appropriate to consider ‘rigid’ eukaryotic cells 

(such as bone cells) as being compressible to a degree, which should be accounted for in any 

theoretical model o f cell structure.

2.2.2.3 Elastic properties o f  cell organelles

Several studies in the literature, both theoretical and experimental, that report material 

properties for specific cell components are now discussed. An overview of this experimental 

data is provided in Table 2.2.

Caille et al. (2002) devised a method with which whole cells could be deformed under 

uni-axial compressive displacements applied using a flexible flat plate (termed a microplate). It 

was reported that suspended (unattached) endothelial cells deformed at lower forces than either 

adherent endothelial cells or isolated endothelial nuclei. By fitting biomechanical model 

parameters to the force-deflection response data, a cytoplasm elasticity of 0.5 kPa, nucleus 

elasticity o f ~5 kPa, and isolated nucleus elasticity o f ~7 kPa were calculated.

Guilak et al. (2000) report quantitative measurement o f the material properties o f 

isolated chondrocyte nuclei determined using micropipette aspiration and theoretical modelling.
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It was found that nucleus and cytoplasm both exhibited viscoelastic behaviour, but the nucleus 

was 3-4 times stiffer and twice as viscous as the cytoplasm.

Kamm et al. (2000) developed a continuum mechanics model of the effects of 

mechanical stress applied to layers of epithelial cells using a magnetic bead. The material 

parameters in this model include a linear elastic cytoplasm of 100 Pa, a nucleus with an 

elasticity of 1 kPa, a membrane assigned a higher elasticity o f 100 MPa. Model results indicated 

that membrane properties determine, to a large extent, how external forces are transmitted into 

the epithelial cells. However, limitations to this conclusion include the fact that the bead was 

modelled as attached to the membrane only, and not to the sub-membranous actin network.

By analysing thermally-driven fluctuations in microtubule shape Gittes et al. (1993) 

estimated the mean flexural rigidity (or bending stiffness) values o f microtubules and actin 

filaments. By assuming that microtubules and actin filaments are isotropic it was determined 

from flexural rigidity values that microtubules have an elasticity o f ~1.2 GPa with a cross- 

sectional area o f 190 nm^, whereas actin filaments exhibited a slightly higher elasticity o f ~2.6 

GPa, but were ~10-fold thinner with a cross-sectional area o f 18 nm^. Gittes et al. (1993) also 

speculated that microtubules are almost inextensible, and that the compliance o f cells is due 

primarily to filament bending or sliding between actin filaments.

Satcher et al. (1997) modelled the microscopic structure of structural actin as a foam 

cell. Estimates o f the shear and elastic material properties o f structural actin were determined to 

be on the order of 10 kPa. It was also reported that stress fibres can potentially increase the 

elasticity 2 to 10-fold depending on their orientation.

2.3 Computational models of adherent cells

Alterations in cell shape and structure caused by mechanical loads are known to influence 

several cell functions including growth, motility, differentiation, and proliferation (Chen et al., 

1997; Chicurel et al., 1998; Janmey, 1998; Carter and Beaupre, 2003). An imposed mechanical 

load can elicit functional changes in cell behaviour presumably by the distribution of forces
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Table 2.2 Summary table o f  elasticity o f  specific cell components. Note 

that cytoskeletal components are several orders o f  magnitude stiffer than 

the nucleus, cytoplasm or membrane. Abbreviations: microplate 

manipulation (MM); thermal fluctuations (TF).

Author Year Method Cell type Component Elasticity

Caille 2002 MM Endothelial Cytoplasm 0.5 kPa

Endothelial Nucleus 5 kPa

Gittes 1993 TF - Microtubules 1.2 GPa

- Actin filaments 2.6 GPa

Satcher 1996 Model - Actin network lOkPa

Kamm 2000 Model Epithelial Membrane 10’ Pa

Epithelial Cytoplasm 0.1 kPa

Epithelial Nucleus 1 kPa

Guilak 2000 Model Chondrocyte Nucleus 3-4 times
cytoplasm

throughout the cell structure (Ingber, 1993; Davies and Tripathi, 1993; Maniotis et al., 1997). 

According to Stamenovic and Wang (2000) "..the central question o f  cellular mechanics is: By 

what mechanisms do cells resist shape distortion and maintain their structural stability?'. 

Addressing this question and determining the consequences o f applied forces on bone cell 

mechanotransduction would be greatly aided by the development of biomechanical models of 

cells. Such a model could be used to explore several experimentally-observed aspects of cell 

structural behaviour, the origins of which are not yet understood. These include observations of: 

(i) non-linear cell stiffening under increasing applied force (Wang et al., 2001), (ii) large 

variations in compliance along the cell surface (Domke et al., 2000; Mathur et al., 2001), (iii) 

the influence o f contractile tension in the actin filament network (Wang and Ingber, 1994; 

Pourati et al., 1998; Wang et al., 2002), and (iv) alteration in cell stiffness as a cell becomes 

more spread (Thoumine and Ott, 1997).

In the literature there have been several different approaches to modelling the 

complexity o f living cells. The first category o f models, discussed in Section 2.3.1, generally
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adopt a continuum approacii, whereby the structural contribution of cell components is 

modelled as a continuum for simplicity. The second category of models includes those models 

where the structural contribution of specific organelles is explicitly modelled, such as 

components of the cytoskeleton that are known to influence cell behaviour and shape. Among 

this latter category of models, dealt with in Section 2.3.2, are the open-cell foam model, the 

percolation model of the cytoskeleton, and the tensegrity stress-supported approach.

2.3.1 The continuum approach

A continuum approach to cell mechanics was first used by Evans and Yeung (1989) to model 

blood cells (non-adherent) with a cortical membrane and viscous cytoplasm as blood cells do 

not have nuclei. This model had limited success in describing the structure of adherent cells 

such as bone cells. Kamm et al. (2000) developed a biomechanical model to investigate the 

effects of pressure applied to the apical surface of an adherent epithelial cell, to determine if the 

cell would deform and slip into an underlying porous substrate. The model follows closely after 

a previous study of Dembo et al. (1988), and consists of a membrane, nucleus, the cytoplasm 

and cytoskeleton combined as a continuum for simplicity all modelled as linear elastic 

materials. The cytoplasm and nucleus were both treated as incompressible (with a Poisson’s 

ratio of -0.49) due to the liquid cytosol. The model deformations suggested that membrane 

elasticity would largely determines how forces are transmitted to the cytoskeleton. However, 

this conclusion is hampered by the limitation that the bead is modelled as attached to the 

membrane only and does not address attachment to the sub-membrane actin network via 

integrins and adhesion plaques. A more recent advance on this model, but with a similar 

continuum approach, was published by Karcher et al. (2003). A model was constructed of a cell 

region to which a magnetic bead was attached (Fig. 2.9). The membrane/cortex and 

cytoskeleton were both modelled as continuum viscoelastic materials. Other models adopting 

similar continuum approaches include a biomechanical model by Guilak and Mow (2000) of the 

deformation of a chondrocyte within its extracellular matrix.
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Fig. 2.9 A three-dimensional model o f  cell manipulation by 

magnetocytometry, comprising a membrane/cortex and cytoskeleton both 

modelled as viscoelastic materials. Source: Karcher et al. (2003).

A  shortcoming of the continuum approach is that the role o f individual cytoskeletal 

components (such as microtubules and actin filaments) in maintaining cell structure and 

stiffness under external mechanical forces is not accounted for (as discussed in Section 2.2.1.1). 

In fact, in a recent paper, Hochmuth (2000) suggests ‘the modelling o f cellular deformation in 

the future may combine elements o f both continuum models and tensegrity models. This may be 

especially important for cells attached to surfaces at points of focal adhesion where molecular 

cross bridging occurs’.

2.3.2 Discrete models incorporating cell organelles

A growing number of studies highlight the importance of the cytoskeleton in providing 

structural stability in adherent cells, in transmitting mechanical loads from the cell surface 

(Wang and Ingber, 1994; Pourati et al., 1998), in intracellular communication (Janmey, 1998; 

Juliano and Haskill, 2004) and in mechanotransduction and anchorage o f key molecules and 

enzymes involved in mechanotransduction (Ingber, 1993; Janmey, 1998; Janmey and Weitz, 

2004). Several biomechanical models in the literature have attempted to explicitly address the 

importance of the cytoskeleton, which has been modelled as an open-cell foam model (Satcher 

and Dewey, 1996), as a percolation network o f fibres in a viscous cytoplasm (Shafrir and 

Forgacs, 2002), and as a stress-supported tensegrity structure (Wang et al., 1993; Stamenovic et 

al., 1996; Stamenovic and Coughlin, 2000). Each model will be discussed in turn below.
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2.3.2.1 Open-cell foam  model

Open-cell foam models consist o f a unit of interconnected struts (Fig. 2.10). Satcher and Dewey 

(1996) devised this model by assuming that bending and twisting of actin filaments is the main 

mechanism by which the actin network responds to loading.

Using this model the shear modulus for the structural unit o f actin filaments was 

obtained using the following expression:

G<x:Ep.(p ,̂

where Ef,- is elastic modulus o f individual struts and <p is the relative foam density (volume 

fraction o f the struts relative to the volume of the foam). Taking <p to be on the order of I0‘̂  Pa 

and Ep as on the order of 10® Pa from experimental data (Satcher et al., 1997), it followed that 

the shear modulus of the actin network is estimated to be on the order of 10  ̂ Pa. Relative to 

more recent experimental work (Section 2.2.2), this value is now considered excessive for 

adherent cells. The model does, however, predict a strain hardening that arises due to bending 

and twisting o f the actin filaments during compression, which is consistent with observations 

obtained by indentation o f cultured adherent cells (Peterson and McConnaughey, 1982; Shroff 

et al., 1995; Radmacher, 2002). The open-cell foam model does not attempt to model neither the 

contractile forces in the actin cytoskeleton nor the rotation, re-positioning, or length changes of 

actin filaments as they equilibrate with imposed mechanical forces.

2.3.2.2 Percolation models

The third category o f discrete models that have been developed are known as percolation 

models (ShaMr and Forgacs, 2002; Head et al., 2003). In these models, actin cytoskeleton 

filaments in a viscous cytoplasm are free to form network pathways by attaching to other 

filaments via cross-linking molecules (Fig. 2.11). Because filaments are free to reposition, 

rotate, attach and detach to other filaments, several uninterrupted pathways can dynamically 

form to ensure percolation o f a force applied at the membrane to within the cell. Shafrir and 

Forgacs (2002) report that, even with a density of filaments and cross-linking molecules below
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Fig. 2.10 Representative structural unit o f the open-cell foam network 

devised by Satcher and Dewey (1996).

physiological concentrations, there is a reliable transfer of mechanical forces from the 

membrane to the nucleus. By incorporating the dynamic organisation of the cytoskeleton in 

response to external forces, percolation models illustrate the force-transmission capacity o f the 

cytoskeleton and a possible mechanism for cytoskeleton-mediated intracellular signal 

transduction. Due to the requirement for simplicity of geometry in implementing percolation 

theory, the development of a whole-cell model to which various loading conditions could be 

applied was not feasible.

2.3.2.3 Tensegrity

In the tensegrity (tensional integrity) approach the cytoskeleton is modelled as a interconnected 

network o f cables and struts (Ingber, 1997; Stamenovic and Coughlin, 1999), as illustrated in 

the six-strut, 24 cable model in Fig. 2.12. Stability of the network is achieved by a balance of 

tension transmitted by cables (i.e. actin filaments) and compression in struts (microtubules). A 

certain degree o f pre-tension or prestress is therefore required to maintain cell shape. The 

approach has been used to model many experimentally- observed aspects of cellular structural 

behaviour (Wang et al., 2001), such as prestress-induced stiffening and strain hardening 

(Coughlin and Stamenovic, 1998; Wendling et al., 1999), and to demonstrate upper and lower
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Fig. 2.11 Schematic representation o f  the percolation model o f  the cell 

cytoskeleton. Filaments that form  an uninterrupted path from  the 

membrane (outer box) to the nucleus (inner box) are denoted by heavy 

lines. Shaded circles represent elastic cross-linkers. Adapted from  

Shafrir and Forgacs (2002).

bounds for the elastic modulus o f an adherent cell (Stamenovic and Coughlin, 2000). This range 

was determined using estimates of the yield force o f actin, and the buckling force of 

microtubules, as measured by Gittes et al. (1993) and by Tsuda et al. (1996), respectively. A 

finite element implementation o f a tensegrity structure has also been used to describe cell 

migration (Moretti, 2001). Wendling and Canadas (2002) found that increasing the number of 

cortical actin components in the tensegrity structure did not increase stiffness, suggesting that 

prestress within the actin components of the cytoskeleton, and not the number o f individual 

actin components, dictates cell rigidity.

The experimental basis of tensegrity has been subject to controversy. Its main proponents 

argue that microtubules balance (along with the extracellular matrix) contractile forces, thereby 

preventing cell retraction or rounding (Wang, 2000; Stamenovic and Coughlin, 1999). For 

example, it has been reported that microtubule buckling increases when cytoskeleton 

contractility is increased by addition of thrombin to cells cultured on flexible surfaces 

(Stamenovic et al., 2002). Other key experimental observations that support tensegrity include 

observations of the ‘action at a distance’ phenomenon, whereby cell probing causes movement
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Fig. 2.12 A stress-supported tensegrity structure as a representative unit 

o f  the cytoskeleton. The grey struts in three orthogonal pairs represent

microtubules, while the thinner lines represent actin filaments. Adapted

from  Stamenovic et al. (1996).

of cytoskeletal components away from the site of manipulation as reported by Ingber et al. 

(2000) in several publications. Pourati et al. (1998) observed coordinated movement of 

mitochondria when microtubules were disrupted. These results lend support to the tensegrity 

hypothesis that cell structure is greatly influenced by contractile forces carried by the actin 

cytoskeleton, which forms an interconnected network with other cytoskeletal components.

Other researchers argue that forces applied to cells only result in local deformations, with 

any displaced microtubules or actin filaments being those already attached to the micro-needles 

-  both sides of this discussion are published in Ingber et al. (2000). An explanation offered for 

why the ‘action at a distance’ phenomenon is not always observed is that if the force is applied 

to a compliant area of the cell membrane away from any underlying cytoskeleton, the resulting 

stress will dissipate locally, and cytoskeletal restructuring and force transmission to other parts

of the cell will not occur. The opponents of tensegrity do agree that acto-myosin contractile

forces are probably transmitted by actin, and balanced by the microtubule-rich central 

cytoplasm, they insist that ‘action at a distance’ will only occur when molecular couplings are 

formed.
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2.4 Biochemical responses in mechanically-induced bone formation

2.4.1 Introduction

The biochemical responses o f  interest in bone formation are reviewed in this Section. Section

2.4.2 focuses on nitric oxide and prostaglandin E2 , both signalling molecules found in bone, that 

are the focus o f  this thesis.

Bone cell response to mechanical loading occurs over a range o f  timescales (from 

seconds to days), and includes changes in gene expression, proteins, enzymes and signalling 

molecules associated with osteoblast or osteocyte functions. Osteoblasts produce all the 

constituents o f the bone matrix. Responses to mechanical stimuli that are characteristic o f  

osteoblastic function include the expression o f proteins such as osteocalcin, osteonectin, 

alkaline phosphatase, bone sialoprotein and osteopontin (all non-collagenous proteins, NCPs), 

and secretion o f  collagen type I, the predominant bone matrix protein (Cowin, 2001). The role 

o f  NCPs is unclear although it is probable that they play a role in the calcification and fixation 

o f  hydroxyapatite crystals to the collagen. Bone cell production o f  alkaline phosphotase and 

osteocalcin synthesis are often taken as evidence o f osteoblastic maturation towards the 

mineralisation phase (Kaspar et al., 2000; Afzal et al., 2004). Up-regulation o f proteins such as 

c-fos are also important and may form part o f  a larger cascade o f transcriptional responses in 

bone matrix remodelling (Kawata and Mikuni-Takagaki, 1998; KleinNulend et al., 1998). 

Osteocytes are also involved in regulation o f bone mineral and architecture by maintaining 

appropriate levels o f  ions and by coordination o f adaptive bone cell responses to mechanical 

stimuli by cell-cell interaction.

Several enzymes and kinases are involved in various stages o f  bone cell signal 

transduction o f mechanical forces. It is known, for example, that inhibiting protein kinase C, 

phospholipase C, or cyclooxygenase-2 (COX-2) (the inducible form o f  cyclooxygenase 

enzymes) all inhibit mechanically-induced prostaglandin E2 response (Ajubi et al., 1999; Bakker 

et al., 2003). Two hours o f  fluid flow stimulation results in an increase in mitogen-activated 

protein kinase (MAPK), the inhibition o f which prevents increases in osteopontin mRNA levels
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(You et al., 2001). The constitutive endothelial nitric oxide synthase (eNOS) is required for the 

synthesis o f nitric oxide, an important signalling molecule discussed in Section 2.4.2. Estrogen 

stimulates eNOS activity in bone cells (Armour and Ralston, 1998), which may partly explain 

the importance o f estrogen in the prevention of osteoporosis.

There are several important bone cell signalling responses to mechanical forces in both 

osteoblasts and osteocytes. Increases in intracellular calcium (Ca "̂̂ ) concentration are early bone 

cell responses to receptor-mediated extracellular signals and to mechanical forces, and may also 

regulate signal transduction o f other bone cell activities (Hung et al., 1996; Ajubi et al., 1999). 

Early expression o f the gene heme-oxygenase-1 catalyses the carbon monoxide (CO) signalling 

molecule (Shivaram et al., 2004). Further discussion of the well-established role for both nitric 

oxide and prostaglandin as mediators o f bone metabolism follows in Section 2.4.2.

2.4.2 Nitric oxide and prostaglandin E2

Nitric oxide (NO) is a short-lived diffusible chemical messenger. It is involved in diverse 

physiological ftinctions including vasodilation, cell apoptosis, and cell differentiation in the 

cardiovascular, lymphatic, and neural systems. There is now substantial evidence that NO has 

an essential role in bone metabolism (Evans and Ralston, 1996; Afzal et al., 2004). Fox et al. 

(1996) report that NO plays a crucial role in mechanically-induced bone formation. This is 

supported by Turner et al. (1996) who confirmed that suppression o f nitric oxide synthase (an 

enzyme involved in NO synthesis) prevents loading-induced bone formation in rats. NO is also 

required for bone growth and remodelling during fracture repair (Diwan et al., 2000), and in 

modulating remodelling imbalances during ovariectomy-induced bone loss (Wimalawansa et 

al., 1997). It has been shown that activation of NO involves conversion of L-arginine to NO via 

the endothelial isoform of nitric oxide synthase (eNOS) in bone cells (Klein-Nulend et al., 1998; 

Helfrich et al., 1997) in endothelial cells (Busse and Fleming, 1995) and in osteocytes (Zaman 

et al., 1999; Klein-Nulend et al., 1995). Bone metabolism is regulated via eNOS-mediated NO 

control o f expression of genes involved in specific phases of osteoblast differentiation and bone 

formation (Afzal et al., 2004). Indeed, the importance o f NO in bone growth is evident from the
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marked bone abnormalities that arise in mice lacking eNOS genes (Aguirre et al., 2001; Armour 

et al., 2001).

Prostaglandins are eicosanoid lipid derivatives, and are important paracrine factors that 

coordinate cellular activity in almost every tissue in the body (Martini, 2004). They are 

generated by the release of arachidonic acids in the phospholipids in the cell membrane. It has 

been reported that administering prostaglandin E2 prevents bone loss, and adds bone mass in 

immobilised femurs of female rats (Akamine et al., 1992). Prostaglandin E2 also has a role in 

mechanically-induced bone formation; loading of canine cancellous bone explants induces 

prostaglandin release (Rawlinson et al., 1991), while indomethacin (which blocks PGE2 

activity) administered prior to mechanical loading has been shown to prevent any osteogenic 

response (Pead and Lanyon, 1989). Cellular PGE2 release involves cyclooxygenase-2 (COX-2: 

an enzyme required for prostaglandin synthesis) mediated conversion of arachadonic acid to 

PGE2 (Ajubi et al., 1996). It has been shown that osteoyctes are more responsive to fluid flow 

stimulation than other osteogenic cells, with respect to prostaglandin G/H synthase-2 (the 

enzyme responsible for conversion of arachidonic acid to prostaglandins), NO, and PGE2 

(KleinNulend et al., 1995; Westbroek et al., 2000).

It has been well established in several in vitro experiments that mechanical stimulation 

induces both NO and PGE2 release in osteogenic cells over a range of time points from 15 mins 

to 2 hrs (Klein-Nulend et al., 1995; Johnson et al., 1996; Klein-Nulend et al., 1998; Bakker et 

al., 2001; Smalt et al., 1997; Ajubi et al., 1996; Bacabac et al., 2004; McAllister and Frangos, 

1999). However, how mechanical forces can influence both NO and PGE2 signalling pathways 

in osteogenic bone cells remains unclear. In the literature, a role for the cytoskeleton in the 

transduction of mechanical signals has been established in: (i) fluid shear-induced COX-2 

expression in bone cells (Pavalko et al., 1998); (ii) in chicken calvarial osteocyte PGE2 response 

(Ajubi et al., 1996); and (iii) in nitric oxide response in endothelial cells (Knudsen and Frangos, 

1997). It is also possible that other cellular mechanisms are involved in mechanoreception and 

subsequent transduction of mechanical signals to a NO or PGE2 response, and may be 

modulated by cytoskeleton activity -  for example, integrin-cytoskeletal coupling (Wang et al..
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1993; Janmey, 1998), mechanosensitive cation channels (Ajubi et al., 1999; Rawlinson et al., 

1996), and gap junctions (Saunders et al., 2003).

NO has widespread downstream actions on cells within the bone environment, i.e. in 

bone, vascular endothelial, bone marrow stromal, and immune system cells. NO exerts its 

multiple actions via effects on intermediary metabolism, DNA synthesis, ion transport, ADP 

deamination, nitrosylation o f  proteins, regulation o f gene expression and transcription, chemical 

reactions with reactive oxygen species, and in particular via cyclic guanosine monophosphate 

(cGMP) (Collin-Osdoby et al., 1995). It is well-established that NO is the endogenous activator 

o f  soluble guanylyl cyclase (which contains a heme group for which NO has high affinity), 

leading to formation o f cGMP and a cascade o f phosphorylation events. In bone physiology, 

both NO and PGE2 are among an assortment o f  regulators o f osteoblast and osteoclast activity 

and therefore bone remodelling. These include systemic regulators (such as parathyroid 

hormone, vitamin D3, and estrogen), cytokines (such as interleukins and TNF), arachidonic acid 

metabolites (such as the prostaglandins), and free radicals (including NO and superoxide). It 

appears that NO has opposite effects on osteoblasts and osteoclasts: for example, Kasten et al. 

(2004) report that NO inhibits osteoclast function and therefore bone resorption via cGMP as 

second messenger, whereas Mancini et al. (2000) report that a slow moderate release o f nitric 

oxide stimulates proliferation o f  primary rat osteoblasts and alkaline phosphatase activity, while 

a rapid release and high concentrations o f  NO inhibit proliferation and induce apoptosis. 

Prostaglandins have been implicated as mediators o f  inflammation for many years. In bone, 

PGE2 is also reported as a stimulator o f  cytokine-induced bone resorption (Vane et al., 1994) 

most likely via a cAMP pathway (Klein and Raisz, 1970). Inhibitors o f prostaglandin synthesis 

prevent inflammation-related bone loss, as occurs in rheumatoid arthritis (Williams et al., 1992). 

It has been suggested by Ralston and Grabowski (1996) that the effect o f cytokines on bone 

resorption is determined by the balance o f NO and PGE2 levels -  high NO concentrations inhibit 

bone resorption and antagonize the effects o f  PGE2 , whereas lower concentrations o f NO act 

with prostaglandins to enhance bone resorption.
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2.5 In vitro mechanical stimulation o f bone cells

2.5.1 Introduction

Several researchers have attempted to understand how bone cells respond to mechanical loading 

by application o f mechanical stimuli to in vitro cell cultures and measuring alterations in 

biochemical responses. It is generally accepted that the candidate mechanical stimuli to which 

bone cells are subjected during physiological loading are both strain as a result o f deformation 

in the load-bearing matrix (Duncan and Turner, 1995) and strain-induced fluid flow through the 

lacunar-canalicular network (Hillsley and Frangos, 1994; Weinbaum et al., 1994; Burger and 

KleinNulend, 1999). Several laboratories attempting to replicate the in vivo bone cell 

mechanical environment have developed a variety of apparatus to apply physiological 

magnitudes and frequencies o f either strain and fluid flow, see Brown (2000) for a review. In 

Section 2.5.2 substrate strain experiments are discussed and in Section 2.5.3 fluid flow 

experiments are discussed. In Section 2.5.4, experiments comparing the response o f cells to both 

strain and fluid flow stimulation simultaneously are discussed. Finally, an experiment reporting 

mechanical stimulation of intracellular calcium response in single bone cells is described in 

Section 2.5.5.

2.5.2 Strains applied to substrate to which cells adhere

Brown (2000) describes various apparatus for application of mechanical strain to cells adherent 

to a substrate in vitro. These apparatus are designed to maintain normal culturing conditions as 

for control cells, but with strain of the cell substrate as a controllable parameter (for two 

examples see Fig. 2.13). Several studies report various cell responses to a range o f magnitudes 

o f strain stimuli, generally <3,000 ^e, which is within the physiological range proposed by Burr 

et al. (1996).

Jones et al. (1991) used a four-point bending apparatus to apply mechanical strain o f -2,000 |ae 

to osteoblast-like cells. Periosteal osteoblasts only responded with enhanced collagen type I 

production, relative to controls. Interestingly, application o f hyper-physiological strains up to
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Fig. 2.13 Apparatus designed to apply longitudinal strains through 

the substrate to which cells adhere, by (a) uniaxial distension (b) 

four point bending apparatus. Adapted from  Brown (2000).

10,000 (xe resulted in a de-differentiation o f the osteoblasts to a more fibroblast-like 

morphology. Meyer and Terrodde (2001) subjected bovine periosteal bone cells to uniaxial 

strains o f -2,000 fie. This caused an increase in bone-specific expression o f extracellular matrix 

proteins including collagen type I, while hyper-physiological loads of 10,000 |ie caused a 

synthesis of proteoglycans. Yang et al. (2002) also used a four-point apparatus to apply strains 

to osteoblast-seeded scaffolds. The applied strain of 1,000 |ie caused elevated collagen type I 

and alkaline phosphatase expression, which was further enhanced by incorporating calcium 

channel agonists within the mechanically loaded scaffolds. Each of these results suggests that 

applied strains in the region of those proposed by Burr et al. (1996) enhances the bone-forming 

capacity of osteoblast-like cells by stimulating collagen matrix production.

2.5.3 Fluidflow applied to monolayers o f  cultured cells

The parallel plate chamber was developed to subject monolayers o f adherent cells to fluid shear 

stress (Fig. 2.14). These experiments are generally designed to maintain normal culturing 

conditions, but with fluid shear stress as a controllable parameter. During an experiment the
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fluid flow rate is generated by a roller pump and the shear stress (t ) inside the chamber can be 

calculated using the following equation:

_ 6g//
bh^ ’

where Q  is the flow rate, is the fluid viscosity, and h and b are parallel plate chamber height 

and width respectively.

Using the parallel plate chamber, endothelial cells were first found to respond to shear 

stress with enhanced prostacyclin production (Frangos et al., 1985). In later years this apparatus 

was used to stimulate bone cells. It was reported that osteocytes in particular are most 

responsive to shear stresses (Klein-Nulend et al., 1996) in the range o f those estimated to occur 

in the lacunar-canalicular network, i.e. from 0.6 Pa to 3 Pa, as reported by Weinbaum et al. 

(1994).

Other bone cells, such as osteoblastic cell lines and primary cells (Bakker et al., 2001) 

were also found to be responsive to fluid flow stimulation, particularly with respect to nitric 

oxide and prostaglandin signalling molecules (Klein-Nulend et al., 1995; Johnson et al., 1996). 

Bone cells have also been found to respond to steady fluid shear stress with increases in 

intracellular calcium concentration (Hung et al., 1996). Importantly, it has been convincingly 

argued that bone cell responses to fluid flow are caused by the magnitude and rate o f the applied 

fluid shear stress, and not due to the consequences o f  simultaneous effects such as changes in 

electrical streaming potential or increased nutrient diffusion (McAllister and Frangos, 1999; 

Bakker et al., 2001; Bacabac et al., 2004).

