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Abstract

A NEW VIEW OF MECHANOTRANSDUCTION IN BONE CELLS

by
Lidan You

Mentor: Professor Sheldon Weinbaum
Co-Mentors: Professor Stephen C. Cowin
Professor Mitchell B. Schaffler

Bone adapts readily and rapidly to its mechanical loading environment to give rise to a
functionally well designed tissue and organ. The *mechanosensor™ for bone adaptation is
widely believed to be the osteocyte. However, to date we have only a very preliminary
knowledge of how these cells function in this regard. Nevertheless, there is an emerging
consensus that strain-induced fluid flow plays a key role in this mechanical signaling. If
this is the case, the next key question in understanding osteocyte mechanosensory function
then is: How do osteocytes detect this fluid flow? This background is described in Chapter
1.

In Chapter 2, based on fundamental assumptions about the pericellular matrix, its
attachment to the cell process and cytoskeletal coupling, we propose a new hypothesis and
mathematical model that makes the remarkable prediction that very small strains in live
bone created by normal physical activity can be amplified 100-fold at the cellular level.
Specifically, the new strain amplification hypothesis proposes that there are transverse

filaments in the pericellular matrix surrounding the cell processes which tether the process
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to the canalicular wall and also adhesion proteins associated with the cell membrane that
link these filaments to the intracellular actin cytoskeleton (IAC). According to this
hypothesis, deformation of the IAC due to mechanical loading is caused by bone interstitial
fluid flow creating a fluid drag on the transverse tethering filaments which in tumn creates a
tensile force or hoop tension in the [AC.

In Chapter 3 we describe experiments that confirm and quantify the essential
biological elements assumed by this new model using several EM staining techniques.
Measurements of the dimensions of osteocytic process and pericellular matrix structure
were also performed to provide realistic values for the input parameters that were used in
our theoretical model.

Chapter 4 summarizes the important new insights and suggests directions for future

research.
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Chapter 1 Introduction

Bone is a biological system, which keeps adjusting its structure to adapt to its
mechanical environment. Mechanical signals are critical for this adaptation process. Of the
three types of bone cells, osteoblasts, osteocytes and osteoclasts, osteocytes are believed to
be the cells that sense the mechanical load. However, how the mechanical load is sensed
remains unknown and is a major area of current research. Some investigators have
suggested that osteocytes sense whole tissue strains. However, this view leads to a
fundamental paradox, namely, that the strains applied to whole bone (i.e., tissue level
strains) are much smaller (0.04% to 0.3%) (Rubin and Lanyon, 1984; Fritton et al., 2000)
than the strains (1% to 10%) (You er al., 2000) that are necessary to cause bone signaling
in deformed cell cultures. A recent theoretical model developed by the author and
coworkers (You et al., 2001), Chapter 2 of this dissertation, provides a potential resolution
to this paradox. The model explores the effect of fluid drag forces on pericellular matrix
and its coupling to the intracellular cytoskeleton. It is shown that through this coupling the
relatively small strain on the tissue level can be amplified 10 to 100 fold at the cellular level
and produce strains comparable to in vitro studies where intracellular biochemical
responses are observed (Murray and Rushton, 1990; You ez al., 2000).

To develop the theoretical model in Chapter 2 several assumptions were applied: 1)
there is a fluid filled annulus between the canalicular wall and cell process membrane; 2) a
pericellular matrix exists in this space and its transverse elements extend from the cell

process membrane to the canalicular wall; 3) proteoglycans are the key components of the
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pericellular matrix; 4) the pericellular matrix is attached to both the canalicular wall and the
process membrane; 5) the osteocyte process has a stiff actin filament bundle that runs
axially along its entire length; 6) tensile stress in the transverse filaments can be transmitted
by the membrane spanning proteins into this actin filament bundle. However, data to
support most of these assumptions are scant. Thus, in Chapter 3 we have developed
experimental protocols to observe and measure the pericellular space, the pericellular
matrix, the size of the cell process and canaliculus, the hypothesized transverse elements in
the pericellular matrix, the proteoglycans in the pericellular matrix, the actin filament
bundle in the process, and its cross-linking siructure. Experiments on the ultrastructure of
osteocytes in adult mice were performed in Dr. Schaffler’s laboratory at the Mount Sinai

School of Medicine.

1.1 Bone adaptation -- Mechanotransduction in bone

The functional adaptation of bone to mechanical loading is well documented.
Mechanical forces due to gravity and locomotion play a vital role in the maintenance of
bone mass, its adaptation and formation. Both bed rest and the absence of gravity during
space flight lead to bone resorption (Morey and Baylink, 1978), whereas mechanical
loading can induce new bone formation (Sessions et al., 1989). However, the mechanism
by which bone cells sense and respond to their mechanical environment is not clear. Cowin
and Moss (Cowin et al., 1991) provide a summary of the potential e¢xcitation mechanisms
that were explored prior to about 1990. In these previous studies considerable attention had
been focused on stress generated potentials (SGPs) and electric fields as possible excitation

mechanisms. The pioneering experiments by Starkebaum et al. (Starkebaum et al., 1979)
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and Salzstein and Pollack (Salzstein and Pollack, 1987) and the more recent studies by
Scott and Korostoff (Scott and Korostoff, 1990) and Otter et al. (Otter et al., 1992) have
provided detailed information on both the magnitude and phase of the SGPs and their
gradients at the osteonal and whole tissue levels. Several models of increasing levels of
sophistication have been developed by the our group and others (Salzstein et al., 1987,
Weinbaum et al., 1994; Zeng et al., 1994, Cowin et al., 1995) to predict these SGPs and the
intracellular electric currents and transmembrane voltages that would be produced by these
SGPs (Harrigan and Hamilton, 1993; Zhang et al., 1997; Zhang et al., 1998). While the
latter models have been instructive in elucidating the coupling of extracellular and
intracellular voltages and electric fields, they do not explain how SGPs lead to intracellular
biochemical responses or cellular level activation. Similarly, while bone cells are known to
respond to electric fields in vitro, the levels of endogenously occurring electric fields

produce only very modest intracellular responses (McLeod et al., 1991).

1.2 Potential mechanisms

The difficulties in identifying a suitable cellular signal have led many investigators
in the past decade to explore other mechanisms for cellular level mechanotransduction. The
two potential physical mechanisms that have attracted the most widespread interest are: (i)
bone cells directly sense the deformation of the substrate to which they are attached and (ii)
the fluid flow in the lacuno-canalicular porosity of bone (Piekarski and Munro, 1977) can
induce a fluid shear stress on the membranes of the osteocyte cell processes that is of
sufficient magnitude to induce intracellular signaling (Weinbaum er al., 1994). In either

case one is looking for cellular responses that include DNA synthesis, release of
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intracellular Ca, second messenger production (e.g. cyclic AMP), release of paracrine
factors (e.g., PGE;), and matrix protein synthesis. For either mechanism the critical
question is whether the mechanical forces or deformations encountered in vivo are of
sufficient magnitude to elicit the intracellular biochemical responses that are observed in
cell culture studies. It is the latter question that is the central focus of the present
investigation and the motivation for the new hypothesis in You er al. (2001), which

provides the basis for this study. We, thus, investigate each mechanism more fully below.

1.2.1 Direct substrate deformation

The customary strains in whole bone in vivo are typically in the range of 0.01 to 0.3
percent for human and animal locomotion, but seldom exceed 0.2 percent (Fritton et al.,
2000; Fritton and Rubin, 2001). If cell membrane stretch occurs as a direct result of
surrounding tissue deformation, then strain on osteocyte membranes should be comparable
to whole tissue strain. However, in vitro studies show that in order to induce any cellular
response by direct mechanical deformation of bone cells on flexible membranes,
deformations need to be one to two orders of magnitude larger than the bone tissue strains
normally experienced by whole bone in vivo (You er al., 2000). Similar cell strain
magnitudes are needed to activate fibroblasts and chondrocytes (~ 15%) (Almekinders et
al., 1993; Guilak er al., 1995), suggesting that in their sensitivity to mechanical strain,
osteocytes may not be different from other connective tissue cells. However, in bone the
larger strains needed to stimulate osteocytes could not be derived from direct bone matrix
deformation since they would cause bone fracture. Thus, in bone there is an inherent

contradiction between material and biological stimulation requirements.
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Several different approaches have been used to estimate the magnitude of the strain
required to produce cellular signaling responses in vitro. The paper by You et al. (2000) is
particularly instructive in that it has helped resolve earlier puzzling and contradictory
results by separating out the effects of substrate deformation and fluid shear. The first
experiments with flexible membranes in which a positive response was observed (Buckley
et al., 1988; Toma et al., 1997) were conducted on cells exposed to strains that were many
times that experienced during normal physical activity. Several investigators (Stanford et
al., 1995; Zaman er al., 1997) attempted to correct for this by using a different approach in
which much smaller deformations were obtained by growing cells on rigid glass slides and
exposing the latter to bending deformations in the physiological range. These investigators
obtained a positive response, but did not realize that their apparatus introduced a significant
fluid shear due to the lateral motion of the slide in the bathing media. Owan et al. (Owan et
al., 1997) were able to show that the fluid shear was the dominant response in these
bending experiments and if this shear was removed there was little response for strains
below 8 percent. This was later confirmed in You et al. (2000) in controlled experiments
with a computer controlled stretch device whose dynamic strain levels could be varied
between 0.1 and 10 percent without inducing fluid flow. In the latter experiments there was
no change in cytosolic Ca™ or osteopontin mRNA levels for substrate strains < 0.5 percent,

a value well above the physiological range.

1.2.2 Bene fluid flow and shear stress
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The concept that interstitial fluid could flow through the lacuno-canalicular porosity
of bone was first introduced in the pioneering paper by Piekarski and Munro (1977). This
paper examined fluid flow in bone from a metabolic viewpoint. The authors hypothesized
that diffusion alone could not account for the delivery of nutrients and the removal of
wastes frcm the osteocytes in their lacunae and, thus, a convective enhancement was
necessary. This metabolic model neglected both the presence of the cell process in the
canaliculi and the pericellular matrix surrounding the process, the two critical components
in the fluid shear stress hypothesis proposed in Weinbaum et al. (1994). In the latter paper
it was suggested that fluid flow could also generate a shear stress on the cell process and,
therefore, serve as a mechanotransduction mechanism for the excitation of osteocytes by
mechanically induced bone fluid flow. In a companion paper, Cowin er al. (1995), the case"
is made that the fibers in the pericellular matrix and the walls of the fluid annulus in the
lacuno-canalicular porosity are also the sites of the streaming currents that give rise to the
SGPs. The fluid flow model in Weinbaum et al. (1994) is combined with electro-kinetic
theory in Cowin er al. (1995) and the combined theory is used to predict the phase and
magnitude of the SGPs produced by mechanical loading. Good agreement with
experimental results is obtained when the fiber spacing in the pericellular matrix is between
6 and 8 nm, a spacing that is typical for glycosaminoglycan (GAG) side chains along a
protein monomer in proteoglycans. Prior to this hypothesis it was widely believed that the
SGPs were associated with small pores in the mineralized hydroxyapatite (Salzstein and
Pollack, 1987; Salzstein et al., 1987).