A device has also been devised with which cells can be subjected to an oscillating shear 

stress, which the authors contend is more representative o f the type o f  fluid movement to which 

bone cells would be subject within the bone porosity (Jacobs et al., 1998). Using this device it 

was reported that oscillatory fluid flow was less potent than either steady or pulsating fluid flow 

in stimulating calcium response (Jacobs et al., 1998). A  more recent study using this device 

found that oscillating fluid flow stimulated gap junction-mediated PGE2 response 

independent o f levels in rat osteosarcoma cells expressing phenotypic characteristics o f
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Fig. 2.14 Schematic o f  the parallel p la te flow  chamber. Adapted from  

Burger et al. (1998).

differentiated osteoblasts (Saunders et al., 2003). Oscillatory fluid flow also activates 

osteopontin mRNA, and mitogen-activated protein kinases (MAPKs) within two hours (You et 

al., 2001). Another study used cDNA microarray approach to identify novel response genes that 

may regulate mechanoresponsiveness in bone cells subjected to oscillatory fluid flow. Increased 

expression o f  cyclooxygenase-2 (COX-2), the enzyme catalysing PGE2 , is consistent with the 

work o f  Saunders et al. (2003) and Bakker et al. (2003). Heme-oxygenase 1 the inducible 

isoform o f  an enzyme that catalyses the carbon monoxide (CO) signalling molecule was up- 

regulated 33-fold within 30 mins o f  oscillatory fluid flow (Shivaram et al., 2004), signifying a 

dramatic early signalling response.

2.5.4 Differences in bone cell response to flu id  flo w  and strain stimuli

Studies in which bone cell responses to both fluid shear stress and straining treatments have 

been directly compared report large differences in responsiveness to both stimuli. Owan et al. 

(1997) found that osteoblasts were more responsive to fluid flow than to applied strain. Fluid 

flow stimulation increased osteopontin expression (indicates the anabolic response o f the cells) 

regardless o f the strain magnitude. Smalt et al. (1997) report that both nitric oxide and 

prostaglandin E2 response was induced in osteoblastic cells by 14.8 kPa fluid shear stress, but 

not by any magnitude o f strain from 500 to 5,000 |i8 strain in 1 hr o f  stimulation.

Mullender et al. (2004) describe the response o f human-derived primary osteoblasts to 

both pulsatile fluid flow and cyclic mechanical strain using identical culturing protocols in each 

experiment, to allow comparison o f  bone cell production o f collagen type I matrix and the
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release o f both nitric oxide and prostaglandin E2 signalling molecules. In the strain experiment, 

cells were seeded to confluence on glass substrates. Using a four-point bending apparatus these 

substrates were subjected to tensile strains of ~I,000 fxe and a cycling frequency o f 1 Hz for 1 

hr. It was found that collagen type I expression in osteoblasts was significantly elevated, but the 

nitric oxide and prostaglandin E2 response was largely unchanged from control levels. Using a 

parallel plate chamber (Fig. 2.14) the primary osteoblasts were also subjected to a pulsating 

fluid shear stress o f magnitude 0.6 ± 0.3 Pa and frequency 3 Hz for one hour. This fluid flow 

stimulation resulted in enhanced NO and PGE2 release (2 to 9-fold increase, respectively) (Fig. 

2.15), and a down-regulation of collagen type I matrix production relative to controls. It was 

concluded that bone cells could distinguish between, and respond differently to, strain and fluid 

flow stimulation, perhaps via activation of different signal transduction pathways. It was noted 

that it was not necessarily valid to directly compare the consequences of two differing 

stimulation regimes, as the degree to which they deform the cell could be entirely different.

2.5.5 Application o f  mechanical stimuli to single cells

Atomic force microscopy (AFM) was developed by Binnig et al. in 1986, and has since become 

an invaluable tool in cell biology. The principle of AFM involves measuring the deflection of an 

AFM cantilever by detecting the position o f a laser beam reflected off the cantilever to a 

position-sensitive photodiode (Fig. 2.16). Cantilever deflection is governed by nanoscale 

surface interactions between a tip on the end of the cantilever and a sample or underlying 

substrate. Cantilevers are barely visible to the naked eye, while the dimensions o f a conical tip, 

for example, are typically 20 to 25 |im in length with an end-radius of -1 0  nm. A piezo driver 

controls the position o f the base o f the cantilever in the z-direction, and a piezoelectric scanner 

allows sample movement in the x- and y-directions (Fig. 2.16) -  the high sensitivity with 

which the cantilever tip position can be controlled in a feedback loop makes possible precise 

measurement of various physical properties o f surfaces and samples on the nanoscale.
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Fig. 2.15 Effect o f cyclic strain (CS) and pulsatile fluid flow (PFF) on 

prostaglandin E2  (PGE2) and nitric oxide (NO) release by human bone 

cells in vitro. Both NO and PGE2  were significantly increased relative to 

controls after 60 minutes PFF. Also, collagen type I was increased ~1.6- 

fo ld  in the CS group, but decreased ~0.6-fold by PFF, as measured after 

24 hours o f post-incubation (result not shown). Adapted from Mullender 

et al. (2004).

In recent years, the AFM has been adapted for use in liquid environments, and has since 

become a valuable tool for studying biological materials (Weisenhom et al., 1993). This has 

enabled imaging and probing o f the material behaviour o f adherent cells (Henderson et al., 

1992; Radmacher et al., 1996), measurement o f the forces required to unfold molecules such as 

DNA (Rief et al., 1999), o f hydrogen bond energy of a single peptide molecule (Lantz et al., 

1999), and application o f low magnitude forces that elicit a calcium response in primary bone 

cells (Charras and Horton, 2002a). In that study it was found that cyclic indentation (~1 Hz) into 

the cell membrane with a force o f -3 0  nN increased intracellular calcium concentration. Cell 

elasticity was determined using a Hertz contact theory (Charras et al., 2001b) and the radial 

strain caused by the indentation was calculated using a theoretical expression first derived by
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Fig. 2.16 Schematic illustration o f the principal and components o f an 

atomic force microscope (AFM). The deflection o f the AFM cantilever tip 

(as measured by photodiode detection o f laser position) on contact with 

a sample (such as an adherent cell) is controlled with sub-micron 

precision by movement o f  the z-direction piezo. Sample position can be 

controlled by precise movement o f the x-y piezo stage. Adapted from  

www.asylumresearch.com/Applications/AfmFluo/AfmFluo.pdf

Johnson (1985) that relates the radial strain to the cell elasticity, tip radius, radius o f contact, 

pressure at the centre o f indentation, Poisson’s ratio, and the force applied. The absolute value 

o f radial strain that elicited an intracellular calcium response was calculated to be >40,000 ne. It 

appears that these local strain values greatly exceed those substrate strains that have been shown 

to cause calcium response in monolayer experiments (Section 2.5.1).

In another study, Yellowley et al. (2000) report a calcium response in a single osteoblast 

subjected to an unquantified mechanical force using a glass patch pipette. The osteoblasts 

responded with an increase in intracellular calcium that appeared to propagate to other 

osteoblasts via gap-junction communication, as suggested by the passage o f calcein dye 

between cells.
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2.6 Conclusion

An examination of the structural contribution of the various organelles shows that the 

cytoskeletal components, in particular actin filaments and microtubules, influence cell shape 

and the positioning of other organelles. It is evident from several experimental studies that 

actin-transmitted contractile forces dictate cell shape, stiffness and degree of adhesion via 

coupling of actin to the extracellular matrix at focal adhesion complexes. In order to understand 

how mechanical forces impact on bone cells, it is thus important to recognise this contribution 

of the cytoskeleton independently of other organelles in the cytosol. Other structurally 

significant cell components include the cytoplasm, nucleus and membrane. In the literature it is 

evident that there has also been considerable interest in developing theoretical models of cell 

structure. The assumption adopted in several continuum models that the cytoskeleton can be 

accounted for in a continuum representation of the cytosol is not justified if one wants to model 

cell mechanosensitivity. Discrete models, on the other hand, adopt the opposite extreme as they 

focus on the contribution of cytoskeletal components alone in maintaining cell structure and in 

force transmission. It is thus apparent from the literature that a whole-cell model attempting to 

incorporate all significant organelles, including cytoskeletal components, has not been achieved 

to the extent that would allow testing of the hypotheses of this thesis.

Evidently a large number of researchers have investigated cell response to mechanical 

stimuli, providing strong evidence that bone cells do indeed respond to mechanical forces in 

vitro with a variety of responses, ranging from matrix protein production (such as collagen or 

osteopontin), to early signalling responses (such as calcium, nitric oxide, and prostaglandins). 

Many different mechanical stimulation regimes have been applied meaning that comparison of 

experiments is difficult. However, it is now recognised that bone cells are more responsive to 

fluid shear stress than to strain, particularly with respect to NO and PGE2 release. This result has 

led researchers to hypothesise that fluid flow is the more likely mechanism of transmitting 

mechanical loading within bone. Such interpretation of bone cell responses, and the relevance of 

these results to in vivo mechanobiology, is not a simple matter and is hindered by the fact that
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the physical consequences o f applied mechanical stimuli on the cellular level could vary 

considerably. In fact, very few researchers in the literature have attempted to address this 

fundamental issue, presumably due to the difficulty in performing measurements at the cellular 

level. Clearly there is a requirement for new computational and experimental approaches that 

address the gap in knowledge concerning processes underlying the conversion of an applied 

mechanical stimulus to a biochemical response.

It is evident from the literature that there are several other issues that remain to be 

substantiated in uncovering how osteocytes and osteoblasts respond to mechanical forces. For 

example, it is not known whether the cytoskeleton modulates (either directly or indirectly via 

ion channels, focal adhesions or other mechanosensors) the signalling pathways that transduce 

mechanical signals to important signalling responses, such as nitric oxide or prostaglandin E2. 

The magnitude o f force required for, and the dynamics of, nitric oxide response in a single bone 

cell are also of particular interest in establishing mechanisms o f bone cell mechanotransduction. 

While there is a considerable foundation o f experimental results in the literature that have led to 

the questions o f this thesis, new experimental approaches will be required to address the main 

hypothesis, i.e. that signalling responses in bone cells are dependent on the magnitude of 

mechanical stimuli and are mediated by cytoskeleton components.
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3.1 Introduction

In this Chapter the approaches talcen in arguing that magnitude-dependent cytoslceleton- 

mediated transduction of a mechanical force by mechanosensitive bone cells elicits rapid 

synthesis and release of signalling molecules are introduced. Both computational and 

experimental methodologies are devised to explore four related facets of this primary research 

question: (i) An investigation of what cell organelles maintain cell structure under applied 

forces and are therefore involved in intracellular force transmission and mechanotransduction -  

for this purpose a computational model o f an adherent cell is developed, as described in Section 

3.2. It is intended that upon corroboration of the model it will be justifiable to utilise the model 

as a mechanobiological tool, (ii) Attempting to understand how the physical consequences of a 

mechanical stimulus on the cellular level may be involved in the mechanisms underlying 

mechanotransduction o f signalling responses measured in several in vitro experiments -  for this 

purpose the computational cell model developed is used to examine the consequences o f fluid 

flow and strain stimuli on adherent bone cells, as described in Section 3.3. (iii) An investigation 

o f osteoblast and osteocyte response to mechanical stimuli, in particular which organelles are 

involved in mechanotransduction of signalling responses -  this is achieved experimentally by 

application of a fluid flow shear stress to cultured bone cells, as described in Section 3.4. (iv) 

The focus o f the thesis then converges to the single cell level in order to determine the 

magnitude of force required for, and the dynamics of, nitric oxide (NO) mechanotransduction -  

for this purpose atomic force microscopy is used to apply quantifiable indentation forces to 

single osteoblasts, while simultaneously monitoring intracellular nitric oxide intensity, as 

described in Section 3.5.
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3.2 Development of a computational model of an adherent cell

3.2.1 Cell model description

The finite element method is a mathematical tool that can be used to calculate the deformation 

o f  three-dimensional shapes divided into a finite number of elements and nodes under any 

desired loading conditions. The method has proven a useful tool for insight into 

mechanobiology at the microscopic level where experimental measurements are often difficult 

(Prendergast, 1997). In the present study the finite element method was used to develop a 

computational model o f an adherent cell and to model the deformation of a bone cell due to 

commonly-applied magnitudes of fluid shear stress and strain mechanical stimuli.

3.2.1.1 Model Geometry

Based on images o f a spreading cell (Fig. 3.1), a finite element model was developed to 

represent a spread bone cell adherent on a flat substrate (Fig. 3.2). This idealised biomechanical 

model comprises a nucleus, an internal cytoskeleton of tensile actin and compressive 

microtubule elements, together with cytoplasm, and membrane components (Fig. 3.2). The 

nucleus was formed from an ellipse with a major axis of 8 ^m, minor axis o f 5 |im, and a 

distance o f 2 ^m from the lower flat surface o f the model representing the cell-substrate 

interface. The cytoplasm and nucleus components are meshed with 8-node lower-order 

hexahedral elements, and the membrane is meshed with 4-node shell elements (Fig. 3.2).

The internal cytoskeleton in the model was formed by repositioning an originally 

rounded tensegrity structure (Fig. 3.3). In this structure the end o f each microtubule strut 

connects with four actin filament cables at 12 common nodes, which are also coincident with 

membrane and underlying cytoplasm nodes and are therefore analogous to focal adhesion 

complexes. Re-positioning o f the internal cytoskeletal network to comply with the more spread 

shape o f the model (Fig. 3.2) was achieved by establishing new positions for nine cytoskeletal 

‘focal adhesion’ nodes (nodes 4 to 12 in Fig. 3.3) on the membrane surface o f the model. To 

determine the exact new focal adhesion positions, radial planes defined by the central axis o f the
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Fig. 3.1 Images o f a spreading chick embryo fibroblast adherent on a 

glass microplate for (a) 5 minutes, and (b) after 3 hours. The dimensions 

o f the finite element models developed (Table 1) correspond to contact 

angles (6) and contact radii (R) highlighted in (b). Adapted from Frisch 

and Thoumine (2002).

model and the original positions of the focal adhesion nodes in Fig. 3.2 were established. The 

intersection o f these radial planes with the model surface yielded lines along which the new 

nodal positions must lie. Points o f intersection o f these surface lines with horizontal planes that 

maintain the vertical proportions o f the original tensegrity structure, i.e. the planes defined by 

focal adhesion nodes 4, 5, 6, nodes 7, 8, 9 and nodes 10, 11, 12 (Fig. 3.3), yielded nine new 

positions for cytoskeletal focal adhesion nodes on the membrane surface (Fig. 3.2). The original 

lengths and positioning of microtubule and microfilament elements are altered to comply with 

these new positions to yield the configuration for the internal cytoskeleton in the biomechanical 

model (Fig. 3.3).

The cell-substrate interface o f the model includes three end-nodes (nodes 1, 2, 3 in Fig. 

3.3) o f microtubule struts, one from each orthogonal direction. Microtubule struts and 

microfilament cables are meshed with single link elements (2-node three-dimensional spar 

elements with a bilinear stiffness matrix), supporting compression-only and tension-only 

respectively. This coincidence o f nodes is achieved through either re-sizing of the solid 

cytoplasm (and membrane shell) elements, or by slight re-positioning o f nodes o f the 

cytoskeletal elements.
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Fig, 3.2 Three-dimensional computational biomechanical model o f an 

adherent cell. The cell model comprises nucleus (in green), 

microfilament (blue lines), microtubule (red lines), cytoplasm (internal 

transparent elements) and membrane (dark blue) components. Half o f 

the cytoplasm and membrane components are omitted fo r  clarity. Cell 

model dimensions (contact radius, 19.2 pim; height, 7.6 fim) are based 

on the radius (R) and contact angle (9) highlighted in Fig. 3.1 and model 

volume is ~3,000 fim\

Fig. 3.3 A three-dimensional tensegrity network o f six compression- 

bearing struts (two in each orthogonal direction) representing the 

aggregate behaviour o f microtubules (dark lines), surrounded by and 

connected with 24 tensional cables representing actin filaments (light 

lines). The internal cytoskeleton in the cell model (Fig. 3.3) is arrived at 

by altering the lengths and positioning o f the microtubule and actin 

filament components in order to fi t  the cytoskeletal network to a more 

spread configuration (Fig. 3.2). See Section 3.1.1.1 for further 

explanation.

6

9

X
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Table 3.1 Elastic properties assigned to the 

components in the model.

Cell component Elastic 
modulus (Pa)

Poisson’s 
ratio (v)

Cytoplasm 100* 0.37

Nucleus^ 400 0.37

Membranet 10^ 0.3

Microtubules^ 1.2 X 10’ 0.3

Microfilaments^ 2.6 X 10’ 0.3

'  Guilak et al. (2000); t  Kamm et al. (2000); ^Gittes et al. (1993)

3.2.1.2 Constitutive modelling o f  cellular components

Material properties for cellular components of bone cells are currently unknown and were 

therefore estimated from published data for various cell types (Table 2.2, Section 2.2.2.3). The 

cytoplasm and nucleus were treated as linear elastic and isotropic continua. Following Kamm et 

al. (2000), the elastic modulus o f the cytoplasm is chosen as 100 Pa. The nucleus has been 

reported as four times stiffer than the cytoplasm (Guilak et al. 2000) and is therefore taken as 

400 Pa. Poisson’s ratio (v) for both nucleus and cytoplasm is taken to be 0.37 (Shin and 

Athanasiou, 1999). In a model developed by Kamm et al. (2000), in which epithelial cell 

membrane elasticity was specified as 10  ̂ Pa with a thickness o f 6 nm, it was concluded that 

membrane elasticity was likely over-estimated. In the model a lower value o f 10  ̂ Pa was 

therefore taken (with v = 0.3) while maintaining the same membrane thickness. The elastic 

properties applied to the cytoskeletal components in the model are based on the elasticity values 

determined by Gittes et al. (1993), who measured the flexural rigidity (bending stiffness) of 

microtubules and microfilaments when subjected to thermal fluctuations. In the model the 

microtubules were assigned cross-sectional areas of 190 nm^, while the microfilaments are 

thinner with an area of 18 nm^. These values were also taken from the study by Gittes et al. 

(1993).
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3.2.1.3 Initial conditions

In the modelling approach, it was assumed that each cell was attached only to the underlying 

substrate. Cytoskeleton nodes 1, 2, 3 and membrane nodes on the lower surface (cell-substrate 

interface) o f the model are constrained in all degrees o f freedom and are therefore analogous to 

focal adhesion sites in adherent cells. An arbitrary initial strain (or prestress) can be applied as a 

tensile strain to actin cytoskeleton components, to account for contractile forces in the sub- 

membranous actin network.

3.2.2 Quantitative corroboration o f the cell model

Regarding model confirmation, it was necessary to mesh the model with hexahedral elements 

that use linear shape functions since it was found that displacement boundary conditions applied 

to nodes o f tetrahedral elements resulted in significant warping of those elements. Sweep 

meshing with hexahedral elements resulted in a nodal density on the top surface that was 

sufficiently refined for application of constraints that reflect the probe geometry at each 

indentation depth. Further refinement would lead to a greater number o f nodes and hence 

increased accuracy, but was avoided due to technical difficulty and computational expense.

3.2.2.1 Boundary conditions fo r  corroboration o f the model

Quantitative corroboration o f the model is addressed by subjecting the model to loading 

conditions that replicate indentation by atomic force microscopy (AFM). Two approaches are 

adopted to simulate the indentation o f an AFM probe into the surface o f the model;

(i) application o f a point load on a node to investigate differences between the point load and 

probe modelling methods (see (ii) below). Indentation depths resulting from a point load 

o f 1 pN (applied to node A in Fig. 3.4) are compared to the reaction forces that resist 

applied displacements on nodes (60 nm) in the same region o f the mesh. Variations in 

compliance along the model surface are assessed by applying a larger indentation force of 

50 pN to nodes at three points along the model surface (B, C and D in Fig. 3.4).

48



A B

Fig. 3.4 Loading conditions used fo r  model confirmation: prescribed 

displacements and a point load are both applied at location A in a 

refined area o f  the surface mesh, to allow comparisons between both 

methods (see (i) and (ii) in the text). Point loads are also applied at 

locations B - D  along the model surface (B and D are ~6 and 4 fim 

respectively from  focal adhesion node C).

(ii) application o f displacement boundary conditions to a number of nodes to better simulate 

how an indenting tip indents and displaces the cell membrane surface. This allows 

comparisons with force-indentation curves obtained experimentally. Vertical 

displacement boundary conditions are chosen to reflect the actual geometry o f a conical 

probe with a contact angle o f 50° as it indents the cell surface. The prescribed 

displacements applied in modelling the probe, ranging from 50 nm to 100 nm, are applied 

to nodes in an area of the mesh that has been refined for that purpose (in the region of 

node A in Fig. 3.4). The reaction forces resisting these indentation constraints will yield 

force-deflection curves that can be used in determining local elasticity values through use 

of an appropriate theoretical relation.

3.2.2.2 Theoretical analysis o f  AFM probe indentation

The problem of contact between isotropic elastic bodies was first addressed by Hertz (1881), 

and later by Boussinesq (1885). Sneddon (1965) followed Boussinesq’s classical elasticity 

approach and developed expressions for the relation between load and infinitesimal indentation 

o f a semi-infinite elastic material for several axisymmetric rigid indenter geometries. As derived
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by Sneddon (1965), the total load F  required for normal penetration 8 o f a cone o f semi-vertical

n
angle a  is given by: ”(l— ytanor (3.1)

Ewhere n - —,-----  ̂ is the rigidity modulus, v is Poisson’s ratio, and the contact radius r is related
2(1 + V)

4
to indentation depth d by: r - —;------ ;—

tan  ̂a

Substituting for //, and r gives the relation between force and indentation depth:

F -      (3.2)K \.2tn a \ i -v^ )

In the model developed in this thesis, the axial component o f the total reaction force at 

all nodes to which displacement constraints are applied is taken as equivalent to F  (cell- 

substrate reaction forces are considered negligible in accordance with the assumption o f infinite 

sample thickness used in the derivation of equations (3.1) and (3.2); see Sneddon (1965)), 6 is 

the applied indentation, and a is taken as 50®. The expression cannot yield both the elastic 

modulus E  and Poisson’s ratio v from the force-deflection {F vs. 8) curves; v is therefore chosen 

to have a value of 0.37, identical to the underlying cytoplasm. Using eqn. (3.2), the reaction 

force versus applied indentation depths can then be used to determine E  (elasticity) values, 

which can then be compared to those experimentally-derived estimates (Section 2.2.2.1).

3.3 Application of the computational cell model

3.3.1 Probing the structural characteristics o f  adherent cells

To investigate the structural behaviour o f adherent cells, the biomechanical model was recreated 

in six increasingly spread configurations, the geometries o f which were based on images of 

spreading fibroblasts (Table 3.2), with the cell immediately post attachment having its most 

rounded configuration (Fig. 3.1a). The cytoskeleton was formed in each model in a similar 

manner to that described for the spread configuration in Section 3.2.1.1, with microtubule and
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Table 3.2 Dimensions o f  each finite  

element model A to F  in Fig. 3.5.

Model Contact 
radius (^m)

Cell model 
height (nm)

a 6 14
b 8.5 12.8
c 11.2 10.6
d 14.3 10.1
e 17.5 8.5
f 19.2 7.6

microfilament elements altering in length and position from the original tensegrity structure 

(Fig. 3.3) in finding the nine new nodal positions for each new model. Contact radii and heights 

of each of the finite element models are provided in Table 3.2. The corresponding cell volumes 

are -3 ,000 jxm̂  and the nucleus in each model was formed as described for the spread model in 

Section 3.2.1.1. The cytoplasm and nucleus elements in each model were meshed with 4-node 

lower-order tetrahedral elements. The membrane is meshed with 3-node shell elements.

In all models with the various degrees of spreading (Fig. 3.5a to 3.5f), nodes at the cell- 

substrate interface are constrained in all three translational degrees of freedom. These 

constrained points are analogous to focal adhesion sites in adherent cells. Initial constraints for 

each o f the six models also involve application of a prestress (initial strain) in the first loadstep 

o f each analysis, as described below. This prestress is a tension applied to the microfilament 

elements, effectively accounting for the contractile effect o f acto-myosin sliding mechanisms in 

the membrane/cortex region.

3.3.1.1 Spreading effects

All six models were used to investigate alterations in stiffness as contact radius increases. A 

force o f 100 pN is applied horizontally (load vectors denoted by ‘A ’ in Fig. 3.5a), but in both x 

and z horizontal directions. Averages of displacements in each direction yield stiffness estimates 

for each model. Prestress values applied to microfilaments are kept constant in each model, 

which is in accordance with observations o f constant cortical membrane tension in spreading 

cells (Thoumine et al., 1999).
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Fig. 3.5 Three-dimensional finite element models (a) to (f) o f  adherent cells 

at increasingly spread shapes to the fina l configuration in Fig 3. lb. Each 

model comprises membrane, nucleus, cytoplasm, and cytoskeleton 

components. The cytoplasm is omittedfor clarity in all models.
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3.3.1.2 Variable compliance o f the cell

All six degrees o f spread cell configurations in Fig. 3.5 are used to investigate differences in 

rigidity along the model membrane surface. Again, prestress is maintained at a constant value 

(2%) in each model. In each model, vertical forces (50 pN) are applied to a focal adhesion node, 

and at various distances (<5 |^m) from the node (load vectors denoted by ‘B’ in Fig. 3.5a).

3.3.1.3 Prestress and strain hardening

All other analyses of cell structural behaviour are investigated using the post-attachment cell 

model only, i.e. Fig. 3.5a. The loads applied involve application o f either (i) horizontal forces 

(50 pN) applied to two surface nodes in opposite directions, or (ii) the application of vertical 

indentation forces (50 pN) to membrane surface nodes.

Prestress values assigned to microfilament elements of model (a) are varied from 0 to 

10% in the first loadstep of each analysis, while subsequent loadsteps involve application o f a 

100 pN force (50 pN applied to two membrane surface nodes as illustrated in Fig. 3.5a, load 

vectors denoted by ‘A ’). The displacement of nodes in each direction due to the applied force 

are used to calculate cell model stiffness (nN/|im). To investigate strain hardening, the force 

applied in the second loadstep is increased from 25 to 150 pN while maintaining constant 

prestress values in the first loadstep.

3.3.1.4 Parametric variation o f material properties

The influence of material properties on stiffness is investigated in the rounded cell configuration 

(Fig. 3.5a) by modulating the elasticity of each model component by 50% and 200% of the 

original values, and computing displacements in response to 100 pN. Poisson’s ratio value for 

the cytoplasm is also altered from 0.37 to 0.25 and 0.49 in order to determine the effect, if any, 

o f the degree of cytoplasm incompressibility. Constant prestress values are maintained during 

the parameter study.
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3.3.2 Determining the consequences o fflu id  flow  and strain stimuli on bone cells 

3.3.2.1. Initial conditions

In experimental stimulation of bone cells, substrate strain and fluid shear stress treatment are 

generally applied to monolayers of sub-confluent cells. In the modelling approach adopted, it 

was therefore assumed that each cell was attached only to the underlying substrate and not to 

neighbouring cells. This assumption allowed application of the original cell model (Fig. 3.2) to 

determine the deforming effect o f 0.6 Pa fluid shear stress and 1,000 |a,e substrate strain on 

adherent bone cells -  these are the magnitudes o f mechanical stimuli used by Mullender et al. 

(2004), as described in Section 2.5.4. Cellular deformation was expressed as the displacement 

(nm) of the cell model, or as the von Mises stress induced in the various model components, 

relative to original material properties (% deformation). Von Mises stress {oe, N.|.im'^) combines 

the stress values in each direction:

Cytoskeleton nodes 1, 2, 3 and membrane nodes on the lower surface (cell-substrate interface) 

of the model were constrained in all degrees o f freedom and are therefore analogous to focal 

adhesion sites in adherent cells. No initial strain (prestress) was applied to either microfilaments 

or microtubules, although microfilament prestress was subsequently varied to determine its 

impact on model results. As the material properties assigned to cell model components are 

linear elastic and geometric non-linearity can be neglected (given the very small displacements 

occurring), by computing the deforming effect o f one magnitude o f fluid shear stress or strain, 

the deformations that would occur at various magnitudes o f fluid shear stress or strain (used in 

other published studies) can be directly inferred.

3.3.2.2 Loading conditions to model substrate strain

In the four-point bending apparatus used by Mullender et al. (2004), because the height of the 

adherent bone cells (< 7 ^m) is small relative to the thickness o f the bending substrate (200 

|im), bone cells are subjected to axial strain only and not to bending moments. To model the
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0.03% STRAIN

0.1% STRAIN

0.1% STRAIN

0.03% STRAIN

Fig. 3.6 Loading conditions applied to the cell model in order to model 

the effect o f  substrate strain on a single adherent bone cell. Nodes at the 

at the cell-substrate interface (see text) are constrained in th ey  (vertical) 

direction, and displaced by 0.1% and 0.03% strain in the x  and z  

directions respectively.

effect o f substrate strain on an adherent bone cell, each node at the cell-substrate interface o f the 

cell model was displaced axially by 0.1% (1,000 i^s) strain (Fig. 3.6). As Poisson’s ratio (y) for 

the glass substrate equals 0.3 the corresponding displacement o f nodes in the lateral direction 

was taken as 0.03% strain (Fig. 3.6).

3.3.2.3 Loading conditions to model flu id  shear stress

As the fluid flow in the parallel plate chamber used by Mullender et al. (2004) was laminar, it 

was assumed that the shear stress to which the bone cells were subjected was equal to the 

theoretical shear stress at the wall (calculated as 0.6 Pa). Recognizing that cellular dimensions 

(< 7 |xm) are small relative to the distance between the plates (-300 ^m), it was assumed that 

this shear stress acts tangentially along the cell surface in the direction o f flow. The forces 

applied to the cell model (see Fig. 3.7) were found from the shear stress, denoted r, distributed 

over the surface area exposed to fluid flow (As):

F  = T X Ag (3.3)
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Fig. 3.7 Loading conditions applied to the cell model in order to model the 

effect offluid shear stress on a single adherent bone cell. Tangential forces 

(resolved to x and y  components) are applied to each membrane surface 

node (arrows), based on the area o f each surrounding membrane elements.

From the model (Fig. 3.2) it is determined that =1329 fxm^. Using Eqn. 3.3, total force is:

F  = 0.6 pN//Mn^ X 1329 

= 191. A pN

This force was assumed to be distributed evenly over the membrane surface area. The force 

applied to each node is the sum of one quarter of the force assigned to each of its surrounding 

elements. As it is assumed that shear stress acts tangentially, nodal forces are then resolved to 

horizontal and vertical components based on the contact angle between each node and the cell- 

substrate horizontal plane (Fig. 3.7).

3.4 In vitro mechanical stimulation of osteoblasts and osteocytes using fluid flow

3.4.1 Pulsatile fluid shear stress stimulation o f bone cells in monolayers

3.4.1.1 Cell culture

Osteoblastic MC3T3-E1 cells (OB) were cultured in alpha minimum essential medium (a- 

MEM; Gibco, Paisley, UK), supplemented with 10% fetal bovine serum (FBS; Gibco), 1% p- 

glycerophosphate, 1% L-glutamin (Sigma-Aldrich, St. Louis, MO, USA), 1% ascorbic acid 

(Merck, Darmstadt, Germany), and 0.5% fungizone and gentamicin antibiotics (Gibco).
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Osteocytic MLO-Y4 cells (OCY: Kato et al., 1997) were cultured in a-MEM, supplemented 

with 5% FBS, 5% calf serum (Gibco), 0.1% penicillin and streptomycin (Sigma-Aldrich), and 

0.5% fungizone and gentamicin. The day preceding an experiment, 5 x 10  ̂o f either OB or OCY 

cells were plated on polylysine-coated (50 |ig/ml; poly-L-lysine hydrobromide, mol. wt. 15-30 x 

10'*; Sigma-Aldrich) glass slides such that the cells could be subjected to pulsatile fluid flow 

(PFF) stimulation in a parallel plate chamber, as was used by Klein-Nulend et al. (1995) (Fig. 

2.10). Cells were cultured in Petri dishes for 24 hrs in the appropriate medium (as described 

above) and were maintained at 37°C in a 95% air and 5% CO2  environment throughout the 

experiment (Fig. 3.8).

3.4.1.2 Pulsatile flu id  flow  stimulation

Cells were then selected at random from the three groups, i.e. untreated, actin-disrupted, or 

microtubule-disrupted (see Section 3.4.3.1). After the 1 hr pre-incubation the 13 ml 

experimental medium was refreshed, i.e. replaced with the appropriate medium for that group. 

Cells were either (i) cultured under static conditions in Petri dishes containing 13 ml 

experimental medium for 10 mins, or (ii) subjected to pulsatile fluid flow (PFF)-derived shear 

stress o f magnitude 0.39 Pa (3 Hz) or 0.64 Pa (5 Hz) for 10 mins (Table 3.3). The glass slides to 

which cells were attached served as the base o f the parallel plate chamber. The PFF was 

generated by pumping 13 ml o f the experimental medium for each group through a parallel plate 

chamber using a roller pump in an incubator, also at 37°C with the cycling medium in the 

presence of a steady flow of CO2  (Fig. 3.8). In both static and pulsatile fluid flow cultures, a 1 

ml sample o f medium was taken from the flow loop after 10 mins for biochemical analysis. The 

rate of flow was confirmed using a small animal blood flow meter (T206, Transonic Systems 

Inc.) included in the flow loop to confirm the accuracy o f the flow characteristics above.

3.4.2 Determining cell response: nitric oxide and prostaglandin E2 release

Nitric oxide was measured as nitrate (NO 2 ') accumulated in the experimental medium using 

Greiss reagent, consisting o f 0.1% napthylethylene-diamine-dihydrochloride, 1% sulfanilamide.
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5% CO, 
in air

Fig. 3.8 Schematic illustration o f the apparatus used to apply pulsatile 

fluid shear stress to osteocytes or osteoblasts by pumping experimental 

medium through a parallel plate chamber. 37° incubator (A); parallel 

plate chamber (B); polylysine-coated glass slide containing cells (C); 

experimental medium (D); H2O (E); revolving pump (F); 5% CO^-air 

mixture (G); flow probe (H); plate with two openings through which 

experimental medium enters and exits chamber (I). Adapted from Klein- 

Nulend et al. (1995).

and 2.5M  H3PO4. Serial dilutions o f  N aN 02 in medium were used to obtain a standard curve for 

each measurement. The absorbance was measured at 550 nm. The detection threshold o f  Griess 

reagent assay is 0.1 nM  (K leinhenz et al., 2003), which was confirmed with NaNO : standards. 

PGE2 release in the conditioned medium was measured by an enzym e immunoassay (EIA) 

system  (Amersham, Buckinghamshire, UK) using an anti-body raised against m ouse PGE 2 . The 

detection limit w as 16 pg/ml. Absorbance was measured at 450 nm.

Data obtained from separate experiments were pooled and expressed as mean values ±  

SEM. Comparisons between groups were made using the Mann-Whitney U test. D ifferences 

were considered significant i f  p < 0.05.
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Table 3.3 Flow characteristics o f  the applied pulsatile  

flu id flow  regimes.

Low PFF M edium PFF

Frequency (Hz) 3 5

Flow rate (cmVs) 0.2 0.33

Shear stress (Pa) 0.4 0.64

3.4.3 Investigating cytoskeletal involvement in bone cell responses 

3.4.3.1 Disruption o f  the actin and microtubule cytoskeleton

Prior to fluid flow  stimulation, plated cells were incubated for 1 hr in 13ml o f  the appropriate 

medium with the total serum content reduced to 2% (referred to as experimental medium). Cells 

were then divided at random into three groups:

(i) untreated control medium;

(ii) actin-disrupted: medium supplemented with 1 |iM  o f  cytochalasin B (Sigm a-

Aldrich), a toxin that prevents actin polymerisation (Theodoropoulos, 1994), 

and consequently blocks formation o f  contractile microfilaments (Carter, 1967; 

Krishan, 1972). The concentration o f  cytochalasin B used was based on a 

previous study in which it was shown that PFF-induced PGE2 release in 

embryonic chicken calvarial osteocytes was dependent on the actin 

cytoskeleton (Ajubi et al., 1996);

(iii) microtubule-disrupted: medium supplemented with 1 nM  o f  colchicine (Sigm a-

Aldrich), a toxin that prevents microtubule polymerisation (W ilson and 

Friedkin, 1966; Farrell and W ilson, 1980; Andreu et al., 1991; Luduena et al., 

1992). 1 |iM  o f  colchicine was used as that concentration was considered a 

medium concentration in a previous study (Trickey et al., 2 0 0 4 ) .

It was observed that these concentrations o f  both cytoskeleton-disrupting agents had a 

significant non-toxic effect on cell morphology within 1 hr.
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3.43.2 Cytoskeletal staining

Immediately after 10 mins of pulsatile fluid flow (or static controls), the glass slides containing 

either OBs or OCYs were removed from the parallel plate chamber and, along with static 

controls, were washed twice in phosphate buffered saline (PBS) in Petri dishes. The cells were 

then fixed using 4% formaldehyde in PBS for 15 mins, washed in PBS and permeabilised using 

0.1% Triton in PBS for 10 mins, followed by two washes in PBS. To reduce non-specific 

binding, cells were then incubated in PBS containing 1% bovine serum albumin for 15 mins. To 

fluorescently label actin, cells were incubated in -80  |il of FITC-phalloidin (Molecular Probes, 

Leiden, The Netherlands) for 45 mins in a covered container, and were then washed twice in 

PBS. Hence, changes in the actin cytoskeleton due to pulsatile fluid flow and due to both actin 

and microtubule disruption could be visualised. The percentage of cells in which alignment of 

stress fibers occurred in each of the images obtained from 4 separate experiments was calculated 

as mean values ± SEM. Fluorescent images were obtained at 488 nm using a fluorescent 

microscope.

3.5 Using atomic force microscopy to meclianically stimulate single osteoblasts

This section describes the experimental apparatus and procedure used to apply quantified 

mechanical forces to single bone cells, while simultaneously measuring resultant changes in 

osteoblastic nitric oxide release. Of particular interest is the magnitude of the force required to 

elicit a response, the delay in and duration of nitric oxide release after mechanical stimulation, 

and whether any response is transmitted to neighbouring cells.

3.5.1 Synchronised osteoblast indentation and nitric oxide response measurement 

An Asylum Research (CA, USA) MFP-3D atomic force microscope (AFM) is combined with 

an Olympus Cell‘d Imaging Station (Olympus Biosystems, GmbH, Germany). In this system the 

AFM scanner and head are positioned above the stage of the fluorescent microscope. Hence, 

movement of the sample and AFM tip relative to the objective lens of the inverted microscope
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is made possible. An advantage o f  the combined system  is that real-time measurement o f  the 

fluorescence within the field o f  view  o f  the objective lens can be obtained simultaneously 

during operation o f  the AFM.

Specifically, in this experiment, the combined AFM  and fluorescent m icroscope system  

is used to apply quantified mechanical forces to single M C3T3-E1 osteoblasts, w hile measuring 

real-time NO response as indicated by the intensity o f  an intracellular fluorescent dye activated  

by intracellular nitric oxide or by nitric oxide in the extracellular medium.

3.5.1.1 Cell culture and intracellular nitric oxide monitoring

MC3T3-E1 osteoblasts were cultured in alpha minimum essential medium (a-M EM : Sigma- 

Aldrich, Dorset, UK) containing 10% foetal bovine serum (FBS: Gibco, Paisley, UK ), 1% 

penicillin-streptomycin solution 1000 lU  (Gibco), 2mM  L-glutamine (G ibco) and 0.5% 100 mM 

Sodium Pyruvate (Sigma-Aldrich). The osteoblasts were kept an incubator at 37°C in a 95% air 

5% CO2 environment. Subculture was routinely performed at -80%  confluence, using 0.25%  

trypsin.

The day preceding each experiment, osteoblasts were plated at low  density on 40 mm  

diameter glass coverslips, and incubated in culture medium in Petri dishes until the osteoblasts 

had attached. The osteoblasts were incubated overnight in 5 ml o f  the experimental culture 

medium described above. Prior to each experiment, the culture medium was removed and the 

osteoblasts were washed with a Mg^VCa^^ buffer solution, containing 130 mM NaCl, 5 mM  

KCl, ImM  N a2HP04, ImM  M gC b, and ImM CaCb. The osteoblasts were then incubated for 40 

mins in buffer solution containing 5|iM  DAF-FM  (M olecular Probes, The Netherlands). DAF- 

FM (4-am ino-5-m ethylam ino- 2',7' -difluorofluorescein diacetate) is a fluorescent dye with a 

fluorescent em ission wavelength o f  520 nm that is cell-permeant. It is non-fluorescent until it 

reacts with NO to form a fluorescent benzotriazole. The N O  concentration limit for detection is 

~3 nM (Kojima et al., 1999). The DAF-FM  solution is then removed, the osteoblasts are washed  

tw ice, and incubated for a further 15 mins with the Mg^VCa^’̂ buffer buffer to remove any cell 

debris. The glass coverslips to which the osteoblasts are attached to an annulus o f  plastic
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machined from the bottom of a Petri dish, such that the cell surface positioning allowed for 

simultaneous use of the combined microscope and AFM system. The Petri dish is positioned 

above the objective lens of the inverted microscope and below the AFM head and cantilever tip. 

The osteoblasts and AFM tip are constantly immersed in buffer solution for the duration o f the 

experiment. Using the Olympus inverted microscope software platform (Cell R™) the 

osteoblasts were exposed at intervals to excitation light of wavelength 488 nm during the course 

o f the indentation experiment. Nitric oxide levels during the experiment are measured by 

drawing boundaries around ‘regions of interest’ within which the intensity of fluorescence can 

be automatically quantified over the course o f the experiment (Fig. 3.9).

3.5.1.2 Cell indentation procedure

The glass slide to which the osteoblasts are attached, which must remain immersed in cell 

medium, is placed on the AFM scanner directly above the objective lens o f the inverted 

microscope. The AFM head and cantilever tip is positioned above this cell surface. The 

cantilevers used are rectangular NSC36 cantilevers, with a stiffness range from 0.5 to 2.5 N/m 

(Mikromasch, Germany). The stiffness and sensitivity o f the cantilever are then calibrated (see 

Section 3.4.3), both in air and when completely immersed in the PBS solution. The level o f the 

AFM head is lowered such that the tip lies slightly above the surface (on the order o f mm’s). In 

this position, the AFM cantilever tip can now be visualised through the objective lens and a 

droplet o f liquid medium can be formed between the ceil surface and the AFM holder, 

completely immersing the cantilever (Fig. 3.10).

An osteoblast with a well-spread morphology is chosen, ensuring that a clear 

fluorescent image o f the osteoblast can be obtained without excessive background staining -  

this means the fluorescent dye has successfully internalised within the osteoblasts, and has been 

sufficiently washed. The cantilever is brought to the substrate by engaging in contact mode, 

meaning that any cantilever deflection during advancement towards the cell surface is controlled 

in a feedback loop that maintains deflection at a predetermined ‘setpoint’ value via appropriate 

movement o f the piezo driver. This ensures a ‘soft landing’ and minimises risk o f tip damage.
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Fig. 3.9 Fluorescent image o f  intracellular nitric oxide in MC3T3-E1 

osteoblasts, incubated in DAF-FMfluorescent sensor and buffer solution 

fo r  35 mins. Also shown are regions o f  interest drawn around whole 

osteoblasts o f  an internal region o f  an osteoblast, such that changes in 

nitric oxide levels within these regions can be precisely quantified.

The height o f the tip is then adjusted to > 5 above the cell surface ensuring that the tip is at 

least 2 urn above any adherent osteoblasts. The final part of experimental setup is to position the 

point o f the conical tip above a region of the osteoblast cytoplasm.

At time 0 of each experiment the tip is stationary for 30 s. This is to establish the 

baseline level o f osteoblast nitric oxide fluorescence before indentation. At 30 s, the AFM tip is 

actuated downwards at a velocity of < 1 |im/s by an estimated travel distance such that the tip 

will contact with, and indent, the osteoblast membrane. The estimated travel distance is equal to 

the tip height above the cell surface minus the estimated osteoblast height, and is typically 1 to 2 

Hm. Once the distance that results in a tip deflection that corresponds to a specified trigger force 

is established (between 15 and 50 nN), those parameters are maintained for continuous 

indentation for a fiirther 60 s. The rate o f force application is dictated by the actuation time, i.e. 

the time required for the piezo to extend and retract between successive indents, and is typically 

~3 Hz. The microscope shutter is triggered to open every 3 s for the entire experiment (from 0 

to 300 s) to capture the fluorescence intensity within the regions o f interest for each successive 

time point. This shutter speed yielded the optimal balance between resolution required to
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Fig. 3.10 Image o f a typical cantilever used in each indentation experiment.

Prior to each experiment a new cantilever is chosen from three rectangular 

NSC36 Mikromasch cantilevers and the remaining two (in this case the left 

and right) cantilevers are removed to prevent uncontrolled contact with 

other osteoblasts or with the substrate during indentation. This image is 

taken from below using a 20x objective lens o f the inverted fluorescent 

microscope. The conical tip extends a height o f ~20 /um (out from the page) 

and has a curvature end-radius o f ~14 nm (tip dimensions courtesy o f Dr.

M. Polcik, SFI Nanoscience Laboratory, TCD).

capture transient changes in short-lived nitric oxide levels, while avoiding excessive sample 

bleaching through over exposure. A force versus travel distance graph (force curve) is obtained 

for each successive indent; 60 s of indentation yields ~20 force curves.

3.5.1.3 Quantifying the applied indentation force

To determine the magnitude of force applied to the osteoblast membrane by deflection o f the 

AFM tip, it is necessary to determine the stiffness and sensitivity o f the cantilever. Once the 

stiffness, i.e. spring constant (N/m) o f the cantilever is known, it is then possible to determine 

the force that corresponds to a certain cantilever deflection (Fig. 3.11). As cantilever deflection 

is measured by the photodiode as a voltage, the sensitivity (nmA^) of the cantilever must be 

known to determine the deflection that corresponds to a certain voltage. Here, the method used 

in calibrating the sensitivity and spring constant of the rectangular AFM cantilevers used in all
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Cantilever 
stiffness: 
K  = F . x

Fig. 3.11 Schematic illustration o f  Hooke’s Law - the spring constant (K) o f  

the cantilever must be known to relate the measured deflection (x) to an 

appliedforce (F).

experiments is briefly outlined.

The method used to determine the spring constant is based on an expression derived by 

Sader (1998) given in Eqn. 3.3 below, which relates the spring constant (A^ to the rectangular 

dimensions of the cantilever {L and b), the density of the fluid (p), the resonant frequency o f 

oscillation (cwf) of the cantilever, and the quality factor (^f) o f the resonant peak. F[ is a function 

o f the fluid hydrodynamics;

K = Q . \ 9 Q 6 p b ^ L Q j C o } r / ( ( O f )  (3.3)

The hydrodynamic fiinction F\ was first derived by Green and Sader (2002) by solving Fourier- 

transformed equations o f motion (based on the velocity field, the hydrodynamic pressure, the 

fluid density and viscosity) for an infinitely long rigid beam with a cross-section identical to that 

o f the cantilever of interest. By interpolating to asymptotic limits the numerical expression was 

made valid for all Reynolds numbers (Green and Sader, 2002). The plan view dimensions o f the 

rectangular cantilever are taken from the manufacturers specification. The resonant frequency 

and quality factor are obtained by measuring the cantilever thermal noise spectra -  essentially 

cantilever oscillations due to thermal noise (a typical spectrum is given in Fig. 3.12). The blue 

line in Fig. 3.12a and 3.12b is the theoretical fit used to determine the parameters required for 

Eqn. 3.3. The sensitivity o f the cantilever, i.e. deflection corresponding to the measured 

photodiode voltage, is also determined from this spectrum.
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100kHz 1MH7

b

100 Hz 10kHz 100kHz1kHz 1MHz

Fig. 3.12 Thermal noise power spectrum -  frequency (x-axis: Hz) versus 

cantilever amplitude (y-axis: metres) o f a NSC36 Mikromasch cantilever 

oscillating in air (a) and in liquid medium (b). The characteristic 

resonant frequency (in kHz), the stiffness (in N/m) and sensitivity (in 

nm/V) o f each cantilever are determined by fitting the various 

parameters required for implementation o f the ‘Sader’ method to these 

thermal spectra.
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Prior to each experiment, the stiffness and sensitivity are immediately calculated using 

the above method, firstly in air and again once the cantilever is immersed in liquid medium, 

which introduces damping to cantilever movement. Two thermal spectra are therefore obtained 

and both should yield similar stiffness values, as the hydrodynamic properties of each medium 

are accounted for (Fig. 3.12b). The ‘Sader’ method has been experimentally validated (Chon et 

al., 2000), and is accurate provided that the length of the cantilever greatly exceeds its width, 

which in turn must greatly exceed its thickness, and that the quality factor significantly exceeds 

unity. It is therefore less accurate in liquid as the resonant peak is less pronounced and the 

quality factor is lower than in air. However, it is ensured that the cantilever used provides good 

agreement between stiffness values obtained in air and liquid before proceeding with each 

experiment. After each experiment the tip is re-positioned above the glass substrate (away from 

any osteoblasts) and the piezo is actuated downwards to indent the glass surface, yielding a 

voltage-deflection curve. Assuming zero deformation of the tip or sample, the slope of the linear 

contact region of this curve yields the correct sensitivity value in nm/V, which should be within 

5% of the estimated sensitivity using the method described above. The force-indentation data 

from each successftil indentation can be used to calculate elasticity values using the Hertz 

method, as described in Section 3.2.2.2. Hence comparisons of elasticity values from each 

experiment are possible and will illustrate how elasticity varies with depth of indentation into 

the membrane.

3.5.1.4 Calculating membrane surface strain due to indentation

The force-indentation characteristics obtained during tip indentation into an osteoblast 

membrane can be used to calculate the surface strains using theory describing the normal 

contact of elastic bodies. Johnson (1985) reports that during contact between a cone (in this case 

a conical AFM tip) of semi-vertical angle a and a deformable flat surface, the pressure on the 

face of the indenting cone is:

(3.4)
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and the total force (F) applied by conical tip is:

;ra^Ecot(g)
2 (l-u 2 )

where E is the elasticity, a is the contact radius, and r is the distance from the centre of 

indentation (note that in Eqn. 3.4, when r = 0 at the centre of indentation the pressure is infinite, 

whereas when r = a where tip-membrane contact ends the pressure is zero). The contact radius 

is determined from the experimentally-derived indentation depth (determined from a force 

curve) using the following expression, as reported by Sneddon (1965):

7t tan(a j

The relationship between the applied force and the pressure distribution can be written as 

(combining Eqns. 3.4 and 3.5):

Fcosh'M^
p{r)^ ---------------------------------------------------------------- (3.7)

The radial (tangential) stress in the surface, which also rises to an infinite value at the apex, is 

related to the pressure distribution in the following expression (Johnson, 1965):

a X r ) = - ~ { \ ^ 2 v ) p { r )  (3.8)

The radial stress can be related to the strain by:

Sr = ^  , (3.9)
E

where E is the elasticity value calculated from force-indentation values using the Hertz method, 

as described in Section 32.2.2. Hence, combining Eqns. 3.7 to 3.9 yields an expression for the 

radial membrane strain e, arising from indentation to a depth of indentation 8 of a conical tip 

with an applied force F\

(l + 2u) Fcosh“'(‘̂ )

2Ena^

where a  is the semi-vertical angle of the AFM tip, v is Poisson’s ratio (specified as 0.37 based 

on experimental data in Section 2.2.2.2), E is the elasticity, and a is the tip-membrane contact
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radius (resulting from indentation depth 8 using Eqn. 3.6 above). Once F  and 8 are known, 

membrane radial strain can be calculated using Eqn. 3.10 for any value o f r within the tip- 

membrane circle o f contact, i.e. for any value o f r  < a.

3.5.1.5 Control experiments

Each set o f osteoblast indentation experiments is accompanied by a control experiment using 

osteoblasts from the same cell passage. In this control the tip is positioned adjacent to an 

osteoblast but without any tip-membrane contact or tip movement during the experiment. The 

purpose o f these controls is to establish any alteration in osteoblast NO fluorescence that will 

occur due to exposure to excitation light regardless o f application o f mechanical stimuli.

Additional control experiments were performed to address the possibility that:

(i) Fluid flow movement during cantilever actuation (and not the force applied via the 

tip) is responsible for activation o f NO in the osteoblasts. To examine this 

possibility, standard experimental procedure was followed in 10 experiments 

(Sections 3.5.1.3 and 3.5.1.4), but the tip was actuated above the osteoblast 

approximately 2-3 above the osteoblast membrane without contacting.

(ii) Alteration in NO fluorescence levels during an indentation experiment may be due 

to interference o f the cantilever with the fluorescence within an osteoblast, or to 

reflection o f fluorescent light from the cantilever during indentation. To examine 

this possibility, in 15 experiments osteoblasts were incubated in a mitochondrial- 

selective fluorescent label, Mitotracker Green™. This dye accumulates in the 

mitochondrial matrix where it covalently binds to mitochondrial proteins. Standard 

experimental protocol was followed but with the osteoblasts in 5 |iM o f Mitotracker 

Green in place o f DAF-FM (the NO fluorescent label). Changes in mitochondrial 

protein content or mitochondrial proliferation occur over a much larger time-scale 

(18 hrs) than used in the present indentation experiment (Maguire et al., 2005); any 

changes in mitochondrial fluorescence during this control experiment would
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therefore be due to experimental artefacts such as tip interference with fluorescence, 

and not to osteoblast mechanotransduction.

(iii) It is possible that tip indentation may also result in non-viable osteoblasts by 

necrosis or apoptosis due to damage to the osteoblast membrane. This is examined 

in a number o f  controls using propidium iodide (PI: Sigma-Aldrich), a reagent that 

is impermeable to the membrane and binds to double-stranded nucleic acid. The 

standard indentation protocol is followed with osteoblasts incubated in NO 

indentation, rinsed in PBS buffer, and immersed in buffer containing 1 ^.l/ml o f  PI 

fluorescent dye immediately prior to and during osteoblast indentation. The 

wavelength o f  light for PI excitation and emission (580 nm and 630 nm, 

respectively) differs to that for NO. As PI is membrane impermeable, a positive PI 

fluorescent staining suggests that the membrane has been damaged or ruptured and 

that the osteoblast may be non-viable.

3.6 Using the methods to investigate the thesis

The experimental and computational methods presented in this Chapter will be used to obtain 

evidence in support o f the thesis that transduction o f  nitric oxide and prostaglandin E2 signalling 

responses in bone cells subjected to mechanical stimuli is magnitude-dependent and mediated 

by the cytoskeleton. Computational m ethods involve the development o f a cell model 

com prising cytoplasm, cytoskeleton, m em brane and nucleus components. Previous finite 

element modelling approaches would have been too rudimentary to give useful data for this 

thesis, so a cell model based on experimentally-derived evidence o f structural involvement o f  

the various organelles was developed and used to examine the origins o f qualitative aspects o f 

cell structural behaviour.

The experimental methods allow for several other important aspects o f  both osteoblast 

and osteocyte mechanotransduction o f  signalling responses to be studied. In particular, the 

experiments involve: (i) application o f  a pulsating fluid flow to monolayers o f cultured bone
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cells with visualisation of the involvement o f actin and microtubule cytoskeleton components in 

mechanotransduction o f signalling responses, and (ii) application o f indenting forces to single 

osteoblasts with real-time monitoring o f dynamic changes in intracellular nitric oxide intensity. 

Hence, these methods can address the primary question o f the thesis by integrating new 

experimental techniques with computational modelling approaches.
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4.1 Description and structural characteristics of the computational cell model

4.1.1 Structural contribution o f the cytoskeleton and other organelles

When forces in the picoNewton (pN) range are applied to the computational cell model, the 

displacements computed are on the order of nanometres (nm). The stiffness values obtained 

range from 0.5 -  3 nN/|im whether the model is subjected to horizontal or vertical applied 

forces. As prestress in the actin components o f the cell model is increased linearly, a non-linear 

increase in stiffness arises (Fig. 4.1). This non-linear increase in stiffness arises particularly 

when the force is applied to a focal adhesion site (where the cytoskeleton is tied to the 

membrane and cytoplasm), but is also observed when the force is applied at distances from a 

focal adhesion site (Fig. 4.1). As the force applied to the cell model is increased, the stiffness 

also increases, indicating a non-linear strain hardening effect. The effect disappears when the 

contribution of the actin cytoskeleton-transmitted prestress is omitted from the model by 

assigning a 0 % prestress (Fig. 4.2).

To examine the effect of treating bone cells with microtubule inhibitors such as 

colchicine, the microtubule components in the cell model were omitted. It was found that, using 

an arbitrary prestress value o f 1%, the cell stiffness was -77%  lower than when microtubules 

are included. This effect is illustrated in Fig. 4.3 along with the contribution o f other cell 

organelles to overall cell stiffness. The cytoplasm has a more significant influence on stiffness 

than the nucleus or membrane, and that decreasing actin elasticity to 50% of original values has 

a much greater influence on cell stiffness than does an increase to 200% (Fig. 4.3).

The degree of cytoplasm compressibility, i.e. the Poisson’s ratio, has a significant effect 

on the cell model stiffness. Increasing the Poisson’s ratio (u) from the original value of 0.37 to 

0.49 increases cell stiffness by 45 %, whereas decreasing u to 0.25 decreases stiffness by ~4 %. 

The properties of the membrane and nucleus components were found to have an almost 

inappreciable effect on cell stiffness relative to other components (Fig. 4.3).
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Fig. 4.1 The effect o f  prestress on cell model stiffness. The dotted line 

(stiffness at 0% prestress) illustrates the small increases in stiffness 

that can also occur when the force is not applied directly to a focal 

adhesion site.
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Fig. 4.2 Stiffness versus applied force. Note that at 0% prestress in the 

cytoskeleton there is no strain hardening effect.
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Fig. 4,3 The effect on cell model stiffness o f  altering the material 

properties o f each cell component from the original values in Table 3.1.
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Fig. 4.4 Variable stiffness on application o f vertical indentations o f 50 

pN  along the surface o f increasingly spread models A to F  (model d  is 

not included as it did not support 50 pN  at a distance from a focal 

adhesion). The dimensions o f models A to F  are provided in Table 3.2.