There is currently no experimental technique for directly measuring the in vivo

magnitude of the fluid flow in bone or the fluid shear stress on the osteocyte processes. One
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must currently resort to the theoretical models by Weinbaum, Cowin and coworkers. The
striking prediction in Weinbaum er al. (1994) is that this shear stress is approximately 0.5
to 3 Pa (5 to 30 dyn/cm®) or nearly the same as the shear stress that one observes on
vascular endothelial cells on the arterial side of the circulation. This is highly counter
intuitive since the microvessels are at least two orders of magnitude larger than the fluid
annulus that surrounds a cell process. Thus, one might anticipate a much greater flow and
shear stress in microvessels. However, the excess pore pressure generated in bone due to
mechanical loading is of the order of 1 MPa and thus a 100 fold larger than the vascular
pressure. These compensating factors, smaller diameter but larger pressure gradient, lead
to a comparable shear stress on the cell process. These theoretical predictions have attracted
widespread attention since fluid shear stresses in this range, 0.5-3.0 Pa, have been shown
by a number of investigators to elicit intracellular biochemical responses for the
mobilization of intracellular Ca™ and the expression of mMRNA for matrix proteins in both
osteoblastic cell lines and MLO-Y4 cells (Reich and Frangos, 1991; Williams er al., 1994;
Hung et al., 1995; Jacobs er al., 1998; You er al., 2000). The latter cells maintain an
osteocyte-like phenotype and exhibit gap junction connections between cell processes.
Recent experiments have also shown that small tracer molecules, such as procion red (300-
400 MW), are largely confined to the lacuno-canalicular porosity (Knothe Tate et al,
1998), and that mechanical loading enhances the spread of this tracer (Knothe Tate and
Knothe, 2000). In contrast, there is little or no enhancement due to mechanical loading for a
100-kDa dextran (Knothe Tate er al., 2001), suggesting that the GAG in the pericellular
matrix serves as a molecular sieve for plasma proteins. The very slow diffusion of procion

red into the mineralized matrix is a strong indication that the boundaries of the lacuno-
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canalicular porosity are nearly impermeable to water and small solutes except on longer

time scales where diffusion has time to act.

1.3 New hypothesis of strain amplification in bone

While this positive response to fluid shear observed in cell culture studies has
strongly biased most investigators in favor of the fluid shear hypothesis, there are important
differences between fluid flow in live bone and the fluid flow in cell culture, though
superficially the in vitro model appears to replicate the flow conditions in vivo. The model
predictions in Weinbaum er al. (1994) describe the fluid shear stresses on the membrane of
the osteocyte cell processes in their narrow canalicular channels and not on the cell body in
its lacuna. The fluid shear stresses in the lacunae are much smaller because of the much
larger dimensions of the mineralized structure, which contains the cell body. The lacunae
are mixing chambers that enhance the spread of nutrients and tracers during cyclic loading
(Wang et al., 2000). At very low Reynolds numbers one does not have convective mixing
since there are no fluid flow instabilities that lead to streamline break up and turbulent
mixing even though pericellular matrix and canalicular wall roughness are present (Wang
et al., 2001). The canaliculi serve as convective conduits for the spread of solutes and the
lacunae as reservoirs for irreversible diffusional mixing. Fluid shear studies in vitro, thus,
cannot duplicate the fluid environment that the osteocyte experiences in vivo. In cell culture
studies one cannot distinguish between the effects of shear stress on the cell processes and
the shear stress on the cell body since both shear stresses are of the same order. This
distinction may be cntical in the cellular response if the intracellular actin cytoskeleton

(IAC) of the cell body and its cell process differ greatly as we describe below.
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Cowin and Weinbaum (1998) proposed a novel mechanotransduction mechanism:
the strain amplification theory in bone. The concept of the connections existing between the
osteocytic cell process and the canalicular wall was introduced for the first time. It was
hypothesized that this connections transmit the drag force exerted by fluid flow on the
pericellular matrix to the osteocytic cell process membrane and therefore the strain is
amplified greatly at the cellular level. However, the intracellular structure of the osteocytic
cell process was not considered in this model. Later study revealed that without the
intracellular structure, the cell membrane would be exposed to a very large strain that could
disrupt the cell.

Based on the model by Cowin and Weinbaum (1998), You et al. (2001), for the
first time, relate the fluid flow through the pericellular matrix surrounding an osteocyte in
its in vivo environment and the deformation of the actin cytoskeleton in the cell processes,
which we assume are the mechanical sensing arms of the osteocyte. Recent
immunofluorescerce and field emission scanning electron microscopic studies (Tanaka-
Kamioka er al., 1998), have clearly demonstrated that the cell processes have a space-
filling actin filament bundle that provides structural rigidity to the process. The theoretical
model by You er al. (2001) predicts that this tightly packed actin filament bundle has an
elastic modulus which is approximately 200 times stiffer than the loose actin filament gel in
the cell body. If this prediction is correct, the observed biochemical responses due to fluid
shear observed in vitro are very likely due to the deformation of the soft actin cytoskeleton
in the cell body and not the fluid shear on the cell processes, which are much stiffer. This is

strongly suggested by the fact that numerous fluid shear studies on vascular endothelial
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cells, which clearly do not have cell processes, respond to fluid shear stresses of the same
magnitude as bone cells.

Due to their inaccessibility very little is known about *he osteocyte cytoskeleton.
All previous studies have been based on conventional demineralized bone tissue (Jande and
Belanger, 1971; Weinger and Holtrop, 1974; King and Holtrop, 1975; Palumbo er al.,
1990). The recent study by Tanaka-Kamioka et al. (1998) is the one exception in which
osteocytes have been isolated from embryonic chick calvariae and the three dimensional
organization of the cell process observed using field emission scanning electron
microscopy (FESEM). These authors point to the striking similanty between the actin
filament bundle in the cell process and the filament bundles in columnar epithelia
microvilli (proximal tubule and intestine) and the stereocilia of cochlea hair cells, cells
whose cytoskeletal organization has been studied much more extensively. The cross-
linking molecules, fimbrin, villin and & -actinin, appear to be common to all four cell types
(bone, kidney, intestine, hair cells) and the spacing of the cross-linking molecules is
similar. This similarity has been the motivation for a detailed comparative analysis of the
actin filament bundles in all four cell types and the possible function of these cellular
protuberances as mechanotransducers (Weinbaum ez al., 2001). This analysis shows that it
is very likely that the microvilli in the proximal tubule function as mechanotransducers and
are the long sought after afferent sensor in glomerulotubular balance (Guo er al., 2000).
Heretofore, only stereocilia have been widely recognized to function in this capacity
(Hudspeth, 1992).

These observations have led to a fundamental new view and hypothesis as to how

fluid flow in bone may excite osteocytes in vivo. This view is supported by experiments
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reported herein which show that the cell process is, indeed, a relatively stiff structure and
that it is attached to the canalicular wall at regular intervals by transverse pericellular
matrix filaments. Theoretical studies reported in You et al. (2001), Chapter 2 of this
dissertation, predict that the drag forces exerted on these transverse filaments and their side
chains are far greater than the integrated fluid shear force on the cell process membrane.
Furthermore, the model developed in You er al. (2001) predicts that if the transverse
elements in the pericellular matrix are linked by membrane spanning proteins and linker
molecules to the cytoskeletal actin bundle in the cell process, the latter can undergo
deformations that are 20 to 100 fold greater than the whole tissue strains in the mineralized
matrix and in the same range as the substrate deformations in experiments with elastic
membranes wherein cellular level biochemical responses are observed in vitro. The new
model thus provides a quantitatively feasible hypothesis as to how the low amplitude
strains in living bone can be amplified sufficiently to produce biosignaling responses at the
cellular level.

Three assumptions on the ultrastructure of the osteocyte process applied in the
model are critical for the validity of this novel theory. First, the pericellular matrix fills
the entire pericellular space surrounding the osteocytic process. If the matrix did not fill
the entire pericellular space, the flow in the fluid annulus would be highly non-uniform
with large variations in fluid shear and drag forces. Second, the transverse elements
connect the transverse processes to the canalicular wall. If there were no such
connections, deformation of the pericellular matrix could not be transmitted to the
intracellular cytoskeleton. Third, an actin filament bundle exists in the osteocytic process.

It offers strong resistance to the hoop tension induced by the drag forces on the tethering
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filaments in the pericellular matrix. The analysis in You et al. (2001) indicates that this
more rigid structure is needed to avoid very large cell deformations that would be lethal
to the cell.

Some data supporting these assumptions are available in the literature. As to the
extracellular component, several EM studies (Wassermann and Yaeger, 1965; Jande and
Belanger, 1971; Shapiro et al., 1995) have revealed the existence of a pericellular matrix
in the pericellular space surrounding the osteocytic process. Using cuprolinic blue,
proteoglycan was stained along the canalicular wall in rat and human bone (Sauren et al.,
1992). Proteoglycan has GAG side chains with spacing of 7 nm between them, which
makes it the perfect candidate for the molecular sieving component of the pericellular
matrix. Transverse elements in the pericellular space were first clearly observed by
Shapiro et al. (1995).

With regard to the connection between the pericellular matrix and the process
membrane, CD44, a cell surface receptor for hyaluronan, has been localized along
osteocyte processes (Hughes et al., 1994; Gohel et al., 1995; Nakamura et al., 1995; Jamal
and Aubin, 1996; Noonan et al., 1996).