Application of vertical indenting forces to the increasingly spread models illustrates 

significant variation in compliance of each model (Fig. 4.4). Despite their having material 

properties in common, each of the models have differing maximum stiffness values, which is 

explored in more detail in Fig. 4.5. In each model resistance to applied force increases with 

proximity to focal adhesion sites due to the more rigid underlying cytoskeleton components.
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Fig. 4.5 (a) Cell stiffness for increasingly spread configurations from  

models A to F. Graph (b) shows the corresponding cytoskeleton (CSK) 

displacements (fxm) due to prestress prior to application o f horizontal 

forces that yield stiffness values.

Mechanical properties vary and do not change systematically in increasingly spread 

configurations o f the cell model. Cell stiffness increases initially from models a to c, model d is 

the most compliant configuration, and the stiffness increases from models e to f  (Fig. 4.5a). 

Examining the cytoskeleton displacement as each model equilibrates to the prestress applied in 

the first loadstep (prior to application o f the 50 pN force, as described in Section 3.3.1), 

provides some explanation for these differences in stiffness. Cytoskeleton displacement 

increases in increasingly spread models but with a maximum in model d (the model with the 

greatest compliance) (Fig. 4.5b). These displacements due to the initial prestress may reflect the
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Fig. 4.6 Reaction force versus indentation displacements for nodes 

resisting indentation displacements at the apical surface o f the 

computational cell model, for three arbitrary prestress values.

trend in how cell stiffness values change for each increasingly spread configuration (Figs. 4.4 

and 4.5a), i.e. cell stiffness is determined by the prestressed cytoskeleton.

4.1.2 Corroboration o f the cell model by analysis o f AFM tip indentation 

Two methods were used to model the indentation of a conical AFM tip into the cell model 

membrane. The point load indentation method [part (i) in Section 3.2.2.1] computes elasticity 

values lower than those obtained by modelling the actual probe geometry [part (ii) in Section 

3.2.2.]]. An applied point load of 1 pN penetrates to a depth of 51.5 nm, whereas a reaction 

force of ~2 pN resists indentation constraints of 60 nm (Fig. 4.7).

Proceeding with the probe geometry modelling method (see Discussion) it was 

computed that, using arbitrary prestress values of 0.1, 1 and 5%, application of indentation 

depths ranging from 50 - 100 nm to the cell membrane are resisted by reaction forces ranging 

from 1 - 8 pN (Fig. 4.6).

The Hertz contact theory method (Eqn. 3.2 in Section 3.2.2.2) is used to relate force- 

indentation characteristics to local elasticity values E. It is found that E values range from 0.6 to 

1.4 kPa, with resistance to indentation increasing with depth of indentation (Fig. 4.8) (these
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Indentation by Point Load (1 pN)

a

Indentation by Conic^ Probe (-2 pN)

Fig, 4.7 Illustration o f differences in computed cell stiffness due to the 

point load and probe modelling methods: (a) a point load o f 1 pN  

indents the membrane to -51.5 nm (0.0515 ^m); (b) applied 

indentation displacement constraints o f 60 nm (0.06 fim) is resisted by 

a reaction force o f ~2 pN.
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Fig. 4.8 Elastic modulus versus indentation depth applied to the apical 

surface o f the computational cell model, fo r  three arbitrary prestress 

values.

values can be compared to the elasticity values obtained in Section 4.4.2). Increases in the

arbitrary prestress values also result in slight increases in elasticity, even though the region o f 

indentation is ~5 |im  from a focal adhesion site. The change in slope at ~80 nm is an artefact, 

due to a change in the number o f  nodes to which the indentation displacements are applied.

4.2 Application of the computational cell model to in vitro experiments

4.2.1 Comparison o f cell stress and deformation due to both fluid flow and strain stimuli 

In the experiments by M ullender et al. (2004), large differences were found in bone cell 

responses to 0.6 Pa pulsatile fluid shear stress at ~3 Hz compared to 1,000 cyclic substrate 

strain at ~1 Hz -  see Section 2.4.3 where it was described that the application o f fluid shear 

stress caused a more than 7-fold increase in NO release and 3-fold increase in PGE2 release, 

whereas substrate strain caused only 1.65-fold and 1.3-fold increases in NO and PGE2 release, 

respectively (Fig. 2.15). On the other hand, collagen I production was increased 1.6-fold by 

substrate strain but decreased 0.6-fold by fluid shear stress.

When the computational cell model was used to determine the physical consequences o f 

these stimuli on a cellular level large differences were also found. The contour plots o f
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a: substrate strain

Fig. 4.9 Comparison o f displacements in the cell model due to both (a) 

substrate strain and (b) flu id  shear stress loading conditions. The 

contour legend indicates the magnitude o f displacement (jum). The 

image is exaggerated 30-fold to illustrate the differences in 

deformation. Note also the increased resistance to displacement at 

focal adhesion sites, where the cytoskeleton merges with the membrane.

predicted displacements due to both fluid shear stress and strain loading conditions illustrate 

that there are fundamental qualitative differences in the cellular deformation caused by both 

types of mechanical stimuli (Fig. 4.9). Fluid shear stress has a larger overturning effect on the 

adherent bone cells, while the displacing effect of substrate strain is largest at cell-substrate 

attachments. These qualitative differences would be predicted no matter what magnitude of 

stimulation was used. Maximum displacement due to 1,000 [xe substrate strain was computed as 

19 nm, occurring at the cell-substrate interface, whereas 0.6 Pa fluid shear stress caused a much 

larger displacement of 106 nm along the apex of the cell membrane where resistance to 

deformation is minimal (Fig. 4.9).

The stresses induced reflect the stimulation that is likely caused by both fluid shear 

stress and strain. The deformation computed in all cell model components is given in Fig. 4.10. 

For example, the maximum stress induced in the membrane is ~7.5-fold higher in fluid shear 

stress than in strain (Fig. 4.10). These maximum stress values occur at focal adhesion sites due 

to the more rigid underlying cytoskeleton. Although deformation is smaller in magnitude in the 

more internal parts of the model, i.e. the nucleus and cytoplasm-nucleus region, it is noteworthy 

that the differences in deformation between both methods of mechanical stimulation are greater
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Fig. 4.10 Overview o f  the differences in (a) deformation and (b) 

displacement o f  cell model components caused by both fluid flow  and 

substrate strain loading conditions. % deformation is the maximum von 

Mises stress as a percentage o f  original elastic properties for each cell 

model component. Membrane and cytoskeleton displacement (fim) are 

maximum values. Abbreviations: Cyt-Nuc, the region o f the cytoplasm 

immediately surrounding the nucleus; CSK, cytoskeleton.

in this region (Fig. 4.10a). This suggests that, in addition to causing higher deformation o f  all 

cellular components, fluid shear stress transmits deformation more effectively to internal 

cellular regions than does substrate strain.

The cellular deformation as a result o f  both mechanical stimuli can be used to interpret 

several experimentally-determined bone cell responses to both fluid shear stress and substrate 

strain stimulation. This involves correlating the results in Figs. 4.9  and 4 .10 with those results o f  

Mullender et al. (2004) described in Section 2.5.5 (Fig. 2 .15). H ow these cell model results may 

explain the differences in bone cell N O  and PGE2 response to mechanical loading -  the 

quantitatively larger deformation caused by 0.6 Pa fluid shear stress relative to 1,000 u s strain 

appear to be directly related to whether a bone cell w ill respond with release o f  signalling  

m olecules such as N O  and PGE2 or not collagen matrix production (see D iscussion, Sections 

5.3.2 to 5.3.4). To investigate the stimuli under higher levels o f  substrate strain, the strain that 

would yield a maximum membrane displacement equivalent to that caused by 0.6 Pa fluid shear 

stress was computed. This substrate strain value was found to be 5,531 |ie. The strain values
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required to induce equal stress in the nucleus were even higher (-8 ,200 |ie) since deformation is 

not distributed uniformly throughout the cell model components.

By varying the material properties o f the various components o f the cell model, it was 

found that cytoplasm elasticity in particular has a large influence on cellular deformation. For 

example, increasing cytoplasm elasticity by a factor o f 2 (to 200 Pa) reduces nucleus 

deformation due to fluid shear stress from the original 0.48% to 0.34%. Decreasing cytoplasm 

elasticity by a factor o f  2 (to 50 Pa) increases nucleus deformation from 0.48% to 0.6%. 

Variations in cytoplasm elasticity have less o f  an influence on cellular deformation under 

substrate strain loading conditions, again indicating more effective cell deformation in fluid 

shear stress. Increases in microtubule elasticity, or introducing a prestress (i.e. initial strain 

values > 0) to the microtubule or microfilament elements results in increased membrane and 

cytoplasm stresses in the region o f  focal adhesion sites, but does not alter the overall differences 

in deformation between fluid shear stress and strain loading conditions found in the model. This 

is because maximum displacements occur at points o f  least resistance at a distance from the 

cytoskeleton. Variation in the density o f  the model mesh (i.e. the number o f  elements) results in 

slight variation in the results reported, although the overall differences in deformation due to 

both fluid shear stress and strain methods remain consistent.

4.3 Osteoblast and osteocyte response to fluid flow in vitro

4.3.1 The effects ofpulsatile fluidflow  and cytoskeletal disruption on the actin cytoskeleton 

Application o f  pulsatile fluid flow increased the number o f osteoblasts (OBs) in which 

formation and parallel alignment o f  stress fibres (actin filaments bundled into long fibres) 

occurred, from 6.6 ± 2.6%  to 73 ±  7% o f  OBs (mean ±  SEM), comparing for example Fig. 4.11 

A, B. Treatment o f  OB cultures with actin or microtubule disrupting agents significantly 

reduced the number o f OBs with parallel alignment o f  stress fibres when subjected to pulsatile 

fluid flow (to 12 ±  4 % and 11 ±  5 %, respectively) (Fig. 4.11 C -F). In OBs, both actin and
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microtubule disrupting treatments caused spots o f fluorescent intensity, presumably clustering at 

focal adhesion sites, in both static and pulsatile fluid flow treated OB cultures (Fig. 4.11 C-F).

Applying pulsatile fluid flow to untreated osteocytes (OCYs) slightly increased 

formation and parallel alignment o f stress fibres, comparing for example Fig. 4.12 A, B); the 

percentage of OCYs with this ‘combed’ appearance increased from 22.6 ± 3.6 % to 36 ± 11 % 

o f OCYs (mean ± SEM, n=4). Several OCYs treated with actin-disruptors had reduced cell 

body size, with rounded stellate morphologies extending thinner processes (e.g. Fig. 4.12 C, D). 

Microtubule disruption had a less severe effect on morphology than actin disruption but did 

cause ruffling of actin boundaries/outer edges (Fig. 4.12 E, F). The number of OCYs with 

parallel alignment o f stress fibres due to pulsatile fluid flow treatment was significantly reduced 

(to 10±0.3 % of OCYs) when treated with actin disrupting agents (e.g. Fig 4.12 C-D).

4.3.2 The effects ofpulsatile flu id  flow  and cytoskeleton disruption on NO and PGE2 response 

Neither the NO nor PGE2 response in osteoblasts (OBs) or osteocytes (OCYs) when subjected 

to 3 Hz (0.39 Pa) was statistically different to those responses induced by 5 Hz (0.64 Pa) 

pulsatile fluid flow (PFF); results were therefore combined and expressed as PFF-treated 

relative to static controls. In OBs, a PFF-induced increase in NO release was inhibited by 

disrupting actin alone (Fig. 4.13 a). A PFF-induced increase in PGE2 release could be observed 

only when either the actin or microtubule cytoskeleton was disrupted (Fig. 4.13 b).

In OCYs, there was a significant pulsatile fluid flow-induced increase in NO release, 

which did not require an intact actin cytoskeleton but was enhanced with microtubule disruption 

(Fig. 4.14 a). A large PFF-induced increase in PGE2 release in OCYs required both an intact 

actin and microtubule cytoskeleton (Fig. 4.14 b), i.e. it was inhibited if either cytoskeletal 

element was disrupted.
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static PFF

Untreated

Actin-disrupted

MT-disrupted

E F

Fig. 4.11 Fluorescent staining o f  the actin cytoskeleton o f  osteoblastic 

(MC3T3-E1) cells illustrating the effect o f  pulsatile flu id  flow  (PFF) 

and disruptors o f  both actin and microtubule (MT) polymerization 

(400x magnification). The white arrows indicate examples o f  cells with 

parallel alignment o f  stress fibres.
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MT-disrupted
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Fig. 4.12 Fluorescent staining o f the actin cytoskeleton o f osteocytic 

(MLO-Y4) cells illustrating the effect o f pulsatile flu id  flow (PFF) and 

disruptors o f both actin and microtubule (MT) polymerization. The 

white arrows indicate examples o f cells with parallel alignment o f  

stress fibres.
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Fig. 4.13 The effect o f  actin and microtubule (MT) cytoskeleton 

disruption on pulsatile flu id  flow-induced (a) NO and (b) PGE2  release 

in osteoblastic cells. * Significantly different from  1; # significantly 

different from  untreated. Values are mean ± SEM, p  < 0.05.
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Fig. 4.14 The effect o f  actin and microtubule (MT) cytoskeleton 

disruption ofi^ulsatile flu id  flow-induced (A) NO and (B) PGE2  release 

in osteocytic cells. * Significantly different from  1; # significantly 

different from  untreated. Values are mean ± SEM, p  < 0.05.
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4.4 Osteoblast response to continuous indentation using atomic force microscopy

4.4.1 Dynamic osteoblast response to indentation

133 single osteoblasts were successfully indented in a total o f 180 experiments. The results of 

the various control experiments performed are described in Section 4.4.1.1. In each indentation 

experiment both real-time fluorescent data and force-indentation characteristics (force curves) 

are obtained. In sections 4.4.1.2 to 4.4.1.5, results from those experiments in which osteoblasts 

respond to the applied indentation force are illustrated in fluorescent images at various time 

intervals. An example o f a typical force curve (Fig. 4.15) illustrates extension of the AFM tip 

into the osteoblast membrane, followed by retraction once a specified force is reached. In 

describing specific indentation experiments, the large number of force curves (or successive 

extension-retraction cycles) generated by continuous indentation are not illustrated; instead the 

duration o f the continuous indentation and the maximum tip force are provided. The membrane 

radial strain and osteoblast elasticity are calculated for various force curves in Section 4.4.2.

4.4.1.1 Control experiments

In each day of experiments, a standard control experiment was performed in which the tip was 

positioned in the vicinity o f an osteoblast but without any contact. In each of these controls, 

there was no change in nitric oxide (NO) fluorescence intensity but for a gradual decrease in 

fluorescence due to photobleaching over the duration of the experiment. In 10 control 

experiments in which the tip was positioned above the osteoblast and actuated vertically without 

contacting the osteoblast membrane no response was observed, suggesting that fluid movement 

alone does not activate NO response in these osteoblasts. In 12 control experiments in which 

osteoblasts were stained with Mitotracker Green, indentation into the osteoblast membrane did 

not result in any alteration in fluorescence (Fig. 4.16 is an example o f this control) but for slight 

fluorescence interference over the indented osteoblast exclusively due to tip reflection. This 

interference was quantified (by drawing regions of interest around the indented osteoblast) and 

the percentage change in normalised fluorescence was determined to be < 1 %. In the control
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Fig. 4.15 Graph o f  tip indentation force versus piezo movement. The red 

curve illustrates how the force increases to reach a maximum cantilever 

deflection corresponding to 20 nN, as the piezo extends the tip into the 

osteoblast membrane. The blue curve illustrates the force on the tip 

during piezo retraction.

experiments in which osteoblasts were indented while immersed in buffer containing propidium 

iodide (PI), with a range of applied forces (from 5 to 70 nN) no positive fluorescent staining at 

the PI emission wavelength was observed. This indicates that the magnitude o f indenting force 

applied to osteoblasts in these experiments does not rupture the osteoblast membrane within the 

time-scale (6 to 10 mins) o f a typical indentation experiment.

4.4.1.2 Indentation increases NO in osteoblast perinuclear region

In four experiments, continuous indentation with forces ranging from ~17 to 25 nN results in 

increased fluorescence intensity in the perinuclear region of the indented osteoblast, shortly 

(within < 15 s) after the first successfiil indent. Nitric oxide (NO) fluorescent images are 

provided at various times intervals for one example o f the 4 experiments in which this response 

was observed (Fig. 4.17). It is evident from these fluorescent images that an increase in 

intracellular nitric oxide fluorescence occurs in the indented osteoblast only. To quantify this 

response, the normalised NO fluorescence intensity in specified ‘regions o f interest’ around the
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Fig. 4.16 Fluorescent images o f mitochondrial protein intensity at 

various time intervals. The point o f indentation is indicated by the white 

arrow. An indentation force ranging from 20 to 25 nN is applied 

continuously from 31s until 93 s.
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Fig. 4.17 Images o f  nitric oxide fluorescence at various time intervals.

The point o f  indentation is indicated by the white arrow. An indentation 

force o f  ~20 nN is applied continuously from  57 s until 117 s.

indented osteoblast and its perinuclear region, is calculated for each time point (i.e. at 3 s 

intervals). The resulting graph is provided in Fig. 4.18. These data points indicate that increased 

nitric oxide intensity begins within 10 s o f the first successful indentation at 57 s. The rate o f 

increase o f NO intensity is higher in the perinuclear region (than in the whole osteoblast)
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Fig. 4.18 Normalised fluorescence intensity emitted from regions o f  

interest drawn around the indented osteoblast, and its peri-nuclear 

region. First successful indentation occurs at 57 s and is continuous 

until 117 s (as indicated by arrows) after which time the tip is 

withdrawn. The control values obtained from an accompanying 

experiment on the same day exhibit a steady decrease in fluorescence 

due to photobleaching.

indicating that nitric oxide diffuses from the perinuclear region (Fig. 4.18). Continuous 

indentation evidently has an ongoing influence on NO synthesis and diffusion, as the rate of 

increase in NO intensity decreases slightly after the tip is withdrawn at 117 s (Fig. 4.18).

4.4.1.3 Indentation causes diffusion o f nitric oxide from localised pools

In four experiments, continuous indentation into the osteoblast membrane with forces ranging 

from 15 to 30 nN results in increased intracellular NO fluorescence intensity in localised pools 

throughout the osteoblast. Fluorescent images are provided at various times intervals for two 

experiments in which this response was observed (Figs. 4.19 and 4.20). In the first o f these 

examples, the spots of nitric oxide fluorescent intensity are visible within 270 s and continue to 

grow in size beyond the duration o f the experiment (the images taken after 270 s are snapshots 

at later times) (Fig. 4.19). In the second example o f this response, similar localised pools o f NO 

intensity are visible prior to indentation (Fig. 4.20). At 120 s however, they grow in size and do
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so beyond the duration o f the experiment (to at least 460 s). In both these examples (Figs. 4.19 

and 4.20), that the NO intensity in these pools does not decrease as they increase in size, which 

suggests that NO is being synthesised continuously in these localised pools in the osteoblast. 

Unlike the response in which NO increased in intensity in the perinuclear region, the NO 

response in localised pools is more delayed as any change in NO intensity does not occur until 

-100 to 300 s after the initial indent.

4.4.1.4 Increased intracellular NO and diffusion to the extracellular medium 

In two experiments indentation results in increased intracellular nitric oxide (NO) fluorescence 

intensity within ~60 s. Nitric oxide fluorescent images are provided at various times intervals 

for both experiments in which this response was observed (Figs. 4.21 and 4.22). In the first 

example (Fig. 4.21), the initial increase in NO intensity is followed by an outward diffusion o f 

pools of NO that increase in size together with a simultaneous gradual decrease in intracellular 

NO intensity. In Fig. 4.22 the indented osteoblast appears to lose all intracellular NO as it 

effectively disappears from the fluorescent image.
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Fig. 4.19 Images o f nitric oxide fluorescence at various time intervals. 

The point o f indentation is indicated by the white arrow. An indentation 

force o f -22 nN is applied continuously from 30 s until 60 s.
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Fig. 4.20 Images o f nitric oxide fluorescence at various time intervals. 

The point o f  indentation is indicated by the white arrow. An indentation 

force o f ~24 nN is applied continuously from 52 s until 112 s.



60 s

150 s

300 s

Fig. 4.21 Images o f  nitric oxide fluorescence at various time intervals. 

Site o f indentation is indicated by the white arrow. The first indentation 

with a force ranging ~47 nN is applied continuously from 32 s until 93 s.
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270 s

Fig. 4.22 Images o f  nitric oxide fluorescence at various time intervals. 

Site o f  indentation is indicated by the white arrow. The firs t indentation 

with a force o f  ~25 nN is applied continuously from  52 s until 112 s.
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4.4.1.5 Indentation causes retraction o f osteoblast spread morphology

In three experiments, indentation results in a retraction of the indented osteoblast spread 

morphology. This occurs in response to a force of ~20 nN in two of these experiments, and in 

response to a force of > 60 nN in the third. Nitric oxide (NO) fluorescent images at various 

time-intervals for two examples of this response are provided in Figs. 4.23 and 4.24. In the first 

example, a dramatic retraction of osteoblast morphology when indented with a force of 60 nN is 

observed over the duration of the experiment (Fig. 4.23). This response is not accompanied by 

any alteration in NO fluorescence. In the second example, in addition to a retraction of the 

indented osteoblast morphology, there is also evidence that the indenting force of 20 nN results 

in increased NO intensity at localised spots in the perinuclear region, and at the edges of the 

osteoblast membrane (Fig. 4.24). These spots of fluorescent intensity continue to grow beyond 

the duration of the indentation experiment, as is the case for the NO response in localised pools 

described in Section 4.4.1.3. The retraction of the indented osteoblast morphology is not due to 

excessive cell exposure to excitation light as it occurs only in the indented osteoblast. The 

osteoblasts do not become rounded or non-viable within 10 mins beyond the duration of the 

experiment.

4.4.2 Variation in osteoblast elasticity and membrane radial strain due to indentation 

In this section, results illustrating the variables that may influence osteoblast 

mechanotransduction of nitric oxide response are reported. It is evident from the various force- 

indentation curves (in Figs. 4.15, 4.25 or 4.26) that the depth to which the tip must indent to 

reach a specified indentation force varies considerably. Elasticity values corresponding to the 

these force-indentation characteristics were calculated using the Hertz contact theory method 

(as described in Section 3.2.2.2), i.e.:

F = - . - ~ ------
7r(l -u^)tana

Once the applied force (F), the depth of indentation (^), the semi-vertical contact angle 

of the tip (a: 15°), and the Poisson’s ratio (v, assumed 0.37 based on Section 2.2.2.2) are known,
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Fig. 4.23 Images o f  nitric oxide fluorescence at various time intervals. 

Site o f  indentation is indicated by the white arrow. The first indentation 

with a force o f  >60 nN is applied continuously from  140 s until 200 s.
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Fig. 4.24 Images o f  nitric oxide fluorescence at various time intervals. 

Site o f  indentation is indicated by the white arrow. Indentation with a 

force o f  ~ I7  nN is applied continuously from  5 1 s  until 110 s.
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the elasticity at the location of indentation can be calculated. For example, elasticity values 

were calculated for the force curve in Fig. 4.25, in which a force o f 10 nN was applied to the 

osteoblast membrane by indenting to a depth o f -700  nm (3.2 -  2.5 fxm), yielding an elasticity 

o f ~7.4 kPa. Elasticity values ranging from 45.4 kPa to 315.1 kPa were also calculated for each 

force curve in Fig. 4.26a to 4.26d. Hence there is significant inter-cellular variation in 

osteoblast elasticity.

It is also evident from the force curves in Fig. 4.25 that increases in the indentation 

force applied to a particular location on the osteoblast membrane result in non-linear increases 

in osteoblast resistance to indentation. For example, to apply a force o f 5 nN to the osteoblast 

membrane the tip indents to -500 nm (3.1 -  2.6 ^m), whereas to apply 10 nN the tip must 

indent to only -700 nm (3.2 -  2.5 |im), and for a force of 50 nN the tip must indent to -1 .4  ^m 

(2.8 -  1.6 nm). This ‘strain hardening’ effect was also captured in the cell model and was 

attributed to the contribution o f cytoskeleton components (in Section 4.1.1).

Osteoblast membrane radial strains were calculated for examples o f each NO response 

reported in this thesis. The validity of these values is discussed in Section 5.5.4 of the 

Discussion. The tip-membrane contact radius for each curve on this graph corresponds to the 

zero radial strain point on the x-axis. Force curve (a), or the ‘localised pool’ response, has the 

largest contact radius and the highest strains. This is because the force was applied at a location 

where elasticity is 45.4 kPa, significantly lower than for the other force curves. The tip must 

therefore indent further into the osteoblast (up to 400 nm) to reach the specified force of 20 nN, 

which results in higher radial strain and a larger contact area.
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5.1 Overview of results

The cell model exhibits non-linear structural behaviour due to the contribution of the 

cytoskeleton prestress. O f all organelles, microtubules yield the most resistance to mechanical 

forces applied to the cell model, followed by actin and the cytoplasm. Elasticity of the cell 

model ranges from 0.6 to 1.4 kPa with highest values at focal adhesion sites. Cell model 

displacement due to 1,000 strain is computed as 19 nm at the cell-substrate interface, 

whereas 0.6 Pa fluid shear stress causes a larger displacement of 106 nm along the apex o f the 

cell membrane. The magnitude o f strain required to yield membrane displacement equivalent to 

that caused by 0.6 Pa fluid shear stress is -5,500 |ie. Experimentally, the involvement o f the 

cytoskeleton in mechanotransduction o f nitric oxide (NO) and prostaglandin E2 (PGE2 ) response 

is determined -  in osteoblasts, a pulsatile fluid flow (PFF)-induced increase in nitric oxide (NO) 

release is inhibited by disrupting actin, whereas PFF-induced prostaglandin E2 (PGE2 ) release is 

observed only when either the actin or microtubule cytoskeleton is disrupted. In osteocytes, 

PFF-induced NO is enhanced with microtubule disruption, whereas increased PGE2  release in 

osteocytes is inhibited by disruption of actin or microtubules. Mechanotransduction of NO in a 

single osteoblast subjected to indentation forces is also reported -  forces ranging from ~17 to 50 

nN cause rapid and sustained diffusion o f nitric oxide from the osteoblast perinuclear region, 

and from localised pools throughout the osteoblast. Osteoblast force versus indentation 

characteristics illustrate considerable variation in elasticity between osteoblasts, and the 

membrane radial strains associated with indentation-induced NO response are in the range o f 50 

to 200,000 p,e. To argue the hypotheses o f the thesis, these computational and experimental 

results are interpreted alongside relevant studies in the literature, to illustrate both the 

importance o f the magnitude o f deformation in bone cell NO and PGE2 release, and the 

mechanisms by which the cytoskeleton mediates mechanotransduction o f these important 

signalling responses.
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5.2 Com putational cell model

5.2.1 Tension in the actin cytoskeleton influences cell structural behaviour 

Many researchers have speculated that the cytoskeleton largely dictates overall cell structural 

properties (for a review see Stamenovic and Coughlin, 2000). In the cell model, cytoskeleton 

stiffness is dependent on the relative positioning o f the c>loskeleton components, which can 

vary in proportion to the magnitude o f external force applied. Although all components are 

linear elastic, this ‘structural non-linearity’ occurs because the degree o f repositioning of 

cytoskeleton components due to, and in achieving structural equilibrium with, each applied 

force dictates the stiffness o f the overall structure -  it is not due to position-dependent 

alterations o f material properties of individual components (as in large displacement analyses). 

For example, in the cell model, stiffness increases as a result o f increasing prestress values. 

Experimental observations o f the influence o f such a contractile force or prestress in the sub- 

membranous actin network have also been reported by several authors for endothelial cells 

(Wang and Ingber, 1994; Pourati et al., 1998) and for airway smooth muscle cells (Wang et al., 

2001). In the absence of prestress (analogous to actin disruption), this structural non-linearity 

does not occur as a balance of tension and compression is required to maintain structural 

stiffness.

The second non-linear effect computed by the model is that increasing magnitudes of 

applied force results in increased resistance to deformation. Similar ‘strain-hardening’ effects 

have also been reported in experiments in which cell stiffness increases in response to 

increasing loads, observed in endothelial cells by Sato et al. (1990) and Wang et al. (1993), in 

myocytes by Shroff et al. (1995), and in fibroblasts by Peterson et al. (1982). This stiffening 

effect is observed to a lesser extent when forces are applied to the membrane at a distance from 

the underlying cytoskeleton, but does not occur in the absence of prestress. This again suggests 

that cytoskeleton components in bone cells provide stability to cell structure via prestress, and 

by dynamic changes in orientation o f cytoskeletal components in equilibrating to imposed loads. 

That the cell cytoskeleton rapidly adapts its geometry to maintain cell structure is a more
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plausible mechanism for strain-hardening behaviour than, for example, alterations in the 

material rigidity or viscosity o f other organelles.

5.2.2 The cytoskeleton and cytoplasm largely dictate cell stiffness

It is evident that the cytoskeleton also contributes largely to overall cell stiffness, which agrees 

with several experimental results (Smith et al., 2003; Domke et al., 2000; Mathur et al., 2001). 