With regard to the assumption about intracellular components, evidence comes
from both in situ and in vitro studies. In situ studies showed densely packed microfilaments
fill the entire osteocyte process (Weinger and Holtrop, 1974; Holtrop, 1975; King and
Holtrop, 1975). In vitro studies revealed the existence of an actin bundle in the osteocytic
process (Tanaka-Kamioka er al., 1998) with fimbrin and « -actinin as the linker molecules

cross-linking the actin filaments.
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Despite extensive research into the ultrastructure of osteocytes mentioned above,
major gaps still remain in our knowledge of mature osteocyte ultrastructure. The vast
majority of previous in situ studies were performed on young animals, whose bone is
demineralized so that fixatives can easily diffuse into the tissue in order to obtain cellular
structures. It is not known whether similar structures will exist in mature osteocytes.
Therefore, in our current study, reported in Chapter 3 in this dissertation, four different
fixatives were employed to optimize the preservation of the ultrastructure of osteocytes in

mature animals.
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Chapter 2  Strain amplification theory in bone

2.1 Introduction

Bone is a dynamic system that can adjust its structure to its mechanical loading.
The customary strains in whole bone in vivo are typically in the range of 0.04 to 0.3 percent
for animal and human locomotion, but seldom exceed 0.1 percent (Rubin and Lanyon,
1984, Fritton et al., 2000). Osteocytes (Fig. 2.1) are believed to be the critical mechanical
sensor cells (Cowin er al., 1991; Burger and Klein-Nulend, 1999), although the mechanism
by which osteocytes perceive mechanical load is not known. One widely held idea is that
cell membrane stretch occurs as a direct result of surrounding tissue deformation. If this is
the case, then strain on osteocyte membranes should be comparable to the bone tissue
strain. However, in vitro studies show that in order to induce any cellular response by direct
mechanical deformation of bone cells, deformations need to be one to two orders of
magnitude larger than the bone tissue strains normally experienced by the whole bone in
vivo (You et al., 2000). Similar cell strain magnitudes are needed to activate fibroblasts and
chondrocytes (~15%) (Almekinders er al., 1993; Guilak et al., 1995), suggesting that in
their sensitivity to mechanical strain, osteocytes may not be different from other connective
tissue cells. However, in bone the larger strains needed to stimulate osteocytes cannot be

derived directly from matrix deformations, as they would cause bone fracture. Thus, in
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bone there is an inherent contradiction between material and biological stimulation
requirements. We present here an hypothesis and model to deal with this contradiction.

We consider first the flow of bone fluid due to mechanical loading. Between the
osteocyte cell process membrane and canalicular wall is the pericellular space through
which the bone fluid flows. A pericellular organic matrix appears to fill the space (Sauren
et al., 1992; Aarden er al., 1996). This matrix is supported by transverse fibrils (Shapiro ez
al., 1995) which appear to anchor and center the cell process in its canaliculus. When a
whole bone is deformed, the deformation-induced pressure gradient will cause bone fluid to
flow in the pericellular space of the lacunar-canalicular system (Piekarski and Munro,
1977; Weinbaum er al., 1994; Cowin et al., 1995; Knothe Tate and Knothe, 2000) and
induce a drag force on the matrix fibers.

As proposed in Weinbaum et al. (1994) the fluid tlow will also induce shear stress
on the cell process membrane. These stresses have been shown to mechanically stimulate
bone cells (Reich and Frangos, 1991; Williams er al, 1994). We thus ask which
mechanical signal is more important in stimulating osteocytes? If the drag force on the
matrix is the larger of the two forces, can it lead to an amplification of the whole bone
strain at the cellular level?

Our model leads to two remarkable predictions. First, given an attached pericellular
matrix, the fluid drag force on the pericellular matrix (PM) per unit length of cell process
will be shown to be more than an order of magnitude larger than the fluid shearing force on
the process membrane per unit length. Second, the fluid drag on an attached pericellular

matrix can lead to circumferential (hoop) strains in the membrane-cytoskeleton of the cell
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process which are up to two orders of magnitude greater than the strains in the mineralized

bone matrix.

2.2 Model Development

Our idealized model for an individual canaliculus with its central cell process (Fig.

2.2) is a tube containing a centrally positioned osteocyte process and its surrounding fluid

annulus filled with a mesh-like PM.

2.2.1 The PM around the osteocyte process

For the pericellular component, only two structural elements are crnitical for this
mechanical model: 1) a space-filling PM with a fiber spacing A that is sufficiently small,
and 2) transverse fibrils that tether the cell process to the canalicular wall. From a
mechanics point of view, any matrix that has these two characteristics should function
equivalently, although the degree of strain amplification will change with the fiber spacing
A . There is growing evidence to support this basic structure. First, a space filling
pericellular matrix surrounding osteocytes is well-established (Wassermann and Yaeger,
1965; Sauren et al., 1992; Shapiro et al., 1995; Aarden er al.,, 1996). Second, transverse
tethering elements were first clearly identified in Fig. 3 in Shapiro et al. (1995) and also
observed in our own recent EM studies. The pericellular space surrounding the osteocyte
process varies from 14 nm to 100 nm (Cooper et al. 1966; Weinger and Holtrop 1974,
King and Holtrop 1975), depending on animal species and age, age of osteocyte,
histological bone type, skeletal location, etzc. Our own EM studies on adult mice indicate a

pericellular space of 30-50 nm. We also observed that the cell process is invariably located
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at the center of the canalicular cross-section suggesting that the transverse fibnls are
tension elements that anchor and position the cell process within the canaliculus.

Both albumin and proteoglycan exist in the pericellular space (Owen and Triffitt,
1976; Sauren et al., 1992). The effective diameter of albumin is ~ 7nm, similar to the
spacing of glycosaminoglycan (GAG) side chains along a proteoglycan monomer
(Buckwalter and Rosenberg, 1982). In our previous studies (Weinbaum er al., 1994; Cowin
et al., 1995), Weinbaum and Cowin showed that this value of pore size leads to shear
stresses of 0.5 to 3.0 Pa for mechanical loads in the physiological range and good
agreement with the experimental data for the relaxation time of stress generated potentials
(SGP) in bone under four-point bending (Salzstein and Pollack, 1987; Scott and Korostoff,
1990). Thus, in the present work, we assume a PM with a most likely pore size of 7 nm.

Finally, the matrix must be attached to the cell process and the canalicular wall in
order for the drag force to be transmitted to the membrane and its underlying intracellular
actin cytoskeleton (IAC). If such linker molecules are present, drag forces exerted on the
matrix fibers will produce a tensile stress on these linker molecules which, in turn, will
produce radial (hoop) strain in the IAC as schematically shown in Fig. 2.2. Possible
candidates for these attachment molecules are CD44, laminin, and various integrins (Gohel

et al., 1995; Nakamura et al., 1995).

2.2.2 Structure of cell process IAC

Osteocyte processes contain a space filling actin bundle (King and Holtrop, 1975;
Tanaka-Kamioka et al., 1998), whose actin filaments are cross-linked at regular intervals
along the axis of the process by a linker molecule recently identified as fimbrin (Tanaka-

Kamioka er al., 1998) as shown in Fig. 2.2c. The axial actin filaments are ~ 6 nm in
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diameter. Fimbrin is also found in intestinal microvilli (Glenney et al., 1981) as well as
nonintestinal cell microvilli (Bretscher and Weber, 1980). The typical spacing of fimbnn
cross-linked actin filaments in microvilli is ~ 25nm (Chailley et al., 1989). This spacing is
consistent with the EM observation in King ez al. (1975) and Tanaka-Kamioka et a/. (1998)

for an osteocyte process.

2.3 Mathematical Formulation

2.3.1 The drag force on the fibers

The solution for the fluid flow in the fiber filled fluid annulus surrounding the cell
process is described in Weinbaum et al. (1994). This solution can be used to determine the

integrated shear force F; (Fig. 2b) on the entire cell process membrane,

F =2mlL r, = sz-(/xﬂ) =2mlL -alﬁ[Alll(zj—BlK‘[lH @.1)
op OR y q q

Here a is the radius of the osteocytic process, L is the length of the cell process, 4 is

the fluid viscosity, R is the radial coordinate in the osteon (Fig. 2.3), or the axial

coordinate in the canaliculus, o is the radial coordinate in the canaliculus, p is the fluid
pressure, b is the radius of the canalicular wall, and z_ is the fluid shear stress on the
osteocyte process membrane. The coefficients 4,, B, and parameters » and g are given

in Weinbaum et al. (1994). [; and K, are modified Bessel functions of first order. The
radial pressure gradient S—Zalong the axis of the fluid annulus is based on the theory in

Zeng et al. (1994) for flow in an osteon due to axial loading.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



19

The permeability constant, k,, used to calculate 7, here depends on the spacing of

the tranverse elements (core proteins) and the GAG side chains along these core proteins.
The fiber spacing A is the primary determinant of k,. A simple expression for &, is derived
in Appendix A.

The total drag force (Fig. 2.2b) exerted on the transverse elements between the
canalicular wall and the cell process membrane can be obtained by integrating the
distributed force, the first term on the left hand side of Eq. (2) in Weinbaum et al. (1994),

over the fluid annulus

]

= 2@2-2{%[/1,1‘ (»)- B.K,(»)] —Z[All,[gj - B,K{%J]— b -a } . (22)

b
M

From Eqgs. (2.1) and (2.2) the force ratio F,/F, is given by

24°[41,()- BK.()]-lg’ -1)
F=F /F =214 Ll -1. 23)
4 Al(y1q)-BK,(y/q)

Note F. depends only on the canalicular and fiber geometry and is independent of -2%

2.3.2 Flow-induced strain in the IAC

We next wish to derive a constitutive relation coupling the deformation of the
transverse fibrils in the PM and the [AC. In our idealized model sketched in Fig. 2.2d the

transverse elements are treated as inextensible but flexible tensile fibers whose load is
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transduced across the cell process membrane to its JAC whose effective Young's Modulus

is E*.

a) Force balance on IAC

The constitutive equation for the actin cytoskeleton in the cell process is:

o =E*e¢,, 2.4)

4 P

where o, is the radial stress in the actin cytoskeleton and &, is its radial strain.

Although there is extensive literature for determining £*, these studies, e.g.,
Satcher and Dewey (1996), Shin and Athanasiou (1999), describe the modulus for the 3-D
actin network in the main cell body but not cytoplasmic protrusions, such as microvilli and
cell processes. The one exception is the recent model of Guo er al. (2000) for the brush
border microvilli. Therefore, we have developed, from first principles, a new basic model
for the osteocytic cell processes based on the ultrastructure observed in King et al. (1975)
and Tanaka-Kamioka et al. (1998), see Fig. 2.2c. This model for determining £* is briefly
summarized in Appendix B.

The final expression for £*, Eq. (BS), is

_ 203E1

E* X

(2.5)

where EI is the flexural rigidity of an individual actin filament. Three studies, Oosawa
(1977), Kishino and Yanagida (1988), and Dupuis er al (1997) using different
experimental techniques indicate that £/~ 1.5 x 107 Nm* . Therefore,

E*=487.2kPa. (2.6)
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One notes that this value of £* is two orders of magnitude larger than the measured
value for the osteoblastic cell body, 2.5kPa, measured in Shin and Athanasiou (1999). This

difference will be discussed later.

b) Interaction between PM and IAC
The radial force balance on the cell process cytoskeleton in Fig. 2.4 is given by

P =0 2.7
where P, is the equivalent pressure induced by the tension bearing transverse elements in
the pericellular matrix:

P, =T./A; (2.8)

Here A, is the distance between the transverse elements, 7, is the tensile force

exerted by each element, and Af is its associated membrane area. From Egs. (2.4), (2.7)
and (2.8)
Tx = Alzpeqm = AIZEtgp (29)

The circumferential hoop strain in the cell process membrane (the change in length

per unit original length of the process membrane in the hoop direction) is given by
g,=4—-1=(p/p)-1=¢, (2.10)

where p, and p, are the radii of the stretched and unstretched membrane, respectively.

¢) Force balance on the transverse elements
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Due to the high fiber density, the flow in the fluid annulus is a plug flow except for
the thin fiber interaction layers that are of order A/2 near the boundaries of the fluid
annulus. Thus, the drag force exerted on the load bearing fibers in the axial direction can be
treated as uniform.

In view of this uniform loading, the equilibrium shape of the transverse element is

the well know catenary equation

d
ﬁi:sinh(wf ] @.11)

where d is the distance between the canalicular wall and cell process membrane. In the

present application T is the constant radial component of the force exerted by one
transverse element on the [AC and w, is the drag force per unit length on each transverse

element. The drag on each transverse element sw, is obtained by dividing the total drag

force on all the transverse elements in the annulus, F,, by the total number of tensile
elements, 272p,L/ A, *, attached to the membrane surface
sw, = F, ({2ap,L 1) .12)

where s is the total length of the transverse element.
d) Strain on the process membrane

Substituting Egs. (2.1) and (2.3) into Eq. (2.12), we have

—_ FrrwaAl: —_ F‘rtwplAl2
Ao P

sw, (2.13)
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Note that r, is evaluated from Eq. (28) in Zeng et al. (1994) with a = p,, and F, in Eq.

(2.12) includes the drag on all the GAG side chains, which can be considered as a
distributed force on each transverse element.
From the geometry in Fig. 2.2, the strain &, in Eq.(2.10) is given by

s—-d

£y = (2.19)
Po
Substituting Egs.(2.9), (2.10), (2.13) and (2.14) into Eq. (2.11) one obtains
ﬂ-(l+€8)=Sinh|:ﬂ-(l+£”)'(l—p°€8]:l, (215)
£, &, s
or
p. 1% =sinh[ﬂ-1+€”-(l— ] H (2.16)
£, &, q-1
where
p=fte_ A _EIA_J. 2.17)

E°  2zpLE* E* E*
Here A is the total area of the process membrane, and f; is the drag force on the fibers per
unit area of the cell process membrane. Therefore, £ is a new fundamental dimensionless

parameter that relates the drag force on the fibers to the elastic properties of the [AC.
In Cowin er al. (1995), it was shown that close agreement with experiment could be

obtained for both the phase and magnitude of the stress generated potential when ¢ was

approximately 2.For ¢ =2, p, =s=a =b/2 and Eq. (2.16) reduces to

ﬂ.1+€9 =Sinhl:ﬂ,(1+€ﬂ)'(l_£0):|. (218)

€9 €y
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Eq. (2.16), or its simplified form, Eq. (2.18), is the basic dimensionless relationship

between the hoop strain £, on the cell process membrane and the dimensionless fluid
dynamic loading parameter £.

Finally, the strain amplification ratio &, is defined as

£ =% (2.19)
€
where ¢, is the strain on the bone surface,
O
g =—", 2.20
s =, (2.20)

o, is the mechanical load on the whole bone and £, is its Young's Modulus.

2.4 Parameter values

The values of the parameters a,, ¢, #, { and A are discussed in detail in

Weinbaum et al. (1994), Zeng et al. (1994) and Cowin er al. (1995). It is estimated in the
literature that a is typicaily 50 nm (Cooper ez al., 1966; Marotti et al., 1990); note that these
references suggest a range of values depending on species, age, histological bone type, and
skeletal location). In our study, we have chosen a =50 nm. The radius a, of the GAG
side chains is 0.6 nm (Curry, 1986) and their most likely spacing A along the core protein
is 7nm. The length of the GAG is 20 nm and the spacing of the transverse elements is taken
to be twice this value, 40 nm, so that the extended GAG forms a space-filling arrangement.

The predicted values of ¢ fall within the range 1.5 < ¢ < 3.0 observed in morphometric
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studies. In the present work, if not specified, we assume ¢ =2.0, and hence the nominal
width of the fluid annulus is b —a = 50 nm. We also investigate the role of ¢ by looking at
the changes of the force ratio, F., and hence the dimensionless parameter A, when g is

changed. The viscosity g of the fluid in the annulus is 10~ dynes/cm’, the value of water.

2.5 Results

In Fig. 2.5 we have plotted our solution for the force ratio, F, =F,/F,, as a

function of the GAG spacing A . As shown in Eq. (2.3), F, is independent of the magnitude
and frequency of the mechanical loading and thus an intrinsic property of the matrix and
canaliculus geometry. The important result discovered in plotting F, against A was that
F>>1 over the entire physiological range of A (5~20 nm). For A = 7 nm, the most
likely value of A, the drag force is /9.6 times larger than the shear force per unit length of
cell process. As the fiber spacing increases, the relative importance of the drag force will
decrease markedly, and when the fiber spacing A =39nm, a non-physiological value,
F, / F, will be approximately unity.

The effect of frequency on the strain amplification ratio and the absolute strain at
different loading magnitudes are shown in Fig. 2.6, where &,, given by Eq. (2.19), and ¢,,
given by Eq. (2.14), are both plotted against the loading frequency. The hoop strain is
calculated at the position of maximum flow or pressure gradient, which is located at

R =R, , the surface of the Haversian canal. Thus, the hoop strain and the strain
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amplification ratio shown in Figs. 2.6a, b can be considered as an upper bound. The curves
show a monotonic increase in the amplification ratio as a function of frequency for a
prescribed loading. One observes that the amplification ratio varies from 19 to 122 and
depends significantly on the magnitude of the loading. When the loading magnitude is 1

MPa, corresponding to 50 microstrain at the osteonal lumen, &, =122 at 20 Hz. For this

loading the cell process strain is 0.68 percent. For a 20 MPa load (1000 microstrain) at 20
Hz, £ =44 and the cell process strain is 4.9 percent. The corresponding values of ¢, at |

Hz for a 1 and 20 MPa load are 51 and 19 and the corresponding strains are 0.29 and 2.1
percent, respectively. Strains of the order of 0.3 percent or greater fall in the range where
cellular level biochemical responses have been observed in vitro in four point bending
(Pitsillides er al., 1995).

Fig. 2.7 compares the strains on the process membrane using the measured value
for E* for an osteoblast cell body, 2.5 kPa (Shin and Athanasiou, 1999), and the value for
E*, 487 kPa, predicted by our model for an actin filament bundle. For both cases, the
loading on bone is taken as 5 MPa. One can see that using this measured value for the cell
body will lead to unrealistically large cell process strains of 25 to 50%. In contrast, our
calculation of £* for an actin filament bundle leads to strains of | to 2 percent, which are
more reasonable. The large increase in the value of E* for the actin filament bundle is due
to the tight packing of the actin filaments and the close spacing /; of the fimbrin cross links.
This will be discussed later in Table 2.1.

The relationship between the dimensionless loading parameter, £, and the strain on
the cell process membrane, ¢, defined by Eq. (2.14), is plotted in Fig. 2.8, for ¢, in the

range 0.3 to 8 percent and representative values of ¢ between 1.2 and 6. For the osteocyte
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process ¢ lies in the range of 1.5 to 3.0. One of the striking features in Fig. 2.6a is that the
strain amplification ratio is a function of loading at a given frequency and decreases as the

loading increases, whereas &, increases linearly with loading. It is evident from Fig. 2.8
that £, does not increase linearly with #since Eq. (2.16) is non-linear. It is much like

pulling a string back on a bow and arrow. The initial deflection is easy and the force

required to produce a large displacement increases non-linearly with the applied force.

2.6 Discussion

The effect of fluid drag on PM and the resuiting strain on the IAC of the cell
process and its plasma membrane are examined for the first time using a combined
hierarchical mechanical model. The new model suggests that the small mechanically
induced strains on whole bone at physiological loading can be greatly amplified at the cell
membrane level, if the fluid drag forces on the PM are transmitted to the IAC in the cell
process. This amplification can lead to strains in a range where intracellular biochemical
responses have been observed expenimentally.

In the past, researchers examining the effect of fluid flow on cells had focused their
attention nearly exclusively on the response of cells to fluid shear stress. The drag force
exerted on PM fibers has never been considered. However, one observes in Fig. 5 that at a
GAG spacing of 7 nm, the fiber spacing wheie the matiix could serve as a molecular filter

for albumin (Weinbaum, 1998) and the typical spacing of GAG side chains along protein
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monomers (Buckwalter and Rosenberg, 1982), the force ratio F, would be ~ 20 in the fluid

annulus. Furthermore, this ratio from Eq.(2.3) is independent of the value of the loading
magnitude and loading frequency. This important result suggests that the drag force on the
fibers could be the dominant stimulus for the cell's mechanosensory system, rather than, or
in addition to, the fluid shear stress on the cell process, as originally proposed in
Weinbaum, er al. (1994).

Experimental in vitro cell culture studies on elastic substrates have typically been
performed at strain levels of 1 to 10 percent (Murray and Rushton, 1990). Strain levels in
four point bending are significantly lower, 0.38% (Pitsillides et al., 1995). However, the
peak levels of the strain on whole bone tissue range from about 0.04 percent to 0.2 percent
in humans under varied activities (Lanyon ez al., 1975) and 0.04 to 0.3 percent for animal
locomotion (Fritton et al., 2000; Fritton and Rubin, 2001). Thus, the strain levels achieved
in in vitro cell culture studies are much greater than the whole tissue strains experienced
physiologically in vivo. Klein-Nulend er al. (1995) and You et al. (2000) have shown that
when physiological strains of less than one percent are applied in cell culture, there is no
observed cellular response. In contrast, Pitsillides er al. (1995) reported rapid increase in
NO production at 0.38 percent strain for bone cells in four point bending. However, this
load is at the extreme of physiological loading. These observations for bone cells have cast
doubt on any previous theory that proposed that cell stretch could be one of the candidates
for cell activation in bone.

The new strain amplification hypothesis and model in the present study predict that
the strain induced on the whole bone can be amplified by a factor of 20 to 100 or more at

the cell membrane level and produce maximum strains from 0.3 to nearly 5 percent on the
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cell process membrane for mechanical loading in the physiological range if the drag forces
on the PM can be transmitted to the IAC of the cell process. Note also that, for low
magnitude- high frequency loads, the amplification effect is significantly greater than for

high magnitude-low frequency loads. Egs. (2.15) or (2.16) and Fig. 8 show that the
relation between the drag force on a fiber, F, /(27p,//A,*), and the hoop strain, &,, on the

process membrane is nonlinear. This could be a factor in explaining why Rubin and
McLeod (1996) observed that low magnitude, high frequency mechanical loading appeared
to be particularly effective in maintaining bone mass.