Besides the cytoskeleton, it is evident from cell model results that the cytoplasm has the most 

significant influence on the overall resistance to deformation, even though its elasticity is 

significantly less than that o f the nucleus and membrane (this is illustrated in Fig. 4.3). This, of 

course, may be attributed to the large volume occupied by the cytoplasm relative to other 

components, and reflects the importance of determining correctly the incompressibility o f the 

cytoplasm in developing biomechanical models o f the cell, particularly since a wide range of 

values have been reported from experimental studies (see Section 2.2.2.2). Interestingly, the 

membrane, despite its small thickness is predicted to have a larger influence on cell stiffness 

than does the nucleus.

The cell model also predicts that, of all cell organelles, microtubule properties have the 

largest influence on the structural stiffness of the cell. This is attributed to their larger cross- 

sectional area, and their role as compression-bearing elements in the model. This result agrees 

with experimental observations o f significant losses o f structural stiffness upon disruption of 

microtubules (Stamenovic et al., 2002). That microtubules buckle in response to increased cell 

contraction (Wang et al., 2001) supports this crucial role for microtubules in maintaining cell 

stability. Increases in the elasticity o f the actin filament components have a small effect relative 

to that o f prestress. The decrease in elasticity o f actin components is more significant since this 

also compromises the structural contribution o f microtubules. However, altering material 

properties o f actin components has a less significant effect on cell stiffness than the prestress 

transmitted by actin filaments. This reiterates that actin-transmitted contractile forces have a 

crucial role in maintaining adherent cell stiffness, as well as in non-linear structural behaviour.
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It has been observed that adherent cells increase their resistance to deformation, i.e. 

their stiffness, as they become more spread with time on a substrate (Thoumine and Ott, 1999). 

The models developed in the thesis to represent increasing degrees of cell spreading do not 

conclusively reflect these findings. The lack of such stiffening in the cell model may reflect the 

overly simplified representation o f how the cytoskeleton is re-arranged as the cell spreads (see 

Section 5.2.4 for model limitations). However it is evident that there may be a relation between 

stiffness and the cytoskeleton in each model -  the movement o f the cytoskeleton in response to 

arbitrary prestress value appears to be related to the final stiffness value. For example, high 

initial cytoskeleton displacement results in low stiffness (as in model d) and vice versa (model 

b) (Fig. 4.5). These results do not capture the mechanism of cytoskeleton involvement in cell 

spreading, but do reiterate the influence of the cytoskeleton rearrangement on cell structure and 

stiffness during cell spreading.

5.2.3 Predicted elasticity is in the range o f experimentally-derived measurements 

In the cell model, forces in the range o f pico-Newtons resuh in displacements o f nanometres, 

which is consistent with the experimental force-indentation characteristics obtained using AFM 

tip indentation into the osteoblast membrane, as reported in Section 4.4.2. To achieve further 

corroboration of the cell model, indentation of an AFM tip was modelled. O f the two methods 

used, the point load method is least valid, as the angle o f tip contact with the cell membrane is 

infinitesimally small when a force is applied to a single node, and does not accurately reflect the 

geometry o f the probe that transmits the indenting force. The point load assumption 

consequently yields lower values o f cell model elasticity than obtained using the probe 

modelling method (Fig. 4.7). Using the more justifiable probe modelling method, the elasticity 

values calculated from the indentation versus reaction force data (Fig. 4.6) are in the range of 

those determined experimentally for fibroblasts using micromanipulation (0.6 -  1 kPa) 

(Thoumine and Ott, 1997), using micropipette aspiration of chondrocytes (0.6 kPa) (Guilak et 

al., 1999), and lower than those reported by Domke et al. (2000) (2.1 -  8.8 kPa), and are 

significantly lower than those values reported in Section 4.4.2 for indentation o f osteoblasts.
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Other papers (Radmacher et al., 1996; A-Hassan et al., 1998; Domke et al., 2000; 

Charras and Horton, 2002; Mathur et al. 2001) have reported large differences in elasticity when 

probing cells at various locations along the membrane using atomic force microscopy. For 

example, Charras and Horton (2002a) report average values o f ~ lkPa for osteoblast elasticity 

while reporting peak values of up to -100  kPa due to underlying cytoskeletal stress fibres. 

Similarly, in the cell model compliance varies considerably, with the highest resistance to 

indentation at focal adhesion sites due to the positioning of the underlying cytoskeleton. This 

may explain the inter-cellular variation in force-indentation characteristics reported in Section 

4.4.2. Stiffness decreases considerably at short distances from focal adhesion sites, although not 

as dramatically as reported experimentally (Charras and Horton, 2002) and converges to 

differing stiffness values in each spread model, despite their common material properties (Fig. 

4.4). This suggests that cell geometry must also, to a small extent, impact on cell stiffness. At an 

indentation location nearer to a focal adhesion site, prestress effects also have an increasingly 

noticeable influence, although the proximity o f indentation to the cytoskeleton, and not the 

prestress within the cytoskeleton, has the larger bearing on elasticity values determined.

5.2.4 Cell model limitations

By accounting for the role of all structurally relevant components in maintaining a cell’s 

stability, the models developed in this thesis can be viewed as a hybrid approach that fuses 

features o f contrasting previous approaches, the stress-supported tensegrity approach (Ingber, 

1997) and the continuum approach (Kamm et al., 2000). Repositioning o f the tensegrity-based 

cytoskeleton to increasingly spread shapes is justified by the fact that orientation, positioning 

and length o f internal cytoskeleton components is altered by polymerisation, and by clustering 

o f actin filaments during spreading as adhesion bonds form between intra- and extra-cellular 

structural proteins such as vinculin, talin, and fibronectin (Alberts et al., 1989; Janmey, 1998). 

In fact, Thoumine and Ott (1999) also correlate spreading-induced stiffening with cytoskeletal 

reorganisation, and it has been suggested by Gittes et al. (1993) that to account for the 

seemingly excessively rigid mechanical properties measured, sliding and movement may occur
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between filaments and tubules. The approach to spreading-induced cytoskeletal changes in the 

cell model might be considered as taking a “snapshot” of the cytoskeletal network in 

increasingly spread configurations without incorporating the mechanisms that drive these 

changes. For example, in a spreading cell the number and strength o f integrins and ligands 

present modulates the binding o f structural proteins at focal adhesion complexes and therefore 

alters the distribution, length and orientation of the cytoskeleton, and in turn, cell structural 

properties. In the cell model the distribution of integrin-ligand binding sites is approximated as a 

continuum and the number o f focal adhesion complexes attaching the cytoskeleton to the 

substrate does not increase in more spread configurations. By manually repositioning the 

cytoskeleton our approach does not model the dynamics of cell spreading, but rather the 

consequences of it in terms o f the cellular biomechanical properties.

The material properties chosen to represent the cytoskeleton have been used in previous 

models (Stamenovic and Coughlin, 2000), while similar values for flexural rigidity have been 

estimated theoretically by Ben-Avraham and Tirion (1995), and are in agreement with other 

experimental work (Tsuda et al., 1996). However, any interpretation o f cytoskeletal contribution 

to cell structure must not ignore that the approach taken in the cell model approach focuses on 

incorporating specific tensile or compressive roles for actin and microtubules in an idealised 

interconnected network, rather than attempting to model physiological amounts of either 

cytoskeletal component. In the cell model, a specific tensile or compression-bearing role was 

not assigned to intermediate filaments since, according to Janmey (2001) and Wang and 

Stamenovic (2000), their contribution to cellular rigidity only becomes significant above 20% 

strain; their properties were therefore assumed incorporated in those o f the cytoplasm. As linear 

elastic material properties are used for each o f the cell model components, time-dependent 

deformation due to viscoelastic material behaviour under continuous mechanical stimulation, 

(such as pulsatile fluid shear stress or cyclic strain) is not accounted for.

Regarding model corroboration by simulation o f AFM tip indentation, the validity of 

applying the expressions derived by Sneddon (1965) to determine localised elasticity values has 

been discussed by other authors (Costa and Yin, 1999). The expressions are based on the
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assumption of infinite sample thickness. As the indentation depths (<100 nm) are significantly 

less than the height of the cell model (-7000 nm), this condition is considered adequately 

satisfied. The load-indentation relation used here (Eqn 3.2 in Section 3.2.2.2) is in agreement 

with that used by both Weisenhom et al. (1993) and Charras and Horton (2002), but it seems 

that it has been reported erroneously in recent AFM publications (Radmacher et al., 1996; 

Mathur et al., 2002). The contact angle chosen in simulating AFM tip indentation into the cell 

model has a significant influence on elasticity, but is in the range of angles (35® - 50°) used in 

those experimental measurements to which comparisons are made in Section 5.2.3. However, it 

has been suggested by Costa and Yin (1999) that the assumption that strains are infinitesimal is 

not valid when applied via a conical or pyramidal tip with a contact angle of < 45®, suggesting 

that finite strains most likely occur in the contact region. Hence a large displacement contact 

analysis would perhaps more accurately reflect material behaviour during probe indentation.

5.2.5 Application o f the cell model to mechanotransduction

While the need to incorporate mechanisms of polymerisation and focal adhesion formation in 

physiological concentrations of cytoskeletal components within more morphologically accurate 

model geometries with time-dependent material properties is recognised, the model of a single 

cell developed here is proposed as one that is sufficiently complex to capture the structural 

behaviours of cells in response to mechanical forces, whilst not being so complex that the 

parameters cannot be specified. Because the cell model yields quantitative data in the range of 

experimentally-derived values, and facilitates modelling of whole-cell mechanical stimuli, its 

use as a predictive tool in mechanobiology is justifiable -  for example, in computing the 

consequences of various mechanical stimuli in vitro, such as fluid flow, substrate strain, or 

microgravity conditions, in order to understand the biomechanical origins of differences in 

observed cell response.
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5.3 The physical consequences o f fluid flow and strain stimulation on bone cells

5.i. 1 Cell deformation due to 0.6 Pa flu id  shear stress and 1,000 fie strain is not equivalent 

When the experimental stimulation o f primary bone cells with 0.6 Pa fluid shear stress and

1.000 fie substrate strain (Mullender et al., 2004) is modelled using the computational cell 

model it is revealed that fluid flow and strain are quite different in terms o f the pattern of 

cellular deformation caused. Fluid shear stress causes significantly higher displacement and 

stressing o f all cell model components (i.e. cytoplasm, cytoskeleton, nucleus and membrane) 

relative to strain.

When adherent bone cells are subjected to substrate strain, as the frequency of applied 

strains (1 Hz) exceeds the rate at which new adhesion bonds can be formed, the assumption that 

the cell must deform with the substrate is justifiable. It is contended that because strain-induced 

deformations have a basis, the fact that 0.6 Pa fluid shear stress causes even greater cellular 

deformation than 1,000 /le substrate strain means that fluid shear stress deformations must also 

have a basis. Although this remains to be confirmed for bone cells, images o f rolling leukocytes 

deforming (decreased cell height and increased cel 1-substrate contact length) under fluid shear 

stresses ranging from 0.2 to 1.5 Pa (Dong and Lei, 2000) support the contention that bone cells 

deform under fluid shear stress also.

S. S. 2 Bone cell NO and PGE2 release is related to cell deformation

The differences in displacement and stress predicted as a result o f 0.6 Pa fluid shear stress and

1.000 ne strain are important in investigating the origins o f the differences in bone cell 

responses reported in the experiments of Mullender et al. (2004) (Fig. 2.15), but it also explains 

the results o f other studies in which cellular responses to similar magnitudes of fluid shear stress 

and strain were also compared (Smalt et al., 1997; You et al., 2000). For example, this result 

shows that fluid shear stress but not mechanical strain induces increased PGE2 release [reported 

by Mullender et al. (2004) and Smalt et al. (1997)] because it causes higher displacement and 

stressing o f the membrane and cytoskeleton. It has been shown previously that: (i) flow-induced
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PGE2 release by bone cells is dependent on the cytoskeleton (Ajubi et al., 1996); and (ii) fluid- 

shear induced increases in COX-2 expression (COX-2 is a key enzyme for PGE2 production) 

involve reorganization o f the actin cytoskeleton (Pavalko et al., 1998) -  therefore it is likely that 

increased PGE2 activity may be related to higher displacement of the cytoskeleton in fluid shear 

stress as compared to strain. Similarly, the higher NO response due to fluid shear stress could be 

due to higher membrane stressing because it has been suggested that mechanically-induced 

formation of NO results from activation of endothelial nitric oxide synthase (eNOS) in bone 

cells (Klein-Nulend et al., 1998; Helfrich et al., 1997). eNOS is an enzyme located in pools in 

the region o f the plasma and Golgi membrane that may be rendered susceptible to activation by 

increased stressing of the cell (Helfrich et al., 1997; Fulton et al., 2002). A schematic diagram 

outlining how the bone cell deformation caused by fluid flow or substrate strain is related to 

nitric oxide and PGE2 response is provided in Fig. 5.1.

Since deformation of the cell model will vary linearly (it being a linear elastic model), 

the model results can be extended to interpreting cell responses to both fluid shear stress and 

strain stimuli of varying magnitudes. For example, increasing the magnitude o f strain in the 

computational model to -5,500 ne yields deformations in the range of those caused by fluid 

shear stress of magnitude 0.6 Pa. If, as the model results suggest, the release o f NO and PGE2 

signalling molecules is deformation-dependent, then such an increased magnitude o f strain 

should result in equivalent cellular responses. In fact this hypothesis is confirmed by several 

experimental findings; namely higher NO release by bone cells has been reported at 3,400 |X8 

(Zam anetal., 1999), and 3,800 |i8 (Pitsillides et al., 1995), and significant increases in PGE2 

release by primary human osteoblasts at 4,000 (Fermor et al., 1998). Essentially, this further 

strengthens the explanation that the preferential in vitro stimulation o f NO and PGE2 release by 

fluid shear stress o f magnitude -0 .6  Pa is as a result o f the higher cell deformation, in particular 

the membrane and cytoskeleton.
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strain

(M u llen d e r e t a l. 2004)

Application of fluid 
flow and strain 

loading conditions to 
cell model

Comparison of cell 
displacement due to 
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Fluid flow 
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higher deformation 
than strain 

throughout cell 
model

Fig. 5.1 Schematic diagram illustrating how the cell model explains 

differences in cell response to flu id  flow  and strain in terms o f  cellular 

deformation.

5.3.3 Strain may be related bone cell intracellular calcium and matrix production 

Increased cellular deformation in fluid shear stress can also shed some light on experimental 

reports by You et al. (2000) o f significant increases in intracellular calcium (Ca^" )̂ due to 

oscillatory fluid flow and not to physiological magnitudes o f strain. These increases in may 

be caused by higher membrane stress in fluid flow, particularly since it is known that 

stimulation of the membrane influences ion channel activity that can elicit rapid intracellular 

Câ "̂  responses (Janmey, 1998). Finally, regarding the opposite effects o f commonly applied
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magnitudes o f  fluid shear stress and strain on collagen type I matrix production, as reported by 

Mullender et al. (2004) (Fig. 2.15), although overall deformation due to strain is relatively low 

compared to fluid shear stress, increased collagen type I production in strain may be related to 

the higher stresses occurring at cell-substrate attachments. This possible mechanism o f  

stimulating collagen type I production in bone cells could equally apply to the other studies that 

report increased activity related to matrix production in response to strain magnitudes (Walker 

et al., 2000; Jones et al., 1991) also in the physiological range measured by Burr et al. (1996).

5.3.4 Implications o f  deformation-dependent cell response fo r  bone mechanobiology 

As described above, many in vitro studies report that bone cells respond to strain with increased 

collagen or matrix production (Walker et al., 2000; Jones et al., 1991), or with increased 

proliferation (Kaspar et al., 2000). Such cell behaviour is associated with the osteoblastic 

phenotype. This makes sense when it is considered that the magnitude o f  strains applied are 

generally within the range o f  the magnitude o f  strain measured on the surface o f long bones, i.e. 

<2,000 us (Burr et al., 1996), where osteoblasts are located (McCreadie and Hollister, 1997). 

On the other hand, bone cell responses to commonly applied magnitudes o f  fluid shear stress in 

vitro do not appear to cause bone cell responses associated with osteoblast in vivo function. 

Instead, these studies report increases in bone cell NO and PGE2 signalling molecule release, 

both o f  which are involved in mechanically-induced bone adaptation possibly by mediating 

signal transduction or cGMP activity in target cells -  for example, it has been hypothesised that 

osteocyte-sensing o f fluid flow may use these messengers in modulating osteoblastic bone 

formation (Burger and Klein-Nulend, 1999; Klein-Nulend et al., 1995). The shear stresses that 

induce these responses are in the range o f  those estimated to occur in the canalicular network 

where osteocytes are embedded [0.8 - 3 Pa (Weinbaum et al., 1994)]. Hence, it appears that i f  

the stimuli applied to bone cells in vitro are representative o f the in vivo mechanical 

environment associated with the anatomical location o f  either an osteoblast or osteocyte, the 

responses induced are characteristic of, or associated with, the osteoblastic or osteocytic 

phenotype. O f course this conclusion is contingent on whether the accepted estimates o f  strain
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(Burr et al., 1996) and shear stress are indeed close to the actual in vivo values (Weinbaum et 

al., 1994). Also, if the mechanical environment of osteocytes also includes high strains around 

lacunae (strains up to -27,000 |ie have been predicted (McCreadie and Hollister, 1997), the 

experimental reports of increased NO and PGE2 release at higher applied strain as described in 

Section 5.3.2 (Zaman et al., 1999; Pitsillides et al., 1995; Fermor et al., 1998) also support this 

possibility.

In this study a static analysis was considered sufficient to compute the instantaneous 

structural response of bone cells under imposed mechanical loads. Recognizing that certain 

experimental studies suggest the importance of strain rate (and not merely strain magnitude) in 

determining cell response (Bacabac et al., 2004; Turner et al., 1995; Mosley and Lanyon, 1998), 

and that several experimental studies (see Section 2.5) involve application of pulsating and 

cycling shear stress and strain to bone cells, a transient viscoelastic analysis is required to 

investigate time-dependent changes in the cellular deformations reported here.

5.4 Osteoblast and osteocyte NO and PGE2 to fluid flow difl’ers and is modulated by the 

cytoskeleton

5.4.1 Introduction

Several of the early nitric oxide (NO) and prostaglandin E2 (PGE2) responses to pulsatile fluid 

flow stimulation reported in this thesis (in the absence of cytoskeletal disruption) confirm 

previous results (Klein-Nulend et al., 1995; Johnson et al., 1996; Mullender et al., 2004; 

Helfrich et al., 1997; Ajubi et al., 1996). By visualizing the changes in the actin cytoskeleton 

that accompany PFF-induced NO and PGE2 response, the following insights were also obtained:

• there are considerable differences in actin and microtubule cytoskeleton involvement 

between both osteoblastic and osteocytic cell mechanotransduction of NO and PGE2 

release;

• cytoskeletal disruption has opposite effects on osteoblast and osteocyte prostaglandin E2 

response.
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5.4.2 Osteoblast cytoskeleton involvement in flu idflow-stim ulated NO and PGE2

(i) In osteoblastic cells (OBs), complete inhibition of PFF-induced nitric oxide (NO) 

response by actin cytoskeleton disruption (Fig. 4.13 A) is accompanied by significantly 

reduced parallel alignment o f actin bundles/stress fibres (Fig. 4.11). This suggests that 

the mechanism of PFF-induced NO response is mediated by the actin cytoskeleton -  this 

has not been previously observed in OBs, but has been reported for fluid flow-induced 

NO response in endothelial cells (Su et al., 2003; Zharikov et al., 2001). This similar 

result in endothelial cells is o f interest here because it has been shown that shear stress- 

induced NO production in primary OBs proceeds via activation o f endothelial nitric 

oxide synthase (eNOS) (Klein-Nulend et al., 1998) as it does in endothelial cells (Busse 

and Fleming, 1995). Hence, the actin cytoskeleton (but not the microtubule cytoskeleton) 

may similarly regulate PFF-induced NO response via eNOS conversion of L-arginine 

pathway (this is discussed in further detail in Section 5.5.3).

(ii) In OBs, disruption of the actin and microtubule cytoskeleton results in decreased stress 

fibre formation and alignment (Fig. 4.11), but simultaneously activates PFF-induced 

PGE2 response (Fig. 4.13). This indicates that (unlike NO response as discussed in (i) 

above) PFF-induced PGE2 response is independent o f actin cytoskeleton reorganization. 

In both static and PFF-stimulated OBs, a PGE2 response occurred only in those OBs in 

which cytoskeletal disruption causes actin clustering at focal adhesions. Interestingly, 

Ponik and Pavalko (2004) reported that increased focal adhesion formation in OBs 

promotes fluid shear stress-induced PGE2 release and COX-2 production (a key enzyme 

for PGE2 response). In this thesis, that increased PGE2 response occurs only when actin 

clusters at focal adhesions as a result of cytoskeletal disruption, suggests that increased 

stimulation of mechanosensitive focal adhesions when subjected to pulsatile fluid flow 

leads to increased PGE2 response in OBs via COX-2 activation (see also Fig. 5.2). This 

does not, however, agree with Norvell et al. (2004) in which higher concentrations of 

cytoskeleton disrupting agents than used in these experiments do not alter OB PGE2 

response to 90 mins steady fluid shear stress. A key difference is that in their study the
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OBs were subjected to steady fluid flow -  the pulsatile fluid flow is used in the present 

study is more physiologically relevant and likely more stimulatory, which may explain 

why increased PGE2 response is detected over a much shorter time-scale.

5.4.3 Osteocyte cytoskeleton involvement in flu id  flow-stimulated NO and PGE2

(i) Few studies have investigated the effects o f mechanical stimulation on osteocytes or 

osteocytic cells (OCYs), as in this thesis. It was anticipated that the actin cytoskeleton 

would be involved in mechanically-stimulated nitric oxide (NO) response as in 

endothelial cells and osteoblasts -  Zaman et al. (1999) report that mechanical strain- 

induced NO production in OCYs also proceeds via activation of eNOS activity, which in 

endothelial cells is mediated by the actin cytoskeleton (Su et al., 2003; Zharikov et al., 

2001). Possible explanations for why this is the case for osteoblasts and not for 

osteocytes are discussed in Section 5.4.4 below. Additionally, PFF-induced increase in 

OCY nitric oxide response is not dependent on microtubules, and is in fact further 

enhanced by microtubule disruption. This effect has not been observed previously for 

OCYs, although once again a parallel result has been reported for endothelial cells in 

which microtubule disruption has been shown to enhance fluid shear stress-induced 

eNOS response (Knudsen and Frangos, 1997). Hence, this supports the possibility that 

mechanically-induced OCY bone cell responses to mechanical loading also involve the 

same eNOS mediated mechanisms as in endothelial cells.

(ii) The present results indicate that both an intact actin and microtubule cytoskeleton are 

required for PFF-induced PGE2 response in OCYs. Although Ajubi et al. (1996) also 

report that an intact actin cytoskeleton is required for PGE2 response (in embryonic 

chicken calvarial osteocytes), no previous studies to date report microtubule involvement 

in OCY responses to mechanical stimulation. Since it has been reported that cytoskeletal 

disruption modulates PGE2 response via passage o f calcium ions (Ajubi et al., 1999), it is 

therefore possible that the PFF-induced PGE2 responses observed here arise because 

cytoskeletal disruption alters mechanosensitive ion channel activity in OCYs (Fig. 5.2).
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5.4.4 Differences in osteocyte and osteoblast mechanotransduction

A higher osteocyte (OCY) PFF-induced NO responsiveness relative to osteoblasts (OBs) was 

anticipated, as osteocytes have been previously shown to be more mechanosensitive (Klein- 

Nulend et al., 1995; Westbroek et al., 2000). Although this was not the case with the OCY cell 

lines in these experiments, comparisons of OB and OCY results do uncover interesting 

differences in cytoskeletal involvement in NO and PGE2 response to pulsatile fluid flow. For 

example, unlike PFF-induced NO response in OBs, it cannot be concluded that stress fibre 

alignment or actin cytoskeleton reorganization is related to PFF-induced OCY NO response 

(Figs. 4.12 and 4.14). Also, there are opposite effects of cytoskeletal disruption on OCY and OB 

PFF-induced PGE2 response (Figs. 4.11 and 4.13). Both these differences in NO and PGE2 

response in OCYs and OBs may be related to differences in cytoskeleton composition between 

both cell types. In addition to inhibiting direct cytoskeletal involvement in 

mechanotransduction, disrupting cytoskeleton components also alters mechanical connections 

between integrins, cytoskeletal filaments and the nucleus (Janmey, 1998; Maniotis et al., 1994; 

Wang et al., 1993). Cytoskeleton disruption can therefore also alters bone cell mechanical 

properties and mechanosensitivity as has been demonstrated experimentally (Trickey et al., 

2004; Duncan and Hruska, 1994). As the consequences of cytoskeleton disruption are 

dependent on cell characteristics such as relative amounts and distribution o f cytoskeleton 

components, the effect o f disrupting the osteocyte and osteoblast cytoskeleton cannot be 

assumed equivalent. Indeed, the more significant effect of actin disruption (than microtubule 

disruption) on OCY morphology indicates that OCY structure is largely dependent on actin. 

This has also been observed by Tanaka-Kamioka et al. (1995). It is possible that such 

differences in actin composition are involved in the differences in PFF-induced NO response. In 

Section 5.5.3, a mechanism by which actin components may mediate endothelial nitric oxide 

synthase (eNOS) conversion o f L-arginine to NO in osteoblasts and osteocytes when subjected 

to fluid shear stress (as described in this Section) or to an indentation force (as in Section 5.5) is 

proposed.
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In this thesis inhibition o f PGE2 is observed in OCYs treated with cytoskeleton 

disrupting agents, but not OBs. It is interesting to compare these results to those of Rawlinson et 

al. (1996), in which it was found that blocking shear/stretch sensitive ion channels abolishes 

glucose-6-phosphate dehydrogenase (G6PD) activity, for which PGE2 response is required in 

OCYs (El Haj et al., 1996). The importance of stretch-sensitive ion channels in OCY PGE2 

response has also been confirmed by Ajubi et al. (1996). In OBs, however, voltage-dependent 

calcium channels have the dominant influence on mechanically-induced G6PD response, and 

blocking stretch-sensitive ion channels only slightly reduces PGE2 release (Rawlinson et al., 

1996). That cytoskeletal disruption abolishes PFF-induced PGE2 response in OCYs, but not in 

OBs, may be because of this greater dominance o f stretch-sensitive ion channels in OCY 

response to mechanical loading, i.e. the cytoskeleton modulates PGE2 response in OCYs via 

these mechanosensitive ion channels.

A mechanism by which the cytoskeleton influences the PGE2 signalling pathway in 

both OBs and OCYs is illustrated in Fig. 5.2. In this proposal, disruption o f actin or 

microtubules modulates ion channel activity (either by direct cytoskeleton connection or via 

altered membrane tension) leading to an influx o f calcium ions. Calcium entry through single 

ion channels has been observed for smooth muscle cells (Zou et al., 2002), is regulated by actin 

filaments in human fibroblasts (Wu et al., 1999), and high calcium levels are associated with 

COX-2 and PGE2 response (Choudhary et al., 2003). Calcium modulates the functions o f 

various enzymes linked to the prostaglandin signalling pathway, including phospholipase C 

(PLC). PLC, which may be regulated by the actin-filament linked protein profilin, breaks down 

into diacylglycerol (DAG). DAG and Ca^^ are activators of protein kinase C (PKC) (Nishizuka, 

1992), which in turn enhances cytosolic phospholipase A2 (PLA2 ) (Ajubi et al., 1996) from 

which arachidonic acid is generated. An increase in arachidonic acid, together with activation o f 

COX-2 leads to prostaglandin synthesis, including PGE2 (Ajubi et al., 1996; Bakker et al. 2003) 

(see Fig. 5.2). In this thesis, when the actin cytoskeleton is disrupted in OCYs, the resultant 

disruption o f ion channel activity would inhibit the influx of calcium ions that initiates the 

signalling pathway that leads to PGE2 response. The fact that these stretch-sensitive ion
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Fig, 5.2 Schematic representation o f  cytoskeleton involvement in signal 

transduction o f  mechanical stimulation-induced prostaglandin E2  

release in osteoblasts or osteocytes (see text fo r  fu ll explanation). 

Abbreviations: PKC, protein kinase C; PLA2, cytosolic phospholipase 

A 2; COX-2, cyclooxygenase-2; DAG, diacylglycerol; PLC, 

phospholipase C; PGE2, prostaglandin E 2.

channels are more dominant in OCYs than in OBs would explain inhibition of PGE2 response 

by cytoskeleton disruption in OCYs only. This proposed mechanism does not rule out 

involvement o f other mechanosensors that have been implicated in PGE2 response, such as G- 

protein-coupled receptors (Gudi et al., 1996), gap-junctions (Saunders et al., 2001; Cherian et 

al., 2005) the glycocalyx (Mochizuki et al., 2003; Reilly et al., 2003), or focal adhesions. In fact 

in OBs, PGE2 response is evidently related to a-actinin-mediated recruitment of actin 

filaments to focal adhesions, that then leads to Rho kinase-mediated COX-2 activity and 

enhanced PGE2 response (Ponik and Pavalko, 2003) (Fig. 5.2). This may well explain why
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clustering o f  actin at focal adhesions after disruption o f  actin and microtubules corresponds with  

enhanced PGE2 response in fluid flow  stimulated OBs.