The analysis has brought to light a fundamental new dimensionless group,

£ =f,/E", relating the drag force on the PM to the elastic modulus of the [AC. In Fig. 8,
we have plotted the non-linear relationship between fand ¢, when g, is in the range 0.3

to 8 percent where one would anticipate an intracellular biochemical response to stretch.
The form of Eq. (2.15) and (2.16) is dictated by the deformed shape of the transverse fibrils
in the PM which, in this case, is a catenary curve because the loading due to the fluid flow
is uniform. A similar expression needs to be developed for an ellipsoidal geometry. This
would be useful in describing the flow past the body of the osteocyte in its lacuna or the
flow through the matrix surrounding a chondrocyte.

There are several simplifications in the model. We did not consider the change in
shape of the fluid annulus or the change in permeability of the PM due to the fluid flow.
This change is expected to be small since A will not change significantly and the changes
in cell process diameter are at most a few percent, see Fig. 6b.

We have also treated the PM as a simple rectangular mesh in calculating k,.

However, one can show that the basic predictions will not change significantly for a
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random matrix. The key parameter in determining &, is A . Hu and Weinbaum (2000) have
shown that the surface glycocalyx on endothelial cells has sieving properties very close to 7
nm. Our calculation in Table 2.1 shows that if we vary A from 5 to 12 nm the strain on the
osteocyte process membrane will change by less than a factor of 4 for all frequencies above
1 Hz.

The IAC structure assumed for the cell process is based on numerous histological
studies (Weinger and Holtrop, 1974; Holtrop, 1975; King and Holtrop, 1975; Shapiro et al.,
1995; Tanaka-Kamioka et al., 1998). The two key parameters are the spacing of the actin
filaments, /;, and the distance between the fimbrin linker molecules, />. The variation of /;
will not greatly change our final results since the strain is induced through bending rather
than stretching of the axial actin filaments. /; is estimated to be ~50 nm based on the
electromicrographs in Tanaka-Kamioka er al. (1998) and the fimbrin spacing in the actin
bundles of microvilli. Distances larger than this will lead to greater strain amplification.
EM studies indicate that /, should be larger than /, (Shapiro et al., 1995; Horwitz, 1997,
Tanaka-Kamioka et al., 1998). [, has been taken as 25 nm. The calculations in Table 2.1 for

[, =25nm and 100nm indicate that /; is a critical parameter in predicting IAC strain. A

doubling of /; leads to a six fold increase in cell process strain whereas the value of £*
increases as /;°, see Eq. (2.5). In contrast, varying the width of the pericellular space, b-a,
from 20 to 100 nm produces much smaller strain variations in the [AC, see Table 2.1.

An important insight in formulating the new hypothesis was the realization that the
cytoskeleton of the osteocyte process closely resembles the actin filament bundles in the
microvilli of the small intestine and proximal tubule (Mooseker and Tilney, 1975; Tanaka-

Kamioka et al., 1998). The structural rigidity of this actin filament bundle to bending was
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examined for the first time in Guo er al. (2000) where it is shown that the brush border
microvilli are relatively stiff structures that are well suited to serve as mechanotransducers.
One of the crucial observations for the cell process is that it is invariably located at the
center of the canalicular cross-section in electron micrographs. Since the cell process is
relatively stiff and the canaliculi are seldom straight conduits, it is hard to imagine how
such centering can be achieved without there being tensile supporting structures which
tether the cell process and its cytoskeleton to the canalicular wall. This indirect evidence
led the authors to hypothesize the existence of the transverse elements in the PM, before we
were aware that such structures had already been identified in Shapiro et al. (1995). Our
own recent electron microscopic studies have since confirmed this observation.

Although we have applied the model using pressure gradients calculated for an
osteonal geometry, the bone geometry is secondary since the strain amplification
mechanism applies at the canalicular level. While the PM is believed to contain
proteoglycans (Sauren et al., 1992), this is also non-essential. There are other candidates
for the PM, e.g., CD44 molecules with GAG side chains. CD44 has a terminus for
hyaluronan, a major component of endothelial glycocalyx. The particular molecules
involved are not important in a mechanical model. The results at the cellular level depend

only on the canalicular geometry, the fiber spacing and the assumed model for the IAC.
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This figure illustrates the paradox addressed in this paper. (a) An

illustration of the small strains tht the whole bone experiences, strains that are in the

range 0.04 to 0.3 percent and seldom exceed 0.1 percent. The last two panels, (b)

Photomicrograph of osteocytes encased in bone matrix and (c) Osteocyte in lacuna,

illustrate that the whole bone strains in (a) are nearly two orders of magnitude less than

those needed (1% to 10%) to elicit biochemical responses in vitro, such as an increase in

intracellular Ca®* and prostaglandin synthesis. The paradox in the bone mechanosensing

system is that the strains that activate the bone cells are two orders of magnitude larger

than the strains to which the whole bone organ is subjected.
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Figure 2.2 Schematic model showing the structure of the PM, the IAC inside the process
and the connection between the PM and the IAC. (a) Transverse cross-section of
canaliculus showing the fluid annular shape of the region and transverse (radial)
pericellular fibers. (b) Longitudinal cross-section before and after the transverse elements
are deformed by the flow. (c) Schematic of the cell process cytoskeletal structure in
longitudinal axial section used to estimate the Young’s modulus in the radial (vertical)
direction. Since the length of the cell process is 300 times its radius, it is considered
infinite in the longitudinal (horizontal) direction: The axial actin filaments shown are
modeled as continuous infinite beams with two types of loadings depending on whether
the actin filaments are peripheral or interior. The small vertical arrows indicate the
direction of the loading. The (fimbrin) links between these infinitely long beams are

considered to be rigid. (d) Force balance on a transverse element.
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Figure 2.5 The relationship between force ratio F, and average fiber spacing A .
Note the force ratio at A=7nm is 19.6. A =7nm is typical of the average spacing of

GAG side chains along a core protein and the effective diameter of the albumin molecule
which is known to be sieved by an equivalent matrix in capillary endothelium. This

varies between 5 and 12 nm. The force ratio F, is defined as the ratio of the drag force on

the fibers to the shear force on the cell process membrane per unit length of cell process.
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Figure 2.6  Strain amplification. (a) Plot of the strain amplification ratio &, as a

function of the load frequency for different load magnitudes. Strain amplification ratio is
defined as the ratio of the hoop strain in the cell process membrane to the bone surface
strain at the osteonal lumen. ¢ is the strain on the whole bone. (b) Plot of the cell process

membrane strain £, as a function of the load frequency for different load magnitudes. &

is the strain on the whole bone.
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Figure 2.7 The comparison of the strain on the osteocyte process membrane using the

measured Young's modulus of the osteoblastic cell body, E*=2.5kPa (Shin and

Athanasiou, 1999), and our predicted Young's modulus of a closely packed actin filament

bundle, £* =487.2kPa . Both strains are calculated when the loading on bone is 5 MPa.
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1Hz 2Hz 5SHz 10Hz 20Hz

GAG 5 1.26% 1.58% 1.82% 2.06% 2.47%

spacing A 7 0.83% 1.20% 1.58% 1.75% 1.97%

(nm) 12 0.37% 0.59% 0.99% 1.31% 1.51%

Fimbrin 25 0.13% 0.19% 0.25% 0.28% 0.31%

spacing /; 50 0.83% 1.20% 1.58% 1.75% 1.97%

(nm) 100 5.23% 1.47% 9.78% 10.8% 12.1%

Width of 20 0.60% 0.67% 0.78% 0.94% 1.14%

pericellular 50 0.83% 1.20% 1.58% 1.75% 1.97%

space b-a
100 0.86% 1.35% 2.26% 2.93% 3.35%
(nm)

Table 2.1 The predicted values of strains on the osteocyte process membrane obtained for
different values of GAG spacing A, fimbrin spacing /;, and width of pericellular space b-a

when the loading on the whole bone is taken as S MPa.
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Chapter 3. Experimental studies

3.1 Introduction

In Chapter 2, we developed a novel model (You et al., 2001), which provides a new
potential mechanism by which mechanical loading induced fluid flow in the lacuno-
canalicular system under routine physical activity can produce deformations of osteocyte
processes that are at least one order of magnitude larger than whole bone tissue deformations.
This new theory is thus able to explain a fundamental paradox that the larger strains needed to
stimulate bone cells cannot be derived from direct bone matrix deformation since they wouid
cause bone fracture. A brief description of this model is given below.

The model assumes the existence of three basic structures: (i) an organic matrix that
fills the entire pericellular space surrounding the osteocyte body and the osteocytic processes;
(11) transverse elements that anchor and center the osteocytic process in its canaliculus; and
(iii) a cytoskeletal structure within the cell processes to contribute rigidity. When bone is
loaded, fluid flow will be induced in the pericellular space of the lacuno-canalicular system
due to the deformation induced pressure gradient (Piekarski and Munro, 1977; Weinbaum ez
al., 1994; Cowin et al., 1995; Knothe Tate et al., 1998; Knothe Tate and Knothe, 2000). The
transverse tethering elements in the pericellular space surrounding the osteocytic process can

interact with this fluid flow such that a drag force will be exerted on them by the fluid flow.
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The resulting deflection of tethering elements, in turn, will be transmitted to the cytoskeleton
by membrane spanning proteins and linker molecules producing an outward hoop tension on
the osteocytic process membrane. The packed actin filament bundle in the osteocyte process
will provide strong resistance to this hoop tension. The balance of these two forces was shown
in Chapter 2 to result in a deformation of the cell cytoskeleton that is at least one order of
magnitude larger than tissue level strain. Hence, the osteocyte can be subjected to significant
local mechanical loading through this coupling mechanism although the tissue level strain is
very small.

Several parameter values describing the osteocytic process, pericellular matrix and
canalicular structure are required in the model. These include the dimensions of the osteocytic
process and canaliculus, the dimensions of the spacing between the transverse tethering
elements, the spacing between the axial actin filaments and the spacing of their cross-links.

These assumptions and parameter values are critical for the validity of the model and
its quantitative predicticns. Exisuiig morphological data to support these assumptions and
provide the parameter values are scant. While there is a large body of experimental studies
investigating various aspects of the ultrastructure of osteocytes and their pericellular space
(Weinger and Holtrop, 1974; Hoiltrop, 1975; King and Holtrop, 1975; Sauren er al., 1992;
Shapiro et al., 1995), most of these studies were performed on recent formed osteocytes in
tissue from very young animals. Moreover, even the fundamental question of the existence of
a pericellular space, a space which is essential for the function of all fluid flow based theories
of osteocytes mechanotransduction, remains unresolved. It is not known whether osteocytes in
mature bone have the same cytoskeletal and pericellular matrix structure as in immature bone,

or for that matter, even whether the canalicular boundary is fully mineralized. As such
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information is critical for the validity of the new theory in You ez al. (2001), new experimental
studies were conducted to examine these assumptions using improved ultrastructural
techniques. The current studies were designed to investigate the ultrastructure of mature bone
samples to: 1) verify the existence of the pericellular space in the fluid annulus surrounding
the cell process and quantify its dimensions; 2) verify the existence of the transverse elements
in the pericellular matrix; 3) visualize the axial microfilaments inside the osteocyte cell
processes and obtain initial estimates of their number density and spacing; 4) quantify the cell
process and canalicular diameters; 5) quantify the spacing between transverse elements in the
pericellular matrix and the spacing between the actin filaments in the process. The
measurements in 4) and 5) will provide critical input data for osteocyte ultrastructure that is
important for obtaining realistic quantitative predictions using theoretical model described in
Chapter 2. These data are also important input for all theoretical models on the interstitial fluid

flow in the lacuno-canalicular porosity in bone.

3.2 Materials And Methods

Studies were performed on humeri of 3 fifteen-week old BalB/cByJ female mice
(N=3; 21~24g). The cortical bone diaphysis was cut into | mm thick cross-sections. After the
removal of the bone marrow, the samples were immediately immersion fixed. It is widely
supposed that the pericellular material surrounding osteocytes processes is proteoglycan.
These molecules are notoriously difficult to fix for microscopy study. Hunziker er al. (1982)
showed that by adding Ruthenium III Hexammine Trichloride (RHT) to the primary aldehyde

fixatives, the preservation of proteoglycans in cartilage could be improved greatly. The
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principal advantage of using ruthenium-containing fixatives is that they avoid the creation of a
pericellular lacunar space by preserving the interconnected nature of matrix proteoglycans and
the integrity of the latter with the chondrocyte plasma membrane and matrix vesicle
membranes. With RHT, the fixatives will be able to penetrate tissue blocks to a greater depth
and in a more homogenous manner than ruthenium red only. Thus, in the current
ultrastructural studies RHT is combined standard fixative procedures in order to access
whether this combination will provide new information on the proteoglycan structure
surrounding the osteocytic process.

The samples were fixed for 24 hours in one of the following four groups of fixatives:
1) Primary fixation media with glutaraldehyde only — group G (2% glutaraldehyde in 0.05M
cacodylate buffer at 7.4 pH); 2) Primary fixation media with glutaraldehyde and RHT —grou
GR (2% glutaraldehyde in 0.05M cacodylate buffer at 7.4 pH containing 0.7% RHT); 3)
Primary fixation media with glutaraldehyde and paraformaldehyde -group GP (2%
glutaraldehyde and 4% paraformaldehyde in 0.05M cacodylate buffer at 7.4 pH); 4) Primary
fixation media with glutaraldehyde, paraformaldehyde and RHT-group GPR (2%
glutaraldehyde and 4% paraformaldehyde in 0.05M cacodylate buffer with 0.7% RHT at 7.4
pH).

The specimens were then decalcified using 10% EDTA in 0.1M Tris-HCL buffer for
two weeks. Prior to postfixation, tissue blocks were washed for 3 x 5 min in the Tris buffer.
Postfixation was then carried out in 1% osmium tetroxide in Tris buffer. During all
processing steps, the RHT and identical pH were maintained. The specimens were then
washed in PBS, dehydrated in graded ethanols, and infiltrated for one week in a mixture of

epon and pothylene oxide (Weinger and Holtrop, 1974). Specimens were embedded in epon
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with the longitudinal axis of the bone parallel to the sectioning surface so that optimal
registration of cross or longitudinal sections of osteocyte processes could be obtained. Ultra
thin sections were cut with a diamond knife and stained with a saturated solution of uranyl
acetate in 50% ethanol followed by 0.2% lead citrate. The sections were placed on
Parlodion-coated 200-mesh copper grids and viewed with a Philips EM 300 electron
microscope.

All ultrastructural measurements were made directly from micrographs and

performed by a single investigator. Data are shown as mean + standard deviation.

3.3 Results

Four groups of fixatives were used in the current studies. The glutaraldehyde
appeared to be unsuitable. It was able to preserve only the transverse elements in the
pericellular space surrounding the osteocyte process while all the other components of the
cellular structure were lost. When the glutaraldehyde was combined with a high penetrating
fixative, paraformaldehyde, cellular structures such as the cell membrane and the
cytoskeleton were preserved. When the glutaraldehyde was combined with RHT, the
pericellular matrix was well preserved while the intracellular structure was lost. The best
preservation was obtained when the three fixatives were employed together, which was

GPR.

1. Pericellular space and the dimensions of the osteocytic processes, the canaliculi and

the pericellular space. Transverse sections of osteocyte processes were always found to be

surrounded by a pericellular space and symmetrically centered within the canaliculi (Fig 3.1).
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The present of a uniformed distributed pericellular matrix surrounding the osteocyte process
and filling the entire space suggests that the pericellular space is indeed a real space and not a
shrinkage artifact. An enlarged cross section of an osteocyte process is shown in Fig. 3.2,
group GPR. One can see that the pericellular matrix entirely surrounds the process and the
canalicular wall is darkly stained by the RHT. If the pericellular space results from shrinkage,
no matrix would be observed in this space. Measurements of the dimensions of the processes,
the canaliculi and the pericellular space were made on transverse sections of canaliculi. We
measured the diameters of the osteocytic processes and the canaliculi directly from the cross
sections canaliculi. These micrographs are taken on bone samples from all four fixative
groups. Results are shown in Fig. 3.3. Diameters vary from 50 to 410 nm for the osteocytic
process diameter and 80 to 710 nm for the canaliculus diameter. The measured average
diameter of the canaliculi was 259 + 129 nm. The average diameter of the cell process was

104 + 69 nm. Using these data, the average width of the pericellular annulus is 78 £ 38 nm.

2. Transverse tethering elements and the spacing between them. Transverse elements
were found span the entire pericellular space from the process membrane to the canalicular
wall. They are visible at both cross and longitudinal section. These elements were dense and
were arranged in a periodic fashion (Fig 3.4, 3.5). Measurements of the spacing between these
transverse elements were made on both longitudinal and transverse sections of canaliculi. The
transverse elements can be clearly seen in the pericellular space surrounding the osteocytic
process. The number of the transverse elements were counted. The spacing between the
transverse elements was calculated by dividing the length or perimeter of the section by the

number of transverse elements the portion of the longitudinal/transverse section contained and
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the magnification. Results are shown in Fig. 3.6. The spacing varies from 12 to 76 nm in
longitudinal direction and 20 to 115 nm in cross sectional direction. The mean value for this
spacing was 38 + 21 nm for longitudinal section and 41 + 24 nm for transverse section.
Statistics analysis (ANOVA) showed that the spacing from longitudinal sections and
transverse sections is not significant different (P>0.05). Precise measurement of transverse
element spacing can not be obtained from the current studies, as these measurements include
some volume projection effects due to the section thickness. However, section thickness
correction can be estimated, assuming the distance between transverse elements are the same
at both longitudinal section and transverse section, the average spacing is increased by about

only 20%.

3. Microfilaments in cell processes and the spacing between the filaments.

Microfilaments were observed in the osteocyte process in both longitudinal sections where
they appear as axial filaments (Fig. 3.4) and transverse sections, where they appear as small
darker spots inside the process (Fig. 3.2 and Fig. 3.7). Diameters of microfilaments within the
osteocyte process were measured directly from electron micrographs. Results are shown in
Fig. 3.8. Diameters vary from 2 to 13 nm. The mean value of the measurements for the
microfilament diameters was 7 + 3 nm. The spacing between the axial microfilaments was
evaluated from transverse sections of osteocytic processes. The diameters of the osteocytic
processes were measured, and the cross sectional areas were calculated based on these
diameters assuming a circular profile. The number of the actin filaments in each cross section
were counted. Dividing the cross sectional area of the osteocytic process by the number of the
microfilaments within the cross section, one obtains the average area each microfilament

being surrounded. The diameter of this effective circular area can be taken as the spacing
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between the microfilaments. The actual spacing was calculated by dividing this effective
diameter by the corresponding magnification. Results are shown in Fig. 3.9. The values vary
greatly and range from 20 to 80 nm. The mean value of the measurements for the spacing

between the microfilaments was 32 + 14 nm.

3.4 Discussion

These experimental studies confimm the existence of the fundamental microstructural
features needed for strain amplification to occur in loaded bone (Chapter 2). In addition, these
measurements for the key structural dimensions are in excellent agreement with the assumed
parameter values in our theoretical model (You ez al., 2001). These data are also critical for all
theoretical models involving fluid flow in the lacuno-canalicular system of bone.

The fundamental ultrastructural features assumed in the theoretical model described in
Chapter 2 are: 1) The existence of the pericellular space; 2) The presence of a spacing filling
pericellular matrix; 3) The existence of the transverse tethering elements in the pericellular
space; 4) the presence of a space filling actin filament bundle in the cell process. The key
parameters required in the theoretical model are: 1) The dimensions of the canaliculi, the
osteocytic processes and the pericellular space; 2) The spacing between the transverse
tethering elements; 3) The spacing between the axially oriented microfilaments. These
assumptions and parameter values are discussed below.

While the majority of the researchers believe that there is a pericellular space
surrounding the osteocytic process in the canaliculus, there is no complete agreement on this
issue. Many theoretical models involving fluid flow in the lacuno-canalicular system have

been constructed based on the assumption that the cell process is surrounded by a pericellular
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space (Salzstein er al., 1987; Weinbaum et al., 1994; Zeng et al., 1994; Cowin et al., 1995;
Wang et al., 1999; Wang er al., 2000). Indirect evidence is obtained from studies (Knothe
Tate et al., 1998; Knothe Tate and Knothe, 2000; Knothe Tate er al., 2001; Wang et al., 2002)
in which the penetration of different size molecular tracers into the lacuno-canalicular system
is observed after the tracer is injected into the animal’s vascular system.

However, some investigators still express concem as to whether the pericellular spaces
observed in bone are artifacts, a result of shrinkage due to fixation (Wassermann and Yaeger,
1965; Weinger and Holtrop, 1974; Shapiro ef al., 1995). Since all the previous observations
on the pericellular space were conducted on young animals, the question also remained as to
whether this space exists in mature animals. Prior to this study, these questions had not been
addressed. In the current studies, the existence of the pericellular space is clearly demonstrated
in mature animal bone. The pericellular space observed in our study appears to exist the in
living state and is not an shrinkage artifact. If the space was an artifact due to shrinkage, then
the space should appear empty on the micrograph. In our studies the pericellular space is
always filled with matrix, which is particularly well preserved by a combination of high
penetrating fixative (GP) and cationic fixative (RHT). The inclusion of RHT works so
effective to preserve the matrix content of the pericellular space. This observation is in great
favor of the idea of the proteoglycan forms the majority constituent of the pericellular matrix
(Hunziker et al., 1982). The existence of pericellular space is one of the key assumptions in all
theoretical models involving fluid flow in the lacuno-canalicular system of bone.