5.5 Nitric oxide mechanotransduction in a single osteoblast

5.5.1 Introduction

In the fo llow ing Sections the significance o f  the results reporting mechanotransduction o f  

intracellular nitric oxide response in single osteoblasts in vitro  is discussed. The various control 

experiments performed in verifying that nitric oxide response is due to mechanotransduction are 

discussed here in Section 5.5.1. The im plications o f  the various osteoblast responses to 

indentation are discussed in Sections 5.5.2 and 5.5.3. In Section 5.5.4 the estimated membrane 

strains associated with mechanotransduction o f  NO response are discussed.

Nitric oxide (NO ) is not stored within a cell as it is toxic in high concentrations (Evans 

and Ralston, 1996). The rapid responses occurring over the tim e-scale o f  the indentation 

experiments in this thesis indicate that synthesis and diffusion o f  NO occurs within a short time 

(ranging from <10 s to 2 m ins) after receiving the mechanical signal. Such a rapid response 

indicates that bone cell N O  response is independent o f  longer-term changes in cell activity that 

result from transcription in the nucleus. The reason that only ~ 10  % o f  indented osteoblasts 

respond to the indenting mechanical force at any one time is unknown, but it may be that the 

osteoblasts respond only in one phase o f  the cell cycle. The varied m echanoresponsiveness may 

also be related to the osteoblast passage number, proximity o f  indentation to mechanosensory 

components o f  the cell (for example, cytoskeletal proteins, ion channels or integrins), and to 

variation in osteoblast strain due to variables such as osteoblast elasticity and depth o f  

indentation, as discussed in Section 5.5.4.

It is clear from each o f  the control experiments that none o f  the responses are artefacts 

o f  the methods used during osteoblast indentation. In the ‘mitotracker’ controls, for example, 

there was no alteration in fluorescence over the tim e-scale o f  the experiment, besides 

photobleaching and slight increases in fluorescent intensity due to tip reflection during
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indentation only. This artefact due to tip reflection was also observed during nitric oxide 

indentation experiment -  when quantified it was found that normalised fluorescent intensity 

increased by ~1 % and coincided exactly with tip actuation times. This small percentage 

increase is insignificant relative to the magnitude of any response reported in Section 4.4.1. 

Another concern addressed was that indentation would result in non-viable or apoptotic 

osteoblasts by puncture o f the indented membrane. Such non-viable cells would stain positive 

for the propidium iodide dye. Relative to the positive control, this was not recorded in any of 

these controls experiments, indicating that the osteoblasts remain viable and are not irreversibly 

damaged during mechanotransduction of the various nitric oxide (NO) responses. In the control 

experiments in which the tip was actuated above, or stationary in the proximity of, an osteoblast 

no change in fluorescence besides photobleaching was observed. This confirms that the force 

applied via tip-membrane contact initiates mechanotransduction o f any NO response. It is 

therefore clear that any response recorded arises due to altered osteoblast behaviour (and not 

from fluorescent artefacts), does not result in apoptotic or non-viable osteoblasts within the tim- 

scale o f the indentation experiment, and is due to application of a force via contact of the AFM 

tip with the osteoblast membrane.

5.5.2 Increased intracellular nitric oxide diffuses to the extracellular medium 

In the response reported in Section 4.4.1.4, indentation results in increased intracellular NO 

within 60 s, which begins to decline rapidly within 300 s. While it is possible that the rapid 

decrease in intracellular NO concentration is due to a mechanism that inactivates the NO within 

the cell, there is evidence to support the possibility that NO is gradually diffusing into the 

extracellular medium -  the fact that the initial increase in NO intensity is accompanied by the 

emergence o f pools of NO that diffiise outwards from the membrane in tandem with a drop in 

intracellular NO intensity indicates that the NO is diffiising through the membrane. If  so, this 

response is most likely the mechanism by which pulsatile fluid flow results in increased nitrate 

in the experimental medium, as discussed for the fluid flow experiments in this thesis (Section

122



5.3) and in several other studies also reporting increased nitrate levels after mechanical 

stimulation of bone cells (discussed in Section 2.5.3).

Nitrate forms immediately when short-lived NO molecules are mixed with oxygen in 

the extracellular medium, where it accumulates over the duration of an experiment. However, to 

relate NO concentration produced by a single osteoblast to the concentration of nitrate after 10 

mins would be difficult because: (i) all osteoblasts in a monolayer population are unlikely to 

respond to a mechanical stimulus (the differences in osteoblast mechanoresponsiveness reported 

in Section 5.5 would also arise in fluid flow stimulation), and (ii) it is not known whether all of 

the short-lived NO will be converted to nitrate or diffuse into the medium.

5.5.3 Mechanotransduction o f nitric oxide involves activation o f localised eNOS 

Osteoblast response to indentation forces ranging from 17 to 50 nN causes synthesis and 

diffusion of NO to occur from both localised pools throughout the osteoblast and from the 

perinuclear region (see Sections 4.4.1.2 and 4.4.1.3). This NO synthesis appears to be sustained 

beyond the duration of the indentation experiment as the localised pools of NO fluorescence do 

not decrease in intensity as they diffuse outwards. Similarities in the dynamics of the 

perinuclear and localised pools response (i.e. the time-scale, magnitude of increase, and the fact 

that it is sustained) indicate that both responses may involve similar mechanisms. The response 

to indentation described in Section 4.4.1.5 shows that indentation can lead to rapid alteration in 

osteoblast morphology. In one such response, this retraction accompanied by increased NO 

intensity also at localised pools. Considering the crucial role for the cytoskeleton in maintaining 

cell structure and shape (as discussed in Section 2.2.1.1 and predicted in the cell model), it is 

likely that osteoblast retraction is due to cytoskeleton movement -  if so, this provides 

convincing evidence for cytoskeleton involvement in the transduction of a mechanical stimulus 

to a dif!usion of NO from localised pools.

To explain both these single osteoblast NO responses to indentation, and also the 

differences in cytoskeletal involvement in osteocyte and osteoblast response to fluid flow 

stimulation (Section 5.4), these results are discussed in the context of what is known in the
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Fig. 5.3 Fluorescent image o f cells immmo-labelled with antibodies to 

total eNOS. (a) bovine aortic endothelial cells after stimulation with 

vascular endothelial growth factor, and (b) COS-7 cells transfected 

with eNOS. In both cells total eNOS is localised to the plasma 

membrane (open arrows) and perinuclear region (arrow heads).

Adapted from Fulton et al. (2002).

literature of the well-established eNOS-mediated mechanotransduction of NO. It has been 

shown by Fulton et al. (2002) that eNOS resides in two pools of active enzyme: in the 

perinuclear region and in the plasma membrane of endothelial cells (Fig. 5.3). It is now known 

that eNOS is in fact localised to components of the plasma membrane known as caveolae. 

Caveolae are cholesterol-rich membrane domains in which several proteins involved in signal 

transduction have been found (Gratton et al., 2004). The eNOS observed in the perinuclear 

region is in fact localised to the membranes of Golgi -  the function o f both Golgi and 

caveolae as sites for eNOS activity is supported by several studies (Shaul et al., 1996; Sessa et 

al., 1995; Garcia-Cardena et al., 1996). More recently Shaul (2002) suggests that trafficking of 

eNOS to both Golgi membranes and to plasma membrane caveolae facilitates dynamic protein 

interactions and calcium- and phosphorylation-dependent signal transduction events that 

modify NO activity. It is therefore possible that the localised pools of NO (as seen in osteoblasts 

in this thesis) are emerging from these regions of localised eNOS activity. Cationic amino acid 

transporter-1 (CAT-1) is a protein that transports L-arginine, and forms a caveolar complex with 

eNOS in endothelial cells (Su et al., 2003; McDonald et al., 1997). This location for CAT-1 is 

ideally suited to the provision of L-arginine for eNOS conversion to NO. An explanation for 

how mechanical forces may influence the activity o f either eNOS or CAT-1 lies in the
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Fig. 5,4 Schematic representation o f cytoskeleton involvement in signal 

transduction o f mechanical stimulation-induced nitric oxide release in 

osteoblasts or osteocytes, based on results in this thesis and on several 
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documented interaction between both Golgi and caveolae with actin filaments (Conrad et al., 

1995; Fujimoto et al., 1995, Lisanti et al., 1994). In fact it has been shown that eNOS in the 

membrane is colocalised with F-actin, and eNOS in the Golgi within the perinuclear region is 

colocalised with G-actin (Su et al., 2003). A mechanical stimulus resulting from fluid shear 

stress or AFM tip indentation may activate eNOS conversion o f L-arginine to NO via F- and G- 

actin regulation o f caveolar eNOS activity (see Fig. 5.4). The resultant diffusion o f NO from 

the perinuclear region (the Golgi) and from the plasma membrane (caveolae) would lead to 

rapid and sustained increases in nitric oxide levels in these cell regions, as observed in this 

thesis. Hence the reason why actin is crucial for eNOS-mediated NO response in osteoblasts 

subjected to fluid flow (as discussed in Section 5.4.2) is disruption o f actin filaments prevents

125



eN O S and CAT-1 activity in the caveolae and G olgi membranes. Microtubules do not have a 

direct role in this mechanism, which may explain why their disruption does not inhibit NO  

response in either osteoblasts or osteocytes. The fact that microtubule disruption does increase 

NO  in osteocytes may be due to a secondary effect, such as increased movem ent o f  actin 

filaments to w hich they are networked.

It has been shown by Rawlinson et al. (1996) that osteoblast N O  and PGE2 response to 

m echanical loading involves an ingress o f  calcium  via both voltage-activated and stretch 

sensitive ion channels, although the voltage-activated channels appear to dominate in 

osteoblasts. In endothelial cells, involvem ent o f  intracellular calcium  in eN O S activation has 

been determined (Busse and Mulsch, 1990; Busse and Fleming, 1995) although other studies do 

not agree that high calcium levels are required for nitric oxide response (Ayajiki et al., 1996). In 

the experiments o f  Charras and Horton (2002b) application o f  a 30 nN indentation force to the a 

primary osteoblast membrane results in increased intracellular calcium intensity. In this thesis 

application o f  a similar range o f  forces and indentation depths increases intracellular nitric oxide  

(NO ) response. That both these response occur over a similar tim e-scale suggests that calcium- 

mediated N O  response is possible. W hile a role for calcium in PGE2 response is highly likely  

(Fig. 5.2), the possibility that mechanotransduction o f  NO response is dependent on an influx o f  

calcium  via activation o f  stretch-sensitive ion channel activity may also influence the 

mechanism proposed in Fig. 5.4.

5.5.4 Membrane strains associated with osteoblast nitric oxide mechanotransduction 

The magnitude o f  indenting forces and corresponding indentation depths used in this thesis to 

m echanically stimulate single osteoblast nitric oxide responses are in the same range as those 

reported for indentation-induced calcium response in primary osteoblasts (Charras and Horton, 

2002b). Similar theoretical assumptions were adopted in applying contact theory to calculate 

radial strains in both studies, i.e. the contact assum es linear elastic material behaviour and no 

adhesion effects. A s the theoretical expression used to calculate the membrane radial strains in 

this thesis is based on a theoretical cone that converges to a point at its apex (Johnson, 1985),

126



the radial strains for each response in Fig. 4 .27 increase to infinity at the apex (or centre o f  

indentation). This does not accurately reflect the geometry o f  the indenting AFM  tip, which has 

an end-radius o f  ~14  nm, particularly at low  depths o f  indentation. Hence, the strain values 

calculated for each osteoblast N O  response to indentation are not valid near the centre o f  

indentation. In the absence o f  a theoretical expression that accounts for actual AFM  tip 

geometry (and large displacem ents), these radial strain values should be considered as an 

inconclusive estimates o f  the range o f  radial strains (from ~50 to 200 millistrains) associated  

with osteoblast N O  mechanotransduction.

These membrane radial strains associated with NO  mechanotransduction may be ~5- 

fold higher than those associated with indentation-induced calcium response (< 40,000 |i£). In 

their experiments, Charras and Horton (2002b) attached a 1 ^m diameter glass bead to the 

cantilever end in order to apply the indentation force over a larger membrane area -  the 

spherical geometry o f  the glass bead results in lower strain gradients, and the force is distributed 

over a larger contact area. The range o f  membrane radial strains estimated to correspond with 

indentation-induced NO response (Fig. 4 .27) are also significantly larger than those determined 

to cause a nitric oxide or prostaglandin E2 response in w hole-cell stimulation o f  monolayers o f  

adherent bone cells (as determined by application o f  the cell model to in vitro  experiments in 

Section 5.3.2) -  there it w as reported that strains in the range o f  3,800 ne to -8 ,0 0 0  ne applied 

by either fluid shear stress or substrate strain result in a nitric oxide signalling response. This 

large difference in strain values associated with NO mechanotransduction may be explained by 

a fundamental difference between deformation caused by w hole-cell stimuli and application o f  

localised indentation forces -  w hole-cell stimulation results in a more effective straining cell- 

substrate attachments and transmission o f  mechanical forces to cytoskeleton-related  

m echanosensory function that leads to N O  response.

There are several sources o f  inter-experimental variation in the physical consequences 

of, and the magnitude o f  strain induced in, the indented osteoblast membrane. The variation in 

force-indentation characteristics in these force curves is considerable, with elasticity values 

calculated from the various force curves (Figs. 4 .15 , 4.25 and 4 .26) ranging from 7.4 to 315.1
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kPa. Resistance to indentation also increase with distance into the osteoblast, as illustrated in 

Section 4.4.2). This suggests that osteoblast material rigidity increase with depth, perhaps due to 

the increasing presence o f cytoskeletal structures. Although the possibility that the substrate 

contributes to resistance to tip indentation cannot be disregarded (Costa and Yin, 1999), it is not 

likely that the substrate contributes to the strain hardening that is evident on comparison of the 

indentation depths associated with 5 and 10 nN as these depths are within 10 to 15% of 

estimated osteoblast height (~4 to 5 |im). These sources o f variation in the physical 

consequences of an indenting force may explain, in part, why the osteoblastic cells do not 

exhibit uniform mechanosensitivity in terms of mechanotransduction o f NO response. It is also 

worth noting that the elasticity values computed for each NO mechanotransduction response in 

Fig. 4.27 are mostly at the higher end o f elasticity values determined for these osteoblasts (the 

lowest elasticity is 45.4 kPa and the highest is 315.1 kPa). Although this data is not conclusive, 

it indicates that successful mechanotransduction o f NO may be occurring when indentation 

forces are applied to more rigid parts of the osteoblast, perhaps in the proximity o f cytoskeletal 

structures.
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6.1 Main results o f  this thesis

6.2 Future work

Chapter 6 

Conclusions
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6.1 Main results of the thesis

In this thesis the hypothesis that osteoblast and osteocyte response to mechanical stimuli 

involves magnitude-dependent cytoskeleton-mediated release of nitric oxide and prostaglandin 

E2 signalling molecules was investigated. This hypothesis was tested using both computational 

and experimental methods which yielded the following insights into bone cell

mechanotransduction:

□ It was concluded from the finite element model of an eukaryotic cell that the actin 

cytoskeleton and microtubules in particular are the most significant organelles in 

cell resistance to deformation due to mechanical stimuli. Also, actin-transmitted 

prestress gives rise to experimentally-observed non-linearity in cell response to 

applied forces. Such a structural role for the cytoskeleton supports its suitability for 

both detection and transmission of forces acting on the cell membrane to other 

organelles that transduce short-term responses such as NO or PGE2 release.

□ By modelling the physical effects of fluid flow and substrate strain on adherent 

bone cells in vitro, it was concluded that NO and PGE2 signalling response in 

mechanically-stimulated bone cells is dependent not only on the magnitude of 

deformation but also the nature of cell deformation caused by the applied stimulus. 

Furthermore, such is the extent of the qualitative and quantitative differences in cell 

deformation caused by commonly applied magnitudes of fluid flow and strain 

stimuli in vitro, that inter-experimental comparisons of bone cell response are not 

justified. Although these conclusions demand further experimental substantiation, 

the integrated approach adopted does provide insight that would not have been 

otherwise possible, for example, how magnitude-dependence of bone cell signalling 

responses can explain bone cell capacity to distinguish between fluid flow or strain 

stimuli in several experimental studies.

□ When this magnitude-dependent response of bone cells in vitro is extrapolated to in 

vivo mechanobiology, it appears that mechanical forces have direct control on
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osteoblast or osteocyte function simply due to exposure to the mechanical 

environment characteristic o f their anatomical location, i.e. strains o f < 3,000^8 (on 

bone surface where osteoblasts adhere) cause osteoblastic matrix production, 

whereas fluid sheai' stress < 3Pa (estimated to occur in osteocyte lacunae) causes 

signalling responses associated with osteocyte signalling function, for example NO 

or PGE2 .

□ From experimental results in this thesis it was concluded that dynamic changes in 

the cytoskeleton occur during mechanotransduction o f NO and PGE2 response. 

Actin and microtubule cytoskeletal components influence mechanotransduction 

pathways o f both NO and PGE2 response differently in osteoblasts and osteocytes. 

For example, fluid flow-induced NO response in osteoblasts involves an actin- (but 

not microtubule) mediated eNOS pathway, whereas osteocyte nitric oxide response 

is not dependent on actin but is further enhanced by disruption o f microtubules. 

Both results, however, do agree with previous reports o f actin cytoskeleton 

involvement in eNOS-mediated conversion o f L-arginine to NO in endothelial cells, 

suggesting a similar mechanism occurs in bone cells. Increased osteoblast PGE2 

response may be related to stimulation by fluid flow o f actin clustered at focal 

adhesions, whereas both an intact actin and microtubule cytoskeleton are required 

for fluid flow-induced PGE2 response in osteocytes. Differences in osteoblast and 

osteocyte mechanotransduction o f NO response may be related to differences in 

cytoskeleton composition between both cell types -  osteocytes have a more actin- 

rich cytoskeleton. That cytoskeletal disruption abolishes PGE2 response in 

osteocytes, but not in osteoblasts, is probably because o f the greater dominance o f 

stretch/shear-sensitive ion channels in osteocyte response to mechanical loading.

□ From the single osteoblast indentation experiments it was concluded that 

osteoblasts respond to localised indenting forces ranging from 17 nN to 50 nN with 

a rapid synthesis and release o f intracellular nitric oxide. Continuous indentation 

causes sustained diffusion o f NO from the perinuclear region o f the osteoblast or
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from localized pools in the cytoplasm or membrane. It is also observed that 

diffusion o f NO through the membrane into the extracellular medium is the 

mechanism by which fluid flow stimulation o f osteoblasts leads to measurement o f 

increased nitrate levels in the experimental medium. Interpreting the single cell 

results alongside what has been reported in literature suggests that actin filaments 

can regulate NO release, as both actin and eNOS are co-localised in Golgi 

membranes and caveolae, where the eNOS conversion o f L-arginine to nitric oxide 

takes place.

□ Membrane strains associated with indentation-induced mechanotransduction o f NO 

significantly exceed those strains associated with NO response due to whole-cell 

stimulation under fluid flow or substrate strain (as computed in the cell model). 

That NO activation occurs at lower strain levels in whole-cell stimulation may be 

due to a more effective transmission o f forces throughout the cell than would occur 

in localised indentation, which reiterates the importance o f qualitative and 

quantitative differences in the physical effects o f  an applied force in 

mechanotransduction.

In summary, how macroscale mechanical forces control bone quality is very much 

based on the physical consequences o f that mechanical stimulus on the bone cell level. 

Mechanotransduction o f the received stimulus occurs via cytoskeleton-related subcellular 

mechansensory mechanisms that influence the signalling pathways that ultimately lead to NO 

and PGE2 response, both o f  which are crucial for bone formation.

6.2 Future work

That cell response is magnitude-dependent suggests that, // the estimates o f fluid shear stress 

and strain estimated to occur in vivo are correct, there must be independent roles for strain and 

fluid flow in bone mechanobiology in terms o f the bone cell responses they elicit. Besides the 

fundamental value o f this result for understanding bone physiology, it provides new information
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that could be used to predicting expected cell behaviour when exposed to various magnitudes o f  

biophysical stimuli and incorporated into improved mechanoregulation algorithms that predict 

the mechanisms and dynamics o f  tissue formation in osteochondral defects (Kelly and 

Prendergast, 2005) or in fracture repair (Lacroix and Prendergast, 2002).

The insights o f  this thesis are also applicable to tissue engineering -  that osteoblasts 

appear to have the capacity to adapt their function according to the prevailing mechanical 

stimuli indicates that a focus on replicating the in vivo  mechanical environment o f  bone cells 

may yield most promise in engineering o f  tissues in vitro. The question remains, however, 

whether responses exhibited by bone cells adherent on 2-dimensional surfaces are representative 

o f  those occurring in the more complex 3-dimensional environment o f  in vivo bone architecture 

or within the pores o f  a tissue engineering scaffold (McMahon et al., 2005). The influence o f  

qualitative differences in cell defomiation on mechanotransduction would suggest that the 

degree o f  cell attachment in 3-dimensions, such as for osteocytes embedded in lacunae, must 

greatly influence mechanotransduction o f  a cell response. Future work could therefore include: 

(i) a fundamental comparision o f  bone cell behaviour in both 2- and 3-dimensional 

environments, and (ii) attempts to devise methods o f  mechanical stimulation that better replicate 

the in vivo mechanical environment, for example, the micro-fabrication chamber developed by 

Jacobs and co-workers (You et al., 2005).

Both computational predictions and experimental results in this thesis point to 

cytoskeletal involvement in this mechanotransduction mechanism. If this involvement is not 

direct, perhaps it occurs via cytoskeleton-attached focal adhesions, integrin-cytoskeleton 

couplings, cytoskeletal modulation o f  ion channels, gap junctions, cytoskeletal force 

transmission and cytoskeleton-bound mechanotransducing molecules. The involvement o f  each 

o f  these possible mechanosensory candidates in mechanotransduction o f  NO or PGE2  should be 

explored in future experiments. The possibility that calcium, as a second messenger, mediates 

transduction o f  NO or PGE2 must also be the subject o f  future work, particularly since 

mechanical stimulation o f  calcium in single bone cells occurs over a time-scale similar to that 

reported for NO in this thesis (Charras and Horton, 2002a). The experimental results obtained.
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by indentation o f  single osteoblasts and fluid flow-stimulated monolayers o f bone cells, indicate 

that the actin cytoskeleton is involved in eNOS-mediated synthesis and diffusion o f NO, 

perhaps from localised sites in the Golgi region and in caveolae in the plasma membrane. 

Further experimental investigation using immunofluorescent staining o f eNOS in 

mechanosensitive bone cells would yield further insight into this potential site for mechanical 

and biochemical coupling, that leads to NO response.
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Abstract

Fluid flowing through the bone porosity might be a primary stimulus for functional adaptation o f bone. Osteoblasts, and osteo
cytes in particular, respond to fluid flow in vitro with enhanced nitric oxide (NO) and prostaglandin E2 (PGE2) release; both of these 
signahng molecules mediate mechanically-induced bone formation. Because the cell cytoskeleton is involved in signal transduction, 
we hypothesized that the pulsatile fluid flow-induced release of NO and PGE2 in both osteoblastic and osteocytic cells involves the 
actin and microtubule cytoskeleton. In testing this hypothesis we found that fluid flow-induced NO response in osteoblasts was 
accompanied by parallel alignment o f stress fibers, whereas PGE2 response was related to fluid flow stimulation o f focal adhesions 
formed after cytoskeletal disruption. Fluid flow-induced PGE2 response in osteocytes was inhibited by cytoskeletal disruption, 
whereas in osteoblasts it was enhanced. These opposite PGE2 responses are likely related to differences in cytoskeletal composition 
(osteocyte structure was more dependent on actin), but may occur via cytoskeletal modulation o f shear/stretch-sensitive ion chan
nels that are known to be dominant in osteocyte (and not osteoblast) response to mechanical loading.
© 2005 Elsevier Inc. All rights reserved.
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Abstract

Mechanical stimulation is known to cause alterations in the 
behaviour of cells adhering to a substrate. The mechanisms 
by which forces are transduced into biological responses 
within the cell remain largely unknown. Since cellular de
formation is likely involved, further understanding of the 
biomechanical origins of alterations in cellular response can 
be aided by the use of computational models in describing 
cellular structural behaviour and in determining cellular 
deformation due to imposed loads of various magnitudes. 
In this paper, a finite element modelling approach that can 
describe the biomechanical behaviour of adherent eukaryotic 
cells is presented. It fuses two previous modelling ap
proaches by incorporating, in an idealised geometry, all cel
lular components considered structurally significant, i.e. 
prestressed cytoskeleton, cytoplasm, nucleus and membrane 
components. The aim is to determine if we can use this model 
to describe the non-linear structural behaviour of an adher
ent cell and to determine the contribution of the various 
cellular components to cellular stability. Results obtained 
by applying forces (in the picoNewton range) to the model 
membrane nodes suggest a key role for the cytoskeleton in 
determining cellular stiffness. The model captures non-lin- 
ear structural behaviours such as strain hardening and pre
stress effects (in the region of receptor sites), and variable 
compliance along the cell surface. The role of the cytoskel
eton in stiffening a cell during the process of cell spreading 
is investigated by applying forces to five increasingly spread 
cell geometries. Parameter studies reveal that material prop
erties of the cytoplasm (elasticity and compressibility) also 
have a large influence on cellular stiffness. The computa
tional model of a single cell developed here is proposed as 
one that is sufficiently complex to capture the non-linear 
behaviours of the cell response to forces whilst not being 
so complex that the parameters cannot be specified. The 
model could be very useful in computing cellular structural 
behaviour in response to various in vitro mechanical stimuli 
(e.g. fluid flow, substrate strain), or for use in algorithms 
that attempt to simulate mechanobiological processes.

Key words: Cell model, finite elements, tensegrity, 
microtubules, actin, prestress, cellular deformation, nuclear 
deformation, mechanobiology, cell biomechanics.

* Address for correspondence:
Patrick Prendergast 
Centre for Bioengineering,
Department of Mechanical Engineering,
Parsons Building, Trinity College, Dublin 2, Ireland.

Telephone Number; +353-1-608 1383 
FAX Number; +353-1-679 5554.

E-mail; pprender@tcd.ie 
Web.: www.biomechanics.ie

Introduction

Alterations in cell shape and structure caused by mechani
cal loads are critical to cell functions including growth, 
motility, differentiation, and proliferation (Chen et al., 
1997; Chicurel et al., 1998; Janmey, 1998; Carter and 
Beaupre, 2003). Much current research focuses on inves
tigating the mechanisms by which cells sense and trans
duce mechanical forces into biochemical signals, and it 
has emerged that the extent to which an imposed mechani
cal load can elicit changes in cell behaviour partly depends 
on the distribution of forces within the structural compo
nents of the cell. The mechanisms by which cells resist 
deformation under imposed mechanical loads, and the con
tribution of each cellular component to structural stabil
ity, are therefore significant questions in cell mechanics.

Mechanical models could give insight into the struc
tural properties of adherent cells. Previous modelling ap
proaches involve either attributing the primary structural 
role to the cytoskeleton, or treating the cytoplasm as a con
tinuum. The first category of models includes the tensegrity 
approach, which views the cytoskeleton as a network of 
microfilaments and microtubules that distribute forces 
within the cell through a balance of compression and ten
sion (Ingber, 1997; Stamenovicera/., 1996). By attribut
ing a central role to cytoskeleton contractile forces, the 
tensegrity approach has described many aspects o f cell 
deformability including non-linear features of cellular 
structural behaviour (Wang et a l ,  2001). In the second 
category of models, the continuum approach has been used 
to model blood cells with a cortical membrane and vis
cous cytoplasm (Evans and Yeung, 1989), airway epithe
lial cells in a 2D finite element model (Kamm etal. 2000), 
the deformation of a chondrocyte within its extracellular 
matrix (Guilak and Mow, 2000), and cell deformation in 
magnetocytometry with a viscoelastic representation of the 
membrane/cortex and cytoskeleton (Karcher et al., 2003). 
The third category includes models of the cytoskeleton as 
a percolation network of fibres in a viscous cytoplasm, 
where the fibres recombine via linker molecules to trans
mit forces across the cytoskeleton (Shafrir and Forgacs, 
2002; Head etal., 2003).

Charras and Horton (2001) have suggested a model 
comprising a cytoskeleton tethered to both membrane and 
nucleus components to explain their observations of the 
effects of cytoskeletal disruption. It has also been proposed 
by Hochmuth (2000) that “the modelling of cellular de
formation in the future may combine elements of both 
continuum models and tensegrity models”. The present 
paper describes the development a model of a eukaryotic 
cell adherent to a substrate using the finite element method, 
incorporating those cellular components that are likely to 
be structurally significant, i.e. nucleus, cytoplasm, mem
brane components, and a cytoskeleton network of filaments
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and tubules. The aim is to determine whether or not we can 
successfully describe the non-linear structural behaviour 
of an adherent cell, including non-linear stiffening, vari
able compliance along the cell surface, the influence of ten
sion (i.e., prestress) in the actin filament network, altera
tions in stiffness during spreading, and the contribution of 
each structural component to the cellular stability/stiffness. 
If this is possible then we would have a prima facie case 
for using such m odels as predictive tools in 
mechanobiology.