These studies demonstrate the existence of the transverse tethering elements
connecting the osteocytic process to the canalicular wall. In the cross sections of canaliculi

osteocytic processes always appear in the center of the canaliculi. If there were no connections
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between the osteocytic processes and the canalicular wall, the processes would be located
randomly inside the canaliculi instead of always being centered within the canaliculi, strongly
suggesting that the osteocytic processes are fixed in the central position relative to canalicular
wall. In the current studies the transverse tethering elements can be clearly observed in both
longitudinal and transverse sections of the canaliculi. Prior to the present study the existence
of transverse elements was only mentioned anecdotedly in Shapiro er al. (1995). You et al.
(2001) infers the existence of transverse tethering elements from a functional viewpoint based
on the ubiquitous centering of the cell processes without direct supporting histological
evidence on the existence of the tethering filaments. OQur experiments thus confirm for the first
time the existence of transverse tethering elements in the pericellular space in mature animal
bone. The important observation for our theoretical model is that the transverse fibers span the
entire pericellular space and provide direct linkage of the osteocyte process with the
canalicular wall. With this structure, the drag force exerted on the pericellular matrix can be
transmitted to the actin filament bundle within the cell process to induce cell deformations that
are of sufficient magnitude to be sensed by bone cells and elicit an intracellular signaling
response.

While our studies strongly suggest that the osteocytes are tethered to the canalicular
wall through the transverse elements, the identity of the transverse elements and the
connections between these transverse elements and the intracellular structure is unclear.
Possible candidates for the attachment molecules for this tethering are CD44, laminin and
various integrins. CD44, which is a cell surface receptor of HA, has been found on the surface
of osteocyte (Hughes et al., 1994; Nakamura er al., 1995; Jamal and Aubin, 1996; Nakamura

and Ozawa, 1996; Noonan et al., 1996). Specifically, Noonan et al. (1996) labeled both HA
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and CD44 along the canaliculi. Moreover, the estimated extracellular part of CD44 is
approximately 40 nm long, while the pericellular space surrounding the osteocyte process is
measured to be 80 nm in average in our studies. In the light of these observations, CD44
might be the best candidate for the tethering elements that connect the process to the
canalicular wall.

The present data are the first measurements of the spacing between the transverse
tethering elements. The present study is the first wherein the transverse elements were seen
with sufficient clarity for this spacing to be measured quantitatively. The average measured
spacing is 38 nm at longitudinal section and 41 nm at cross section. This spacing of tethering
elements is in the range predicted by You ez al. (2001) to induce strain amplification, and is
consistent with the prediction that the tethering filaments might be CD44 since the typical
length of GAG side chains is 20 nm. In our theoretical model, we assumed a spacing of 40
nm, which is twice the length of the GAG side chains. A typical spacing of protein monomer
binding sites along HA is 30-40 nm (Lodish, 1999).

There have been a number of studies showing the presence of microfilament bundles
in the osteocytic process in young animals (Weinger and Holtrop, 1974; Holtrop, 1975; King
and Holtrop, 1975). In 1998, the immuno-histochemical in vitro study by Tanaka-Kamioka er
al. (1998) showed the existence of actin filament bundle in the osteocytic process with fimbrin
and «a -actinin as linker molecules between the actin filaments. However, the question
remained as to why this structure was needed and whether it exists in mature osteocytes. In
the development of our theoretical model, we concluded that a significant stiffer cytoskeletal
structure must exist inside the osteocyte process than in the cell body to balance the strong

drag force transmitted from the pericellular matrix to the cytoskeleton so that reasonable
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deformations of the process can be obtained. This consideration was the motivation for our
experimental investigation of the presence of the actin filament bundle in mature osteocyte
process. Our observations of microfilaments inside the process confirm the existence of a
filament bundle structure in mature osteocytes and provide support for this aspect of our
model. The microfilament diameters that we measured is 7 £ 3 nm, which is typical of the
diameter of F-actin. However, an immuno-histochemical study is needed to make a definitive
identification.

With regard to the spacing between the axial microfilaments in the cell process, there
is no mention at all of this parameter in the literature. The only related data that we could find
is the data from similar structures in the microvilli in the kidney and intestine and in the hair
cells in the inner ear (Weinbaum er al., 2001). All three of these structures have axial actin
filament bundles as their central cytoskeleton with either fimbrin, villin or & -actinin as the
common linker molecules between the actin filaments. The spacing between the actin
filaments varies from 12 nm in stereocilia to 25 nm in kidney microvilli. The latter is very
close to the approximately 32 + 14 nm space that we measured in the osteocytic process. This
measured spacing, is also in good agreement with the value, 25 nm, we assumed for the
distance between the microfilaments in our theoretical model, You er al. (2001). At present we
have not yet been able to obtain the resolution needed to determine the three dimensional
arrangement of the actin filaments and their linker molecules, fimbrin and & -actinin.

The key parameters in all theoretical models involving fluid flow in the lacuno-
canalicular porosity are the dimensions of the canaliculi, the osteocytic processes and the
pericellular space surrounding the osteocytic process. These parameters influence the results

of calculations (e.g., the shear stress on the osteocyte process membrane, the streaming
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potential) greatly. Although there are many ultrastructural studies showing micrographs of
osteocyte processes in canaliculi, there is no systematic quantitative study of these parameters.
Moreover, there is lack of agreement between researchers on the reported values of these
parameters. For the sake of comparison, we extracted canaliculi and processes from the
literature, either using published measurements or by performing our own measurements on
the published photographs (Table 3.1, 3.2). The process and canalicular diameter varies
depending on animal species and age. Values of these parameters were also predicted in some
theoretical models from a functional viewpoint. Kufahl and Saha (Kufahl and Saha, 1990)
pointed out in their theoretical model that the canalicular diameter should fall in the range 100
nm to 800 nm. Their calculations suggest that the canalicular diameter should be ~200 nm to
satisfy metabolic requirements. However, they neglect the presence of the cell process.

From the above analysis, one concludes that the size of the canaliculi and the
osteocytic process may depend greatly on animal age and animal species. However, none of
these studies was quantitative. The credibility of these data are thus in doubt. Therefore, we
have performed a detailed quantitative investigation of these parameters in one aduit animal
species, mice. As the first step of the investigation, this study has not yet examined the effects
of animal age and animal species.

To our knowledge, this is the first time that RHT has been utilized in the primary
fixation of bone tissue. We found that in addition to improving fixation of the matrix in the
annular space, RHT provides a very pronounced staining of the canalicular wall, which
appears as a condensed dark region. We believe this dense region is due to the aggregation of
the proteoglycans along the canalicular wall, consistent with the crystalline staining of GAG's

at this surface using cuprolinic blue that was reported by Sauren et al. (1992). The width of
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the fluid annulus surrounding the cell process would be nearly the same in traditional and
RHT staining methods if the thickness of this condensed black line were taken into account.
The average measured canalicular diameter was 259 nm. The average measured process
diameter was 104 nm. From these two values, one can calculate the width of the pericellular
space, which is 78 nm. Comparing these results with the corresponding parameter values
assumed in You et al. (2001), 200 nm for the canalicular diameter, 100 nm for the process
diameter and 50 nm for the pericellular space, and considering the sensitivity analysis given in
that paper, one concludes that the parameter values used in the theoretical model are
reasonable, though the assumed width of the pericellular space is on the low side.

This is the first time that a quantitative study has been conducted on the dimensions of
the canaliculi, the osteocytic process and the pericellular space surrounding the osteocytic
process for any animal species. The measured values of these parameters are important input
parameters in any theoretical model for fluid flow in lacuno-canalicular system. However,
even for one species confined to only adult animals there is still great variability in the data.
We do not know whether this is the intrinsic property of the osteocyte processes and the
canaliculi, or it is the results of a limited sampling. Further investigations are needed to clarify
this question.

In conclusion, the present experiment provides the most complete existing data for the
pericellular space, the pericellular matrix, the transverse elements in this matrix, and the actin
filament bundle observed around and in mature osteocytic processes. All these factors are
critical for the novel hypothesis proposed by You et al. (2001): the existence of the
pericellular space is critical for the fluid flow in the lacuno-canalicular system; the existence

of the pericellular matrix will allow the drag force being induced; the transverse tethering

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



57

elements will transduce the drag force into the actin filament bundle within the process; and
the actin filament bundle will offer the resistance to the drag force so that the osteocyte
process will not be over stretched while at the same time the strain on the process is large
enough, which allows the mechanical signal to be sensed by the osteocyte process. Therefore,
the observations in current studies strongly support the theoretical model in which a
fundamental new view was advanced for mechanotransduction and strain amplification in
bone cells (You et al., 2001). In addition, several key structural parameters were measured,
which provide important input data for future models describing mechanotransduction in

bone.
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Figure 3.1 Electron photomicrograph showing several longitudinal and transverse cross
sections of osteocyte processes. The central positioning of the processes in the canaliculi can
been clearly seen. A. Longitudinal section of a canaliculus with cell process at its center. The
black line is the canalicular wall. B. Transverse cross section of a canaliculus with cell process

at its center. The black line along the circle is the canalicular wall. Bar=1 x#m.
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Figure 3.2 Electron photomicrograph showing the cross section of an osteocyte process, with
pericellular matrix surrounding the osteocyte process. Paraformaldehyde-glutaraldehyde-RHT

fixed. Bar = 100 nm.
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Figure 3.3 Measurements of osteocyte process and canalicular diameters. A. process diameter,

n=137; B. canalicular diameter, n=137.
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Figure 3.4 Electron photomicrograph of a longitudinal section through an osteocyte process.
A: cell process; B: canalicular wall. C: transverse elements connecting process to canalicular

wall; D: pericellular matrix filling the annular space. Paraformaldehyde-glutaraldehyde-RHT

fixed. Bar = 200 nm
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Figure 3.5 Electron photomicrograph showing the longitudinal section of an osteocyte
process. Numerous transverse elements (arrows) can be seen extending from the cell process

to the bony wall. Paraformaldehyde-glutaraldehyde-RHT fixed. Bar = 300 nm.
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surrounding the osteocytic process. A: cross section, n=53 ; B: longitudinal section, n=84.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Figure 3.7 Electron photomicrograph showing cross section of an osteocyte process. Darkened
circular spots (see arrow) are cross-sections of cytoskeletal filaments ~6-8 nm in diameter,

consistent with the size of actin filaments. Bar = 100 nm
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Figure 3.8 Measurements of the diameter of the microfilaments in the osteocyte processes.
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Figure 3.9 Measurements of spacing between the microfilaments in the osteocyte processes.
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Bone b(nm) | a(nm) b ;a (nm) Sources
Human tibia, various ages | ~ 700 Fig. 6, 7. (Marotti et al., 1979)
15 day old chick ~400 | ~200 ~100 | Fig. 3.22. (Palumbo, 1986)
New born rabbit ~ 125 Fig. 1. (Palumbo er al., 1990)
New born rabbit ~ 200 Fig. 10. (Palumbo et al., 1990)
Human compact bone ~ 100 Fig. 19a. (Marotti, 1996)
Human compact bone ~ 200 Fig. 19b. (Marotti, 1996)
Human compact bone ~ 300 Fig. 20. (Marotti, 1996)