Methods
Model Geometry

A finite element model was created to represent the shape 
of a rounded cell adherent to a substrate in various spread 
configurations. The geometry was based on images of 
spreading fibroblasts (Fig. I). The ceil immediately post 
attachment has its most rounded configuration (Fig. 2a) and 
consists o f a cytoskeleton incorporating microfilaments and 
microtubules, together with cytoplasm, nucleus and mem
brane components. Similar models were created to repre
sent the adherent cells at increasingly spread shapes (Fig. 
2b -  2f). The internal cytoskeleton consists of a tensegrity 
network of six compression-bearing struts (two in each 
orthogonal direction) and twenty-four tensional cables rep
resenting the aggregate behaviour of microtubules and 
microfilaments respectively. The end of each strut connects 
with four cables, creating 12 common nodes representing 
‘receptor’ sites where actin filaments cluster at adhesion 
complexes in adherent cells. In the increasingly spread mod
els (Fig. 2a -  2f), the microtubule and microfiiament ele
ments are altered in length and position as these nodes are 
re-positioned downwards to comply with the spread shapes. 
New surface locations for the ‘receptor’ nodes are estab
lished by firstly determining the nodal positions that main
tain the original vertical proportions of the internal cytoskel
eton structure in the rounded configuration shown in Fig. 
2a, I.e. three horizontal planes formed by nodes 4, 5,6 near
est the substrate, nodes 7, 8, 9 next, and nodes 10, II, 12 
farthest from the substrate (Fig. 2a shows the original po
sitions of these nodes). Radial planes defined by the central 
axis and the original nodal positions are then established; 
the intersection of these planes with each new model sur
face yields surface lines along which the new nodal posi
tions must lie. Points of intersection of these surface lines 
with each of the three horizontal planes established in each 
model yield nine new nodal positions of the cytoskeleton 
nodes when repositioned to conform to the spread shape of 
each model. The nodes of the membrane are coincident with 
nodes of the underlying cytoplasm and with nodes of the 
cytoskeleton at receptor sites. Contact radii and heights of 
each of the finite element models are provided in Table 1.

Figure 1. Images of a spreading chick embryo fibroblast 
adherent on a glass microplate for (a) 5 minutes, and (b) 
after 3 hours, adapted with permission from Frisch and 
Thoumine (1999). The dimensions of the finite element 
models developed (Table 1) correspond to contact an
gles (9) and contact radii (R) highlighted in (b).

The corresponding cell volumes are -3,000 (xm’ and the 
nucleus in each model formed from an ellipse with a ma
jor axis of 8 nm, minor axis of 5 ^m, and a distance of 2 
|jm from the substrate, also based on experimental obser
vations by Thoumine et al. (1999).

The model is developed using ANSYS (Palo Alto, CA, 
USA). The cytoplasm and nucleus elements are meshed with 
4-node lower-order tetrahedral elements. The membrane 
is meshed with 3-node shell elements. Microtubule struts 
and microfiiament cables are meshed with single link ele
ments (a three-dimensional spar element with bilinear stiff
ness matrix), compression-only and tension-only respec
tively.

Constitutive modelling of cellular components
Material properties for each of the cell components are 

not known precisely and can only be estimated from vari
ous sources (see Table 2). The cytoplasm and nucleus are 
here treated as linear elastic and isotropic continua. The 
elastic modulus of the cytoplasm is chosen as 100 Pa 
(Kamm et al., 2000), while the nucleus is chosen as 400 
Pa, -four times stiffer than the cytoplasm, as reported by

Cytoplasm Nucleus Membrane^ Microtiibules* Microfilaments^
Elastic modulus (Pa) 100* 400f 10-’ 1 .2  X l a " 2 . 6  X 10^

Poisson’s ratio (V) 0.37J 0.37J 0.3 0.3 0.3

* 1 xl0-'"N /nm -
JShin and Athanasiou, 2001, tGuilak et al., 2000,  ̂Kamm et al., 2000, * Gittes et al., 1993 

Table 2. Material properties assigned to the cellular components in each model.
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Figure 2. Three-dimensional finite element models (a) to (f) of adherent cells at increasingly spread shapes to the 
final configuration in Fig lb. Each model comprises membrane, nucleus, cytoplasm, and cytoskeleton components. 
The cytoplasm is omitted for clarity in all models except model (a). Also shown is the internal cytoskeleton of model 
(a) consisting of a 3-dimensional tensegrity network of interconnected microtubule (dark lines) and microfilament 
elements (light lines). Loading conditions applied to the models involve either (A) horizontal forces (50 pN) applied 
to two surface nodes in opposite directions, or (B) the application of vertical indentation forces (50 pN) to mem
brane surface nodes.

Guilak et al. (2000). Poisson’s ratio value (u) for both nu
cleus and cytoplasm is chosen as 0.37 (Shin and Athanasiou, 
1999). In the model developed by Kamm et al. (2000) epi
thelial cell membrane elasticity was taken to be 10’ Pa with a 
thickness of 6 nm. Since in that study, it was concluded that 
the membrane elastic properties were over-estimated, a lower 
value of 10  ̂Pa (with V = 0.3) is selected for the present 
model, while maintaining the same membrane thickness. 
Gittes et al. (1993) measured the flexural rigidity (bending 
stiffness) of microtubules and microfilaments subjected to 
thermal fluctuations. The properties applied to the cytoskel
eton components, i.e. the microtubules and microfilaments 
are based on the elasticity values calculated from these bend
ing stiffness values under the assumption of isotropy and 
homogeneity; the microtubules are assigned corresponding 
cross-sectional areas of 190 nm^, while the microfilaments 
are thinner with an area of 18 nm .̂

Initial constraints
In all models with the various degrees of spreading (Fig. 

2a to 2f), nodes at the cell-substrate interface, including the 
three receptor nodes that establish a cell-substrate plane in 
each model (nodes 1, 2, 3 in Fig. 2a), are constrained in all 
three translational degrees of freedom. Therefore the con
strained points are analogous to focal adhesion sites in ad
herent cells. Initial constraints in each analysis also involve 
application of a prestress (initial strain) to the microfilament

Model Contact radius (nm) Cell Height (nm)
a 6 14
b 8,5 12.8
c 11.2 10.6
d 14.3 10.1
e 17.5 8.5
f 19.2 7.6

Table 1. Dimensions of each finite element model
(a) to (f) illustrated in Fig. 2.

elements in each of the six models. Prestress is an initial 
tension that effectively accounts for the contractile effect 
of acto-myosin sliding mechanisms in the membrane/cor- 
tex region.

Prestress and strain hardening. Prestress values as
signed to microfilament elements of model (a) are varied 
from 0 to 10% in the first loadstep of each analysis, while 
subsequent loadsteps involve application of a 100 pN 
force (50 pN applied to two membrane surface nodes as 
illustrated in Fig. 2a, load vectors denoted by ‘A’). The 
displacement of the nodes in each direction due to the 
applied force yields stiffness (nN/^im) estimates. To in
vestigate strain hardening, the force applied in the second 
loadstep is increased from 25 to 150 pN while maintain
ing constant prestress values in the first loadstep.

Parametric variation of material properties. The 
influence of material properties on stiffness is investi-
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Young’s modulus o f each component from the original 
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gated in the unspread cell configuration [Fig. 2a] by modu
lating the elasticity o f  each model component by 50% and 
200% o f the original values, and computing displacements 
in response to 100 pN. Poisson’s ratio value for the cyto
plasm is also altered from 0.37 to 0.25 and 0.49 in order to 
determine the effect, if  any, o f the degree o f cytoplasm in
compressibility. Constant prestress values are maintained 
during the parameter study.

Variable com pliance of the cell. All six degrees of
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Figure 6. Variable stiffness on application o f vertical 
indentations o f 50 pN along the surface o f all models 
but for model (d) (does not support 50pN at a distance 
from the receptor site).

spread cell configuration [Fig. 2a to 2f] are used to inves
tigate differences in rigidity along the model membrane sur
face. Again prestress is maintained at a constant value (2%) 
in each model. In each model vertical forces (50pN) are 
applied to a receptor node, and at various distances (<5 
nm) from the receptor node (as shown in Fig. 2, load vec
tors denoted by ‘B ’). This essentially mimics indentation 
as applied by atomic force microscopy.

Spreading effects. All six models are also used to in
vestigate alterations in stiffness as contact radius increases 
A force o f 100 pN is applied as in Fig. 2 -  vectors ‘A’, but 
in both  X and z horizontal d irections. A verages of 
displacements in each direction yield stiffness estimates for 
each model. Prestress values applied to microfilaments are 
kept constant in each model, which is in accordance with 
observations o f constant cortical membrane tension in 
spreading cells (Thoumine ef al., 1999).

Results

When forces in the pN range are applied to the cell, the 
model com putes small displacem ents on the order o f 
nanometers. The stiffness values obtained are in a similar 
range (from 0.5 -  3 nN/|.im) whether the model is resisting 
horizontal forces or vertical indentations. As prestress is 
increased linearly, a non-linear increase in stiffness arises 
(Fig. 3). This effect o f prestress on cellular stiffness is also 
seen when the force is applied at a distance from the receptor 
site.

It is also evident that, as the applied force is increased, 
the stiffness o f  the cell increases, and this hardening non- 
linearity disappears in the absence o f  a prestress (Fig. 4). 
Since the amount o f compression borne by microtubules 
has been the subject o f  debate (Ingber e t al., 2000; 
Heidemann et al., 1999) the microtubule components were 
deactivated in the model illustrated in Fig. 2(a), effectively 
modelling the treatment o f cells with microtubule inhibi
tors such as colchicine. It was found that, a t 1 % prestress, 
the decrease in stiffness was -77% . This finding corre-
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Figure 7. (a) Alterations in stiffness as contact radius increases from models (a) to (f). Graph (b) shows the corre
sponding cytoskeleton (CSK) displacements (nm) due to prestress prior to application o f horizontal forces that 
yield stiffness values.

sponds to experimental observations o f  significant losses 
o f structural stiffness upon disruption o f microtubules 
(Stamenovic et al., 2002) and o f microtubule buckling in 
response to increased cell contraction (Wang et al., 2001). 
Incompressibility o f the cytoplasm (i.e. Poisson’s ratio, u) 
has a significant effect in the model, increasing to 0.49 
increases stiffness by 45%, whereas decreasing to 0.25 
decreases stiffness by only -4%,

The cell stiffness changed greatly with changes in the 
stiffness o f certain cell components. Microtubule compo
nents have the largest influence on structural stiffness, fol
lowed by microfilaments and cytoplasm properties (Fig. 
5). The properties o f the membrane and nucleus compo
nents have a small influence on structural stiffness relative 
to other components.

In each increasingly spread model applying vertical 
forces yields differences in compliance along the model sur
face, i.e. compliance increases with distance from receptor 
sites (Fig. 6).

As contact radius increases in models (a) to (f) stiffness 
increases initially, followed by a drop in stiffness in model 
(d) and a final increase in model (f), as shown in Fig, 7a. 
Therefore the stiffness is not predicted to change system
atically with cell spreading. The corresponding cytoskel
eton displacements due to prestress in the first loadstep in 
each model (Fig. 7b) illustrate slight increases in displace
ment to a maximum in model (d), which may be related to 
the trend in stiffness values in Fig. 7a.

Discussion

The non-linear increases in cell stiffness as a result o f  in
creasing prestress exhibited by the model is attributed to 
the internal cytoskeleton -  the effect is also seen when forces 
are applied at a distance from the underlying cytoskeleton, 
although the effect is less pronounced. Experimental ob
servations o f such an effect in adherent cells have been re
ported by Pourati et a l  (1998) and Wang et al., (2002). 
The strain hardening effect captured by the model is also 
due to the cytoskeleton and corresponds to experimental 
observations o f increases in cell stiffness in response to 
increasing loads applied using micropipette techniques 
(Sato et al., 1990) and a magnetic twisting device (Wang et 
al., 2001). Therefore the results o f our finite element model 
concur qualitatively with the experimental findings that the 
internal cytoskeleton plays a key role in determining the

structural properties o f the model.
With the exception of the cytoskeleton, the cytoplasm 

has the largest influence on the overall resistance to defor
mation even though its elasticity is significantly less than 
that o f the nucleus and membrane (Fig, 5). This, o f course, 
may be attributed to the large volume occupied by the cyto
plasm relative to other components. This indicates the im
portance o f determining correctly the incompressibility o f 
the cytoplasm, particularly since a wide range of values have 
been reported from experimental studies: Shin and 
Athanasiou (1999) have reported a value o f 0.37 for 
osteoblasts using a cytoindentation method and linear 
biphasic finite element analysis; Mathur et al. (2001) and 
Kamm et al. (2000) use values of up to 0.49 to describe 
cytoplasm incompressibility. The membrane, despite its 
small thickness has a larger influence on stiffness than does 
the nucleus. Increases in the elasticity of the microfilament 
components have a small effect, while a decrease is more 
notable since this compromises the greater structural con
tribution o f  the m icrotubules. This in flu en ce o f  
microfilament properties on structural stiffness further 
confirms the view that the contractile force transmitted by 
actin filaments in adherent cells has a large effect on cellu
lar structural behaviour. Other recent publications have also 
suggested the importance o f prestress in giving the cell the 
structural stability to resist cellular deformation (Wang et 
al., 2002). Changes in microtubule properties have the larg
est influence on the structural stiffness o f the cell -  this is 
attributed to their larger cross-sectional area, their posi
tioning, and their role as compression bearing elements in 
the model.

It has been observed that adherent cells increase their 
resistance to deformation (or stiffness) as they become more 
spread on a substrate (Thoumine e t a l ,  1999). The models 
developed here do not conclusively reflect these findings 
(Fig. 7). The lack of such stiffening in our model may re
flect the simplistic nature o f how we have modelled the re
arrangement of the cytoskeleton as the cell spreads. In this 
respect, the percolation network models mentioned in the 
Introduction (Shafrir and Forgacs, 2002; Head et al., 2003) 
may prove superior. However it is evident that there may 
be a relation between stiffness and the cytoskeleton in each 
model, i.e. it may be said that the movement o f the cytoskel
eton in response to arbitrary prestress value is related to 
the final stiffness value (Fig. 7), e.g. high CSK displace
ment results in low stififtiess (as in model (d)) and vice versa
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(model (b)). Such results emphasise again the influence of 
the cytoskeleton on overall structural behaviour Interest
ingly, to explain their observations, it has been suggested 
by Thoumine et a l  (1999) that stiffening upon spreading 
may be correlated with structural re-organisation of the 
cytoskeleton during the spreading process; this further in
dicates the importance of modelling cytoskeletal re-arrange- 
ments in future work.

We also report that compliance varies considerably along 
the surface of each model, with the highest resistance to 
indentation at receptor sites due to the underlying cytoskel
eton. The stiffness values decrease considerably at short 
distances from receptor sites and converge to a range of 
lower stiffness values in each spread model (Fig. 6). This 
corresponds to variations in elasticity values determined 
when indenting into the surface of adherent cells using 
atomic force microscopy; e.g. local elasticity values vary 
from -0.5 kPa to 170 kPa if indentation is applied in the 
region of stress fibres or actin filaments (Mathur et al. 2001; 
Domke et al. 1996). Quantitative confirmation of the 
present model has been addressed in McGarry and 
Prendergast (2003). In that work, we applied displacement 
boundary conditions that reflect the geometry of an indent
ing AFM probe and, together with the use of an appropriate 
theoretical relation (Hertz, 1881; Sneddon, 1965), we were 
able to determine elasticity values in the range of those re
ported from experiments.

By accounting for the role of all structurally relevant 
components in maintaining a cell’s stability, while incor
porating non-linear aspects of adherent cell behaviour that 
are due to an interconnected cytoskeleton, the models de
veloped in this paper can be viewed as a fusion of two con
trasting previous approaches, the stress-supported tensegrity 
approach (Ingber, 1997) and the continuum approach 
(Kamm et al., 2000). A benefit of the approach to reposi
tioning the tensegrity-based cytoskeleton to increasingly 
spread shapes is related to the fact that the orientation, po
sitioning and length of internal cytoskeleton components 
is altered by polymerisation, and by clustering of actin fila
ments during spreading as adhesion bonds form between 
intra- and extra-cellular structural proteins such as vinculin, 
talin, and fibronectin (Alberts e ta l, 1989). It has also been 
suggested by Gittes et al. (1993) that to account for the 
seemingly excessively rigid mechanical properties meas
ured, sliding and movement may occur between filaments 
and tubules. The material properties chosen to represent 
the cytoskeleton have been used in previous models 
(Stamenovic and Coughlin, 2000), while similar values for 
flexural rigidity have been estimated theoretically by Ben- 
Avraham andTirion (1995), and are in agreement with other 
experimental work (Tsuda et al., 1996). The role of inter
mediate filaments was not included since their contribu
tion to cellular rigidity only becomes significant above 20% 
strain (Janmey et al., 1991; Wang and Stamenovic, 2000).

We set out to develop a computational model to pro
vide quantitative predictions of the non-linear structural 
behaviours that are attributed to the cytoskeleton compo
nents, and the relative importance of various cellular com
ponents in resisting imposed mechanical loads. The ideal
ised geometry and linear elastic properties used are suffi

cient to explore the static response to imposed loads, while 
the need for morphologically accurate model geometries, 
with time-dependent material properties can be addressed 
By application of appropriate loading conditions, the model 
could also be used to compute cell deformation due to vari
ous mechanical stimuli in \itw  (such as fluid flow, substrate 
strain , m icrogravity) in order to understand the 
biomechanical origins of differences in observed cell re
sponse. It could also be used as a means of comparing the 
effect of various single-cell stimulation methods (such as 
optical tweezers, atomic force microscopy, or microplate 
manipulation).
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Discussion with Reviewers

B. Ashton: When a cell attaches to a substrate integrins in 
the membrane become linked externally to their ligand on 
the substrate and to the cytoskeleton internally. Is it legiti
mate to continue to model the biomechanical properties of 
this complex as the sum of the individual components -  
membrane, microfilaments?
Authors: The modelling approach we have taken is legiti
mate in so far as it approximates the distribution of integrin- 
ligand links as a continuum. However, the number and 
strength of integrin-ligand links influences the clustering 
of actin filaments at focal adhesion complexes which in 
turn effects the distribution, length, and orientation of the 
cytoskeletal elements which, we assume, dictate cell 
biomechanical properties. Therefore, modelling the “indi
vidual components” as a continuum is a simplification 
which would have considerable influence on modelling the 
dynamic process of cell spreading rather more so than on 
determining the biomechanical properties of an adherent 
cell.

Essentially what we have done in our model might be 
considered as taking a “snapshot” of the cytoskeletal net
work in increasingly spread configurations without incor
porating the mechanisms (such as integrin-ligand links and 
associated biophysical pathways) that drive these changes. 
In summary, by manually repositioning the cytoskeleton our
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approach does not model the dynamics of cell spreading 
but rather the consequences of it in terms of the cellular 
biomechanical properties.

J. Klein-Nulend: How do the forces applied in your model 
compare quantitatively to the shear stress applied to cells 
in fluid flow experiments, or to the forces applied in ex
periments in which cell response has been manipulated with 
optical tweej^ers or atomic force microscopy techniques? 
Authoi-s: From literature it seems that the localised forces 
required to elicit biological responses in single adherent 
cells are higher in magnitude (on the order of nN’s) than 
the forces we have applied to our model (on the order of 
pN’s). For example, pulling magnetically on microbeads 
adherent to cell receptors with a force of 4.4 pN does not 
alter calcium response (Wu el al., 1999), whereas higher 
forces of 10 nN applied by atomic force microscopy inden
tations can modulate intracellular calcium response 
(Charras and Horton, 2002). However, we have computed 
that displacements of our model due to physiological lev
els of shear stress known to cause alterations in cellular 
function (eg. Mullender etal., 2004) are of the same mag
nitude as those displacements caused by the forces applied 
to our model here (on the order of nm’s). This difference in 
magnitude suggests that adherent cells may distinguish be
tween and respond differently to whole-cell (e.g. fluid flow) 
and localised methods of cell stimulation (e.g. AFM, opti
cal tweezers).

J. Klein-Nulend: In your model, material properties are 
estimated from various sources for different cell types. Can 
you comment on this variation in properties of different 
cell types and how such variation would impact on the struc
tural behaviour o f the model?
Authors: Differences in material properties have been re
ported for various cell types -  Mathur etal. (2001) have 
reported elastic moduli of 1.4 kPa for endothelial cells, 
24.7 kPa for skeletal muscle cells and 100 kPa for cardiac 
muscle cells. The properties of our model components can 
be altered accordingly to describe the structural behaviour 
of these different cell types, and provided that the relative 
differences in material properties assigned to each compo

nent remain consistent, the structural behaviours reported 
here will remain valid. Perhaps what is more important is 
to determine why there is such variation in mechanical prop
erties between cell types? Our findings suggest not only 
that many aspects of cellular structural behaviour seen in 
our model depend on the cytoskeleton, but also indicate 
that such large variations in properties between cell types 
(as in Mathur et al. (2001) for example) can only (and most 
likely) arise from differences in the distribution, lengths 
and orientations of the more rigid cytoskeleton components. 
This again emphasises the importance of understanding the 
mechanisms of adhesion bond formation that control the 
distribution, positioning and polymerisation of cytoskeletal 
components, and of developing experimental techniques to 
determine cytoskeletal properties.
J. Klein-Nulend: Could the authors elaborate on why in
termediate filaments were not included in the model? 
Authors; Our approach to modelling the cytoskeleton fo
cuses on a specific role for microfilaments in transmitting 
a tension or prestress which is resisted by interconnected 
microtubules that are in compression. Although interme
diate filaments are thought to contribute largely to the me
chanical support of the cell (Alberts et al., 1989), particu
larly at higher strains (Janmey et al., 1991; Wang and 
Stamenovic, 2000), we are not aware of a specific tensile 
or compressive role for intermediate filaments or whether 
they form an interconnected network for force transmis
sion with the other cytoskeletal components. For this rea
son, we did not explicitly model intermediate filaments, 
and their contribution to cellular stiffness was simply as
sumed to be incorporated in the material properties of the 
cytoplasm.
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SUMMARY

In our opinion the challenge of developing a model for 
the biomechanical behaviour o f a single cell has not yet 
been met. This research fiises two techniques o f 
mechanics -  continuum modelling and tensegrity 
modelling -  to create a finite element model o f a  cell 
adherent to a substrate. Details o f the modelling 
procedure are given, including geometric modelling of 
each o f the various cell components. The purpose o f this 
paper is to report on an attempt to confirm the finite 
element model o f an adherent cell by comparing its 
predictions o f force/displacement behaviour with those 
obtained experimentally by indentation of a cell using 
the tip o f an atomic force microscope. A point load 
indentation method was found to under-estimate local 
elasticity values, while a method involving application 
of prescribed nodal displacements to reflect the 
geometry o f a conical probe yields local elasticity values 
firom 0.6 to 1.4 kPa (on use of an appropriate theoretical 
relation), in the range o f those reported from 
experimental measurements. In the model, elasticity 
values can also increase considerably depending on the 
proximity o f the indentation site to the underlying 
prestressed cytoskeleton. By application of appropriate 
loading conditioits, the model presented in this paper 
could be used to compute cell deformation due to 
various mechanical stimuli in vitro in order to gain 
insight into the biomechanical origins of differences in 
observed cell response.

1. INTRODUCTION

Biomechanical models o f adherent cells have generally 
taken two different approaches:

(i) attnbuting the primary structural role to the 
cytoskeleton, emd thereby assuming a minimal role 
for other aspects of cellular composition [1,2,3].
(ii) treating the internal cytoplasm as a continuum 
and thereby assuming no role for the cytoskeleton in 
resisting deformation [4, 5].

Structural models o f the cytoskeleton include open-cell 
foam models and stress-supported tensegrity (tensional-

integrity) approaches. The tensegrity approach in 
particular has had considerable success in describing 
certain features of a cell’s structural behaviour, such as 
the increase in stiffiiess with increasing applied forces 
[6], the non-linear effects of prestress on cell stiffiiess 
[7, 8], experimental observations of reorientation of the 
cytoskeleton and nucleus when integrin receptors on the 
cell surface are pulled [9]. Such observations support 
the view that rigid cytoskeletal networks distribute 
forces within the cell, possibly through a balance of 
compression in microtubules and tension in 
microfilaments. The alternative continuum approach has 
been used to model airway epithelial cells in a 2D finite 
element model [4], blood cells with a cortical membrane 
and viscous cytoplasm [5], and the deformation o f a 
chondrocyte within its extracellular matrix [10].

Although some advances have been made in 
mgdelling the mechanical behaviour of adherent cells, 
we believe that models incorporating the main 
structurally-significant components o f adherent cells 
would prove useiiil in exploring the biomechamcal 
response o f cells. Indeed, it has been suggested by 
Hochmuth [11] that "the modelling o f cellular 
deformation in the future may combine elements of both 
continuum models and tensegrity models. This may be 
especially in^ortant for cells attached to surfaces at 
points o f focal adhesion where molecular cross bridging 
occurs".

Atomic force microscopy (AFM; [12]) has become 
a valuable tool for studying biological materials [13]. It 
can be used to investigate the mechanical properties of 
adherent cells [14, 15, 16]. For example, indenting the 
cell sur&ce with the AFM tip to measure the force 
required for a certain depth o f indentation. Despite 
technical difficulties of such measurements [17, 18] 
replicating the indentation of the AFM probe in a 
structural model could, in principle, be used to confirm 
a biomechanical model of a cell. The primary objective 
o f this study is to develop a finite element model o f an 
adherent cell that includes all components likely to be of 
structural relevance, to develop a method that repliMtes 
cell indentation by a conical probe, and to quantitatively
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confinn the model against experimental mesisuiements 
of cellular elastici^ measured using AFM.

2. METHODS 

2.1 Model Geometry

A finite element model is developed to represent a 
spreading fibroblast adherent on a flat substtrate, based 
on images of a spreading cell (Fig. 1).

Based on experimental observations [19], the 
volume of the cell is approximately 3,000 jun . The 
nucleus is formed fit>m an ellipse with a majjor axis of 8 
pm, minor axis of S pm, and a distance of 2 pun fiom the 
cell-substrate in te rne (Fig. 2a). Next the model 
comprises an internal cytoskeleton of tensile actin 
elements (Fig. 2b), and compressive miicrotubule 
elements (Fig. 2c), together with cytoplasnn (Fig. 2d), 
and membrane (Fig. 2e) components. The cytoskeleton 
consists of a network of sbc compression-bearing struts 
(two in each orthogonal direction) and 2'.4 tensional 
cables. These represent the aggregate behaviour of 
microtubules and microfilaments respectiveily. The end 
of each strut connects with four cables at 12 common 
nodes, which are also coincident with mennbrane and 
underlying cytoplasm nodes, and are: therefore 
analogous to ‘receptor’ sites or adhesion complexes in 
adherent cells. The microtubule and miicroiilament 
elements are altered in length and position, fiom what 
was an originally rounded tensegrity stracturre (Fig. 3) to 
fit the more spread cell shape (Fig. 2). Nlew surface 
locations for the ‘cytoskeleton’ nodes are esttablished by 
firstly determining the nodal positions that tmaintain the 
original vertical proportions of the internal sitructure in a 
rounded model, i.e. three horizontal planes (Fig. 4). 
Radial planes defined by the central axas and the 
original nodal positions are then established; the 
intersection of these planes with the surface: of the new 
spread model yields lines along which the: new nodal 
positions must lie. Points of intersection of tlhese sur&ce 
lines with the three horizontal planes estabilished yield 
nine new nodal positions of the cytoske:leton when 
repositioned to confoim to the spread shape.

The cytoplasm and nucleus elements are meshed 
with 8-node lower-order hexahedial elenncnts. The 
membrane is meshed with 4^ode shelll elements. 
Microtubule struts (Fig. 2c) and microfilaiment cables 
(Fig. 2b) are meshed with single link elememts (a three- 
dimensional spar element with bilinear stiffmess matrix), 
compression-only and tension-only respectiv/ely.

Figare 1. Image of a spreading chick embryo Jiibroblast on 
a glass microplate for 3 hours. Adapted from [2!0J.
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actin
filaments'

microtubules.

Figure 3. 3-dimensional tensegrity network
microtubules and microfilaments, representing the 
internal cytoskeleton.

Figure 4. A plane representing the cell-substrate 
interface is established by applying constraints to end 
nodes (7, S and 11 in this diagram) o f three 
microtubule struts, one strut from each orthogonal 
direction. The nine unconstrained nodes lie on 
unconstrained horizontal planes: nodes 2, 6. 13 nearest 
the substrate, nodes i, 9. 12 next, and nodes 3, 4, 10 
farthest from the substrate. These nodes are re
positioned downwards to comply with the imposed 
spread shape to give the final configuration fo r  a 
spread cell

Coincidence of nodes of the membrane, 
cytoplasm and cytoskeleton components is achieved 
through either re-sizing of the solid (and shell) 
elements or by slight re-positioning of the end-nodes 
of the cytoskeleton elements.

U . Constitutive modelling of cell elements

Material properties for each of the cell components are 
not known precisely and can only be estimated from 
various sources (Table I). While generally accepted as 
being viscoelastic [6, 21], the cytoplasm and nucleus are 
treated here as linear elastic and isotropic continua. 
Although this is a simplification of the complex material 
behaviour of both components, it is considered 
sufficient for describing static mechanical response and 
avoids incorporation of unknown non-linear material 
behaviour. The elastic modulus is chosen as 100 Pa in 
accordance with values used in [4]. The nucleus has 
been reported as four times stiffer than the cytoplasm 
[21], and is therefore given a value of 400 Pa. The 
Poisson’s ratio (v) for both nucleus and cytoplasm is

Component Elastic 
modulus (Pa)

Poisson’s 
ratio (v)

Cytoplasm 100* 0.37
Nucleus’ 400 0.37
Membranet 10’ 0.3
Microtubules^ 1.2 X lO’ 0.3
Microfilaments* 2.6 X 10’ 0.3

* taken from [21] 
ftaken from [4]
* taken from [23]

Table 1. Elastic properties assigned to the components 
in the model.

chosen initially as 0.37 [22]. In the model developed in 
[4], epithelial cell membrane elasticity was specified as 
lO’ Pa, with a thickness of 6 run. Since in that study it 
was concluded that the membrane elastic properties 
were over-estimated, a lower value of 10̂  Pa (with v = 
0.3) is chosen in the present model, while maintaining 
the same membrane thickness. The properties applied to 
the cytoskeleton components (Table 1) are based on 
elasticity values extracted from the flexural rigidity of 
microtubules and microfilaments subjected to themial 
fluctuations [23], On assumption of isotropy and 
homogeneity, microtubules and microfilaments are 
assigned cross-sectional areas (190 nm  ̂ and 18 nm  ̂
respectively) that correspond to the elasticity values in 
Table 1 [23].

2 3  B oundary  conditions

2.3.J Initial constraints

All nodes (shell and solid), at the cell-substrate 
interface, including the three nodes that establish the 
cell-substrate plane in each model (Fig. 4), are 
constrained in all three translational degrees of freedom, 
and are therefore analogous to focal adhesion sites in 
adherent cells. Initial constraints in each analysis 
involve application of a prestress (an initial strain to 
account for the contractile effect of acto-myosin sliding 
mechanisms) to the microfilament elements. This initial 
strain exerts tension on the other components of the 
model resulting in a prestressed structural stability. A 
baseline value of 1% strain is used, with 0.1% and 5% 
used also to investigate the effect of prestress.

2.3.2 Boundary conditions fo r  confirmation o f the model

Quantitative confirmation of the model is addressed by 
subjecting the model to loading conditions that replicate 
indentation by atomic force microscopy. Two 
approaches are adopted to simulate the indentation of an 
atomic force microscope probe into the surface of the 
model:

(i) application of a point load on a node to 
investigate differences between the point load 
and probe modelling methods (see (ii) below). 
Indentation depths resulting from a point load of 
I pN (applied to node A in Fig. 5) are compared
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to the reaction forces that resist applied 
displacements on nodes (60 nm) in the same 
region o f  the mesh. Variations in compliance 
along the model surface are assessed by applying 
a larger indentation force o f 50 pN to nodes at 
three points along the model surface (B - D in 
Fig. 5).

(ii) application of displacement boundary conditions 
to a number of nodes to better simulate the effect 
o f an indenter. This allows comparisons with 
force-indentation curves obtained
experimentally. Vertical displacement boundary 
conditions are chosen to reflect the actual 
geometry o f  a conical probe with a contact angle 
o f 50® as it indents the cell surface. The 
prescribed displacement applied in modelling the 
probe, ranging from 50 -  100 nm, are applied to 
nodes in an area of the mesh that has been 
refined for that purpose (in the region of node A 
in Fig. 5). The reaction forces resisting these 
indentation constraints will yield force-deflection 
curves th^t can be used in determining local 
elasticity values through use of an appropriate 
theoretical relation.

2.4 Theoretical analysis of indentation

The problem of contact between isotropic elastic bodies 
was first addressed by Hertz [24], and .later by 
Boussinesq [25]. Sneddon [26] followed Boussinesq’s 
classical elasticity approach and developed expressions 
for the relation between load and infinitesimal 
indentation o f a semi-infinite elastic material for several 
axisymmetric rigid indenter geometries. As derived by 
Sneddon [26], the total load F  required for normal 
penetration 5 o f a cone o f semi-vertical angle a  is given 
by:

1
F= It n r tana ( I )

where //= -■■—I r is the rigidity modulus, v is
2(l+w)

Poisson’s ratio, and the contact radius r is related to 
indentation depth 5 by:

of infinite sample thickness used in the derivation of 
equations (I) and (2): see Sneddon [26]), 5 is the applied 
indentation, and a  is taken as 50°. The expression cannot 
yield both the elastic modulus E  and Poisson's ratio v 
from the force-deflection (F vs. 5) curves; v is therefore 
chosen to have a value of 0.37, identical to the 
underlying cytoplasm. Using eqn. (2), the reaction force 
versus applied indentation depths can then be used to 
determine E  values.

3. RESULTS

Point load indentation [(i) above] computes elasticity 
values lower than those obtained by modelling the 
actual probe geometry [(ii) above]. An appUed point 
load o f 1 pN penetrates to a depth of 51.5 nm, whereas a 
reaction force of ~2 pN resists indentation constraints of 
60 nm (Fig. 6). Proceeding with the (more realistic) 
probe modelling method it was foimd that applied 
indentations ranging from 50 - 100 nm are resisted by 
reaction forces ranging from 1 - 8 pN when a prestress 
value of 1% is used (see Fig. 7).

On relating these results to local elasticity estimates 
(eqn. 2) for three prestress values it is found that E  
values range from 0.6 to 1.4 kPa, with increases in 
elastic resistance as indentation depth increases (Fig. 8). 
Increases in the arbitrary prestress values also result in a 
tendency towards increases in elasticity at the point of 
indentation.

Point load application at locations B, C, and D (see 
Fig. 5) yield significant differences, there is a significant 
increase in rigidity if indentation occurs near to or at a 
receptor site. For example, in Fig. 9, node C is a 
receptor site and the indentation for 50 pN is —34 ;un, 
node B is ~6 jtm from this receptor site and indentation 
is 116 ^  with the same applied force.

Substituting for ft, and r  gives the relation between force 
and indentation depth:

F= 2E (2)
Itana

In the model developed in this paper, the axial 
component o f the total reaction force at all nodes to 
which displacement constraints are applied is taken as 
equivalent to F  (cell-substrate reaction forces are 
considered negligible in accordance with the assumption

Figure 5. Loading conditions used for model 
confirmation: prescribed displacements and a point load 
are both applied at location A in a refined area o f the 
surface mesh, to allovi comparisons between both 
methods. Point loads are also applied at locations B - D 
along the model surface (B and D are ~6 and 4 /tm 
respectively from receptor node C).
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Node B: max. indentation 116
j —?—7—

Figure 6. Illustration o f  differences in point load and 
probe modelling methods: (a) a point load o f  I pN  
causes indentation depth o f  ~52 nm (0.0SJ5pim), and 
(b) applied indentation o f 60 nm (0.06 pm) is resisted 
by a reaction force o f  -^2 pN, at the same location 
(node A).
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Figure 7. Graph o f  indentation depth versus reaction 
force along the surface o f  the model fo r  three 
arbitrary prestress values.
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Figure 8. Graphs o f  indentation depth versus local 
elasticity values along the surface o f  the model fo r  
three arbitrary prestress values.
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Figure 9. Contour plots o f displacements caused 
by application o f a point load o f  50 pN  at nodes 
(B - D) along the model surface as illustrated in 
figure 6. Prestress value is 0.01 (1%).

4. DISCUSSION

The finite element models developed in this paper can 
be viewed as a fusion of two previous approaches, the 
stress-supported tensegrity approach [2, 3] and the 
continuum approach [4, 5]. We attempt to account for 
the role o f all structurally relevant components, while 
incorporating non-linear aspects o f adherent cell
behaviour that are due to the interconnected actin and 
microtubules in the cytoskeleton.

The material properties chosen to represent the 
cytoskeleton have been used in previous models [2], 
while similar values for flexural rigidity have been 
estimated theoretically [27], and are in agreement with 
other experimental work [28]. Also, Shin and
Athanasiou [22] have reported a value of 0.37 for
Poisson’s ratio of an anchored osteoblast using a linear 
biphasic finite element analysis to curve-fit 
experimental data obtained by a cytoindentation
method, while other experimental studies [29] and 
theoretical models [4] use values o f up to >0.49 to 
describe cytoplasm incompressibility (it is considered 
composed of 70% water). Future parameter studies will 
suggest the influence of this value on cell stmctural 
behaviour.
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A benefit o f the modelling approach used in this 
paper is that the rearrangement perfomied on the 
tensegrity-based cytoskeleton reflects structural changes 
that occur within the cell during spreading. In living 
cells, the orientation, positioning and length o f  internal 
cytoskeletal components is altered by polymerisation, 
and by clustering o f actin filaments [30]. During 
spreading adhesion bonds are formed between internal 
structural proteins (e.g. vinculin and talin) and extra
cellular proteins (e.g. fibronectin) that influence 
positioning of the internal components [31]. It has been 
suggested by Gittes [23] that to account for the 
seemingly excessively rigid mechanical properties 
measured, sliding and movement may occur between 
filaments and tubules. An additional justification for 
attributing a dominant role to the cytoskeleton is based 
on the hypothesis that many enzymes and molecules, 
which physically associate with the insoluble 
components o f the cytoskeleton and the extracellular 
matrix, mediate cell function such as DNA or RNA 
synthesis, and signal transduction [31,32].

Regarding model confirmation, it was necessary to 
mesh the model with hexahedral elements that use linear 
shape functions since it was found that displacement 
boundary conditions applied to nodes of tetrahedral 
elements resulted in significant warping o f those 
elements. Sweep meshing with hexahedral elements 
resulted in a nodal density on the top surface that was 
sufficiently refined for application of constraints that 
reflect the probe geometry at each indentation depth. 
Further refinement would lead to a greater number of 
nodes and hence increased accuracy, but was avoided 
due to technical difficulty and computational expense.

The validity of applying the expressions derived by 
Sneddon has been discussed by other authors [17], The 
expressions are based on the assumption o f  infinite 
sample thickness. Since the indentation depths (<100 
nm) are significantly less than the height o f the cell 
model (~7000 nm), this condition is considered 
adequately satisfied. The load-indentation relation used 
here (eqn. 2) is in agreement with that used by both [13] 
and [16], but it seeins to us that it has been reported 
erroneously in recent AFM publications [15, 29, 33]. It 
has, however, been suggested by Costa and Yin [17] 
that the assumption that strains are infmitesimal is not 
valid when applied via a conical or pyramidal tip with a 
contact angle of <45°, suggesting that finite strains most 
likely occur in the contact region. Hence a large 
displacement contact analysis would perhaps more 
accurately reflect material behaviour on probe 
indentation. Considering Eqn. (2), the probe contact 
angle chosen for the analysis presented in this paper will 
have a significant bearing on elasticity results, but is in 
the range o f angles (35® - 50°) used in those 
experimental measurements to which comparisons are 
made in Section 4.1 below. The indentation depths 
applied via displacement constraints are also in the 
range o f those applied experimentally, i.e. (from 10 — 
100 nm in [29]), but the upper limit is restricted as the 
hexahedral elements begin to warp for 5 > 110 run.

Other limitations o f the approach are related to the fact 
that elasticity under an indenting probe may be 
constantly changing, and that material behaviour is 
viscoelastic [6].

4.1 Comparisons with experimental AFM results

The point load modelling method yields lower values of 
elasticity than probe modelling (Fig. 6). It is therefore 
assumed that the point method is not satisfactory since 
the angle of contact is infinitesimally small when a point 
load is applied on a single node, and does not accurately 
reflect the geometry o f  the probe that transmits the 
indenting force.

Regarding the probe modelling method, the 
elasticity values obtained (Fig. 8; 0.6 - 1.4 kPa) from the 
indentation versus reaction force data (Fig. 7) are in the 
range of those determined experimentally for fibroblasts 
using micromanipulation (0.6 -  I kPa) [34], using 
micropipette aspiration o f chondrocytes (0.6 kPa) [35], 
and lower than those reported using AFM (2.1 -  8.8 
kPa) on osteoblasts [33].

Charras and Horton [16] reported similar average 
values for osteoblasts also using AFM, while recording 
peak local elasticity values of up to 100 kPa due to 
presence of stress fibres. Other papers [15, 18, 33] have 
also reported such large differences in elasticity when 
probing at various locations along the cell surface. 
Similarly, in our model we find that compliance varies 
considerably along the sur&ce (Fig. 9). Indentation at 
more rigid receptor sites in our model would result in 
elasticity values closer to the peak values reported in 
[16]. Increases in the prestress value applied to the 
microfilament elements in our model also result in 
significant increases in elasticity values (Fig. 8; it 
should be noted that, at an indentation location nearer to 
a receptor site, these prestress effects would be 
increasingly noticeable due to the underlying 
cytoskeleton). However, the increases in rigidity due to 
position of indentation along the model surface have a 
larger bearing on elasticity than does the prestress value 
within the microfilaments.

4.2 Future uses of the model

By altering parameters, the model may be used to 
explore the origin o f observed non-linear aspects of 
adherent cell behaviour, such as increases in stiffoess in 
spreading fibroblasts [19], contentious issues such as the 
proportion of compression home by microtubules in 
adherent cells [36, 37], and the importance of cytoplasm 
incompressibility.

The response o f adherent cells to mechanical stimuli 
o f various kinds (substrate strain, fluid flow) in culture 
has been the subject o f many studies, e.g. [38,39]. It has 
never been possible to fully characterise the effect of 
various stimuli on cell deformation. Given that die 
present model has been confirmed against AFM 
experiments, loading conditions that reflect the 
mechanical strains imposed on adherent cells in vitro
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may be applied to it, allowing computation o f cell 
defoimation and possible suggestions as to the 
bionnechanical origins of differences in observed cell 
behaviour.
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INTRODUCTION:
D ifferences in the response o f  bone cells to fluid shear stress and 

substrate strain stimulation applied in vitro have not been explained, and 
present a significant challenge to our understanding o f how bone cells 
sens.e and respond to mechanical stimuli. In particular, human bone cells 
resp>ond with increased prostaglandin Ej (PGE 2 ) and nitric oxide (NO) 
release to fluid shear stress o f  magnitude equal to 0.6 Pa, but not to 
cyclic strain o f  magnitude 1000 he [1]. Explanation o f  the origins o f  
thes« differences is hampered by the fact that the mechanical 
consequences o f  both stimuli on a cellular level remain unknown. We 
tested  the hypothesis that these differences in cellular response to both 
stim uli are related to the amount o f cellular deformation caused. For this 
purpose, we developed a computational cell model in order to compute 
the deformation o f  cells under fluid flow and strain loading conditions. 
By correlating the results to experimental findings, we can explore a 
basiis for the origin o f  differences in cellular responses and show that the 
differences have a plausible mechanical origin.

M ETHODS:
O u r approach to modeling sub-confluent monolayers o f  cells involves 

the assum ption that individual cells were not constrained by neighboring 
cells. The volume and contact radius o f  the single-cell model developed 
are 3,000 urn’ and 19.2 nm respectively (Fig. I). The cytoskeleton is 
modlelled as an interconnected network o f  6 compressive struts and 24 
tens ile cables, representing the aggregate behaviour o f  microtubules and 
microfilam ents respectively. These cytoskeletal elements alter in 
posi tion and length fi'om a rounded tensegrity structure to merge with 
nodes o f  the membrane and underlying cytoplasm (Fig. I).

Figure 1: Finite element model o f  an adherent cell comprising nucleus, 
microfilament, microtubule, cytoplasm and membrane components. 
Properties given in table I below.

Component Elasticity (Pa) Poisson ratio
Cytoplasm  [2] 100 0.37
N ucleus [3] 400 0.37
M em brane [2] 10’ 0.3
M icrotubules [4] 1.2 x  10’ 0.3
M icrofilam ents [4] 2.6 X 10’ 0.3

T able I: Material properties o f  cell model components.

A ssum ing rigid cellular attachments at the cell-substrate interface, 
boumdary conditions to model the effect o f  substrate strain involved 
disp'lacing each node at the lower membrane surface axially by 0.1%, 
and laterally by 0.03% (due to the Poisson effect). To model fluid flow 
effects it was assumed that the flow was laminar and streamlined along 
the ce ll surface. Total shear stress (0.6 pN/^m^) was therefore distributed 
by aipplying tangential forces to surface nodes based on the surface area 
o f  each  membrane element.

RESULTS:
T h e  displacements in our model due to both fluid flow and strain 

loadiing conditions illustrate fundamental differences in the cellular 
deform ation caused by both stimuli (Fig. 2). Maximum displacement 
due to strain is 19 nm at the cell-substrate interface, while fluid flow has 
a lairger overturning effect on the bone cells (106 nm along the apical 
surface. Fig 2).

F lu id  flow loading conditions also cause higher stress (expressed as 
%  dceformation; Fig. 3) in all cellular components, as compared to strain. 
Simiilarly, displacement o f  the membrane and cytoskeleton components 
is aliso higher in fluid flow (Fig. 3).

Figure 2: Comparison o f  displacements (ftm) in the cell due to 1000 
(left) and 0.6 Pa (right). Note the different scales.

5 0J5
□  FLUID FLOW
□  SUBSTRATE STRAIN

4

0.10  -3

2
2  0.05

I

I n  I I M u
Membrane Cytoplasm Cyt-Nuc Nucleus

0 0.00
Overall CSK

Figure 3: Comparisons o f  deformation (left), and displacement (right) 
due to strain andflu id flow .

DISCUSSION:
Our computational model is a fusion o f  complementary approaches; 

the tensegrity model and continuum model [5]. Our model results reveal 
that cellular deformation caused by fluid shear stress and strain in vitro 
are quite different -  for the experimental magnitudes applied, fluid flow 
causes higher displacement and stressing o f  cellular components than 
strain. It seems that this is the first study to show just how different these 
stimulation magnitudes might be.

Since fluid flow causes increases in PGE 2 and NO release [1,6,7], it 
strongly suggests that release o f  these signaling molecules is likely 
caused by higher cellular deformation (and hence stimulation) in fluid 
flow. If  (as this finding suggests) NO and PGE 2 release is deformation- 
dependent, then magnitudes o f  strain greater than 1000 could elicit 
equivalent responses to those caused by the fluid flow. Indeed, this 
hypothesis has been confirmed in several studies; bone cells have been 
shown to respond with significant increases in NO release at 3,800 ne, 
and in PGE2 release at 4,000 ne.

If  higher deformation is directly related to NO and PGE 2 response, 
what then are the possible mechanisms involved? Considering each 
signaling molecule separately: (i) larger displacement o f  the 
cytoskeleton in fluid flow may be involved in increased PGE 2 release, as 
it has been shown that fluid-shear induced increases in COX-2 
expression involve actin cytoskeleton reorganization [8] (COX-2 is a 
key enzyme for PGE 2 release); (ii) Higher NO response in fluid flow 
may be due to membrane stress -  mechanically-induced NO results from 
ecNOS activity in bone cells [9]. ecNOS, an enzyme bound to the 
plasma membrane [10], may be stimulated by membrane deformation.

Our findings have implications for understanding bone remodeling: if 
the physiological estimates o f  fluid shear stress reported by others are 
correct (0.5-3 Pa, [1 1] and strain < 2,000 jie, [12]), then the fact that 
strain values beyond physiological estimates are required to cause 
equivalent cellular deformations to those caused by fluid flow, provides 
a physical basis for fluid flow as a more effective means o f  stimulating 
bone cell activation, i.e. NO and PGE 2 signaling molecule release as 
these molecules have been shown to mediate adaptive bone formation in 
vivo. Our findings therefore support the hypothesis that fluid flow 
through the lacuno-canalicular porosity is a more potent stimulus for 
mechano-sensory function in bone tissue.
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IN T R O D U C T IO N :

Fluid flowing through the lacuno-canalicular network is a likely 
stim ulus for bone cell adaptive responses in bone remodeling. Nitric 
oxide (NO) and prostaglandin Ei (PGE 2 ) are both essential mediators o f  
mechanically induced bone adaptation [1,2]. Although it is clear that 
both osteoblasts and osteocytes respond to fluid shear stress with 
increased NO and PGE 2 release the mechanisms involved need further 
investigation. As the cytoskeleton (CSK) is likely involved in the 
transduction o f  external mechanical forces to biochemical response, in 
the present study, we tested the hypothesis that both the actin and 
microtubule CSK are involved in pulsatile fluid flow (PFF) induced NO 
and PGE 2 release by both osteoblastic and osteocytic cells.

M E T H O D S:
Osteocytic MLO-Y4 (OCY) and osteoblastic MC3T3-E1 (OB) cells 

w ere plated at 5x10* cells per glass slide and incubated for 24 hr in a- 
M EM  containing 10% fetal bovine serum (FBS). Prior to PFF 
stimulation, cells were incubated for 1 hr in a-M EM containing 2% FBS 
w ith 1 ^lM o f  CSK disrupting agents; cytochalasin B and colchicine to 
disrupt actin and microtubule polymerization, respectively. Untreated, 
actin-disrupted, or microtubule-disrupted cells were either subjected to 3 
or 5 Hz (0.4 -  0.6 Pa) PFF for 10 min in a parallel plate chamber or kept 
as static controls. After stimulation, cells were stained with FITC- 
phal loidin. a fluorescent label that binds to an anti-body directed against 
actin , such that changes in the actin CSK due to PFF and CSK disruption 
coulid be visualized. NO accumulated in the medium was measured as 
nitri te (NO 2 ) using the Griess reagent. PGE2 release was measured by 
enzym e immunoassay, using an anti-body raised against mouse PGE 2 . 
Differences between groups were tested using the Mann-Whitney U test.

R ESU LTS:
Applying PFF to OCYs and OBs (Fig. 1A-D) increased formation of 

actin  bundles/stress fibers (SFs) and parallel alignment o f SFs -  36±11% 
o f OCY s, and 73±7%  o f OBs exhibit this ‘combed’ appearance (mean ± 
SEM , n=4). Actin or microtubule disruption reduced SF alignment in 
O B s (12±4%  and ll± 5 %  respectively), but caused actin clustering at 
adhesion sites. OCY actin disruption reduced cell body size, yielding 
rouraded stellate morphologies extending thinner actin-rich processes and 
reduiced alignment o f  SFs in PFF (10±0.3%). Disrupting OCY 
m icrotubules caused slight ruffling o f  actin boundaries and caused a 
slight decrease in number o f  cells with aligned SFs (26±4%).

Static PFF

O C Y

Flgiure I : The effect o f  PFF  on actin CSK in O CY and OB cells (400 x).

Im OCYs, a significant PFF-induced increase in NO release did not 
requiire intact actin, and was further increased by disruption o f 
micirotubules (Fig. 2A). The PFF-induced PGE 2 response in OCYs 
requiired both intact actin and microtubules (Fig. 2B). In OBs, PFF- 
induiced NO release was inhibited by disrupting actin only (Fig. 2C). 
PFF -induced PGE 2 release in OBs was only observed when either the 
actim or microtubule CSK was disrupted (Fig. 2D).
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F igure  2: The effect o f  actin and microtubule disruption on PFF- 
induced NO and PGE2 release in osteocytes (A.B) and osteoblasts (C,D). 
*significantly > /, # different from  untreated, mean ± SEM, p<0.05.

DISCUSSIO N:
Mzmy o f these OB and OCY early responses to PFF agree with earlier 

findings [3-5]. However, the effect o f  actin and microtubule disruption 
reveal: (i) differences in NO and PGE2 release in both cell types; and, 
interestingly, (ii) opposite CSK effects on OB and OCY responses.

While we can say that SF formation and alignment may be involved 
in PFF-induced NO response, this can not explain the ‘mechanism’ by 
which the CSK modulates OCY and OB responses. For example, SF 
alignment may be required for NO release in OBs, but PGE2 release 
appears independent o f  alignment. Rather, the increased PFF-induced 
PG E 2 in OBs is more likely related to actin clustering at focal adhesions 
upon CSK disruption (also seen in [6]). Also, the differences in CSK 
modulation o f OCY and OB responses may be related to CSK 
composition. The significant effect o f  actin disruption in OCYs (also 
observed in [7]) indicates that OCY structure is largely dependent on 
actin, the disruption o f  which can render the membrane incapable o f 
maintaining tension [7]. This in turn can adversely affect ion channel 
activity [8]. Indeed, stretch-activated cation channels are involved in 
mechanically-induced PGE 2 release in OCYs [9], which may explain 
inhibition o f PGE 2 in OCYs but not OBs, as we have observed.

The opposite effects o f  CSK disruption on PGE 2 response in OBs and 
OCY s can also be related to the fact that blocking shear/stretch cation 
channels abolishes mechanically-induced responses (e.g. PGE2 ) release 
in OCYs, but only slightly reduces PGE2 release in OBs [9]. The greater 
dominance o f  these channels in OCYs suggests that a consequence o f 
CSK disruption may be altered shear/stretch cation channel activity, 
leading to the differences in PGE 2 response in OBs and OCYs as 
observed here. Additionally, the fact that blocking these channels also 
alters N O  release [9] points to the same mechanism, i.e. CSK disruption 
may modulate NO release via PFF-stimulated shear/stretch cation 
channels. Hence, while remaining mindful o f  the different signaling 
pathways involved in PGE2 and NO response, we suggest that CSK 
disruption modulates OCY and OB responses to PFF by altering 
mechanosensitivity [10], in particular shear/stretch ion channel activity.
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Introduction
Seve;ral studies have reported that bone cells respond 
differently to physiological levels o f fluid flow and strain 
mechanical stimuli in vitro. In particular, osteoblasts 
respond to physiological fluid shear stress with increased 
PGE î and NO release [1]. In contrast, applying 
phys;iological strains was found to increase collagen I 
production, but does not alter PGE2 or NO release. 
Further explanation o f the origins o f these differences is 
hampered by the fact that the biomechanical effects of  
both stimuli on a cellular level remain unknown. To 
investigate if  the cellular deformation as a result of both 
stimiuli is related to differences in bone cell responses, we 
developed a novel computational cell model, and used 
this model to compute cellular deformation under both 
fluidl flow and strain loading conditions.

Mat erials and Methods
The volume and contact radius of the model (fig. 1) are 
3,0Qi0iirf and 19.2im respectively. The cytoskeleton is 
mod(elled as an interconnected network o f 6 compressive 
struts and 24 tensile cables, representing the aggregate 
behaviour o f  microtubules and microfilaments. 
Cytoskeletal elements alter in position and length fi-om a 
rounided tensegrity structure to merge with nodes of the 
mennbrane and underlying cytoplasm.

Figture I: Three-dimensional computational model o f  an 
adhterent cell comprising nucleus, microfilament, 
micirotubule, cytoplasm and membrane components.

Component Elasticity (N/lirf) Poisson ratio
Cytoplasm [2] 1x10'" 0.37
Nucleus 4x1 a'" 0.37
Membrane [2] 10’ 03
Microtubules [3] 1.2x10’ 03
Microfilaments [3] 2.6x10’ 03

Tabile 1: Material properties o f  cell model components.

Assiuming rigid cellular attachments at the cell-substrate 
interface, boundary conditions to model the effect o f  
substrate strain involve displacing each node at the lower 
membrane surface axially by 0.01% and laterally by 
0.003%. To model fluid flow effects it is assumed that 
flow  acts tangentially along the cell surface. The total 
shear stress (0.6 pN/i nf) is distributed by applying forces 
to inodes based on the surface area of each membrane 
element.

Results

£  2.0
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Figure 2: Comparisons o f  (A) deformation, and (B) 
displacement due to physiological strain and fluid flow.

Fluid flow loading conditions cause higher stresses 
(expressed as % deformation; fig. 2A) in all cellular 
components, as compared to strain. Similarly, 
displacement of the membrane and cytoskeleton 
components is also higher in fluid flow (fig. 2B).

Discussion
Our novel cell model is a fusion o f contrasting tensegrity 
and continuum approaches [4]. When related to the 
experimental findings [1] our model results indicate that 
increases in PGE2 and NO release are caused by higher 
cellular deformation and hence stimulation in fluid flow. 
If, as our findings suggests, signaling molecule 
production is deformation-dependent, then higher 
magnitiides o f strain could elicit equivalent responses to 
those caused by physiological fluid flow. Indeed, bone 
cells have been shown to respond with significant 
increases in NO release at 3,800 and in PGE2  release 
at 4,0001 i

Conclusion
Our findings reveal that cellular deformation caused by 
physiological fluid flow and strain can not be considered 
equivalent. Assuming the physiological estimates are 
reasonable, our finding that NO and PGEj release is 
deformation-dependent indicates that threshold levels of 
stimulation provided only by fluid flow are required for 
activating mechanosensory fimction in bone remodeling.
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