Table 3.1. Estimated values for the diameters of the canaliculi and the osteocyte processes
taken from EM micrographs in the literature. 4 is the estimated value of the canalicular

b-a

diameter, and a is the estimated value of osteocyte process diameter. is the width of the

pericellular annulus.
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Canalicular (dia.) Process (dia.) pericc(tl‘lltil(liaﬂx;)sp ace Sources

85 - 100 nm 14 — 100 nm Cooper et al., 1966
150-550 nm Marotti, 1990

150 ~ 550 nm 80 ~ 100 nm 25-235nm Marotti et al., 1990

150 — 200 nm ?;e)ﬂik etal., 1994 (Fig. 11,

Table 3.2. Summary of the values of the dimensions of the canaliculi, the osteocyte processes,

and the pericellular space appearing in the literature.
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Chapter 4. Concluding Remarks

4.1 Introduction

A new potential mechanism for mechanotransduction and strain amplification in
bone was presented in this dissertation. The model for this mechanism provides an
innovative conceptual view as to how bone fluid flow leads to the amplification at the
cellular level of the mechanical strain experienced at the whole bone level. The background
for this development was described in Chapter 1. The strain amplification model proposed
was explained in Chapter 2. The experimental confirmation of the existence of several
basic microanatomical features postulated in the strain amplification model was described
in Chapter 3. The purpose of the present chapter is to summarize the accomplishments,

describe the limitations of the accomplishments, and suggest future studies.

4.2 Summary of the Accomplishments

A possible model to explain how strain amplification occurs in bone was presented
in Chapter 2. This strain amplification model predicted that the small deformation induced
by mechanical loading exerted on the whole bone can be amplified by at least one order of
magnitude at the cellular level of bone. This amplified level of strain is sensed by the
osteocytes embedded in the bone tissue matrix. The key structural element in this strain

amplification model is the tethering filaments between the osteocytic cell process and the
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canalicular wall. Bone fluid flow through the pericellular space surrounding the osteocytic
cell process, a space assumed to be filled with the tethering filaments, generates a drag
force on the filaments. This drag force is transmitted to the actin cytoskeletal structure
within the cell process via the transverse tethering filaments and transmembrane proteins. It
was shown that a stimulus of relatively small deformation on the bone surface can be
greatly amplified at the level of the cell process cytoskeleton by this mechanism. However,
this behavior depends on several assumed microanatomical structures.

Specifically, the validity of this strain amplification model depends upon several
assumptions concemning the microanatomy of bone and upon some assumed bone
microanatomy parameter values. The model is based on the following assumptions: 1)
there is a pericellular space surrounding the osteocyte process and a pericellular matrix fills
this entire space; 2) the fiber spacing of the pericellular matrix is approximately 7 nm so
that it can serve as a molecular sieve for albumin; 3) transverse elements exist in the
pericellular space and these elements tether the osteocyte process to the canalicular wall; 4)
there is a densely packed actin filament bundle that extends the entire length of the
osteocyte cell process; 5) the intracellular actin bundle is connected to the pericellular
matrix by transmembrane protein(s) and possibly other linker molecules. The parameter
values required in the strain amplification model are: 1) the dimensions of the canaliculi,
the osteocyte cell process and the pericellular space; 2) the spacing between the transverse
tethering elements; 3) the spacing between the axial actin filaments; and 4) the spacing
between the linker molecules that connect these axial microfilaments. The sensitivity
analysis in Chapter 2 shows that the model predictions are not very sensitive to the fiber

spacing of the pericellular matrix, the spacing between the transverse elements in the
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pericellular matrix or to the axial actin filament spacing, but the model predictions are
rather sensitive to the spacing between the cross-linker molecules in the actin filament
bundle. The decrease of this latter spacing will decrease the strain amplification
dramatically.

Several of the bone microanatomical structures assumed in the model have been
observed previously in young animals. However, it is unclear whether these
microanatomical structures also exist in mature amimals. Furthermore, there are no
quantitative studies in the literature for some of the parameter values assumed for the
model. Therefore, we initiated experimental studies to examine these structural features in
the mature bone of the mouse.

The key assumptions and the parameter values assumed in the strain amplification
model were experimentaily studied using ultrastructural techniques that were applied to
bone for the first time. These studies were described in Chapter 3. Mature female mouse
cortical bones were examined and the existence of the following structures were verified:
1) a pericellular space surrounding the osteocyte process with a pericellular matrix filling
the entire space; 2) transverse elements tethering the osteocyte process and the canalicular
wall; and 3) a densely packed microfilament bundle that extends the entire length of the
osteocyte process. All of these microanatomical structures were observed for the first time
in a mature animal. We also measured: 1) the dimensions of the canaliculi, the osteocytic
cell process and the pericellular space; 2) the spacing between the transverse elements; and
3) the spacing between the axial microfilaments in the osteocyte process. All these
measured values are in reasonable agreement with the parameter values applied in the

strain amplification model. These measurements provide the critical input data for all
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theoretical models involving fluid flow in a lacuno-canalicular system. The verification of
these structural features provides strong support for the key assump'ions used in the

theoretical model in Chapter 2.

4.3 Limitations and Future Studies

There are several limitations in this study: 1) The possibility of a
mechanotransduction mechanism in the osteocytic cell body was not considered; 2) A
number of differences between in vitro and in vivo conditions (including cell growth in
culture, nutrient transport, differing cellular matrix attachment in 2-D culture versus 3-D
tissue) were not considered; 3) The calculation of shear stress and drag force was based on
the existence of Haversian canals while the experimental study was conducted in mouse
cortical bone that does not have a Haversian system; 4) The connections between the
tethering filaments, the transmembrane proteins and the intracellular structure have not
been confirmed; §) The molecular identity of the tethering elements need to be determined;
6) The microfilaments observed in the process are believed to be actin filament but this
needs to be confirmed; 7) The spacing of the fibers that form the molecular sieve in the
pericellular matrix can only be roughly estimated by existing tracer studies; 8) The spacing
between the linker molecules of the actin filament bundle has only been estimated for cells
in culture; 9) Only one animal species, the mouse, has been studied. A discussion of these
limitations and the possible future studies are given below.

The mechanosensation site in the strain amplification model (Chapter 2) was
considered to be on the osteocytic cell process, and the possibility of mechanosensation

site on the cell body was not considered in the present form of the model. Support for this
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assumption comes from reports of the stretch activated channels occurring only the cell
process and not in the cell body (Mikuni-Takagaki et al., 1996; Mikuni-Takagaki, 1999).
Mechanosensation sites on the cell body were not considered for this reason and because,
it was thought, that the large space between the osteocytic cell membrane and the lacunar
wall would lead to low shear stresses on the osteocytic cell membrane. However, if the
osteocytic cell body was also connected to the lacunar wall by tethering elements, a
similar mechanotransduction would occur in the cell body if its cytoskeleton were indeed
soft. (Of course transverse fibers between the osteocytic cell body and the lacunar wall
suggest a stiffer osteocytic cell body because they would provide a tension on the
cytoskeleton within the osteocytic cell body. Furthermore, logical structural reasons
would suggest that the cytoskeletons from the numerous osteocytic cell processes would
connect to each other within the osteocytic cell body and make the body stiffer.)
However, if the osteocytic cell body was indeed soft, it could be deformed greatly when
subjected to a even low drag force resulting from the low speed fluid flow in lacunae.
Further investigation is required to clarify whether there are connections between the
osteocytic cell body and the lacunar wall so that the role that the osteocyte cell body plays
in mechanotransduction in bone can be better understood.

The calculation of shear stress and drag force in this study is based on a model for
osteonal bone. However, our experimental observations were conducted on the mouse,
which does not have Haversian systems. It is unclear whether the basic structural features
observed are the same in bone tissue with and without Haversian systems or whether the
parameter values describing these ultrastructural features in the mouse are in the same

range in other animals. Future experimental observations should be obtained for bone from
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animals with Haversian systems. There is a wide variation in the measured parameter
values in this study. Furthermore, the measured values from micrographs in the literature
also vary greatly (Tables 3.1 and 3.2). Further investigation is necessary to clarify whether
the vanation is due to intrinsic bone properties or due to the sampling method. Bones from
other species should be studied in the future to provide comparative data for the model.

This study was inspired by a paradox between in vitro observations that the large
cellular deformations are required to induce intracellular biochemical response, and the in
vivo observations that rather small whole tissue deformations lead to bone adaptation
responses. However, other differences between in vitro and in vivo environments exist and
they have not been accounted for. For example, the different mechanisms of nutrient
transport in 2-D culture versus 3-D tissue, and the different cellular matrix attachment
arrangements in 2-D culture and 3-D tissue were not considered. It is possible that these
factors could contribute greatly to the different responses that bone cells exhibit at the same
magnitude of deformation. However, one might note that other connective tissues cells,
such as fibroblasts in fibrous tissue and chondrocytes in cartilage, respond to the same level
of deformation (~15%) in 2-D culture and 3-D tissue (Almekinders et al., 1993; Guilak et
al., 1995). Therefore, the large deformation required to activate osteocytes seems
reasonable. However, in the future, these factors should be considered in the model. Efforts
should be made towards constructing a more realistic environment for cell growth in
culture (e.g., building a 3-D attachment environment).

It is hypothesized that a number of molecules, including CD44, various integrins,
and HA, could serve as the tethering filaments between the osteocytic cell membrane and

the canalicular wall. These different molecules have different mechanical properties and,
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therefore, will influence the model predictions by introducing different bending moduli into
the modeling of transverse element deformations. In the strain amplification model, it was
assumed that these tethering filaments have no bending stiffness. It is thought that these
macromolecules are much more flexible in bending than in axial stretching. Therefore, as a
first approximation, the simplification employed in the strain amplification model to
neglect the bending stiffness of the transverse elements may be reasonable. However, to
further refine the strain amplification model, it is necessary to identify these molecules and
introduce their mechanical properties into the calculation.

Although the electron micrograph shown in Fig. 3.1 strongly suggest the existence
of the connections, their presence has not yet been confirmed. CD44 and various integrins
have been located on the osteocyte membrane. CD44 is known to be the main receptor for
hyaluronan (HA) and its cytoplasmic tail can combine with actin filaments. In future
studies, immuno-histochemical techniques should be applied to co-localized the HA, CD44
and actin filament bundle within the cell process or the integrins and their corresponding
ligands to confirm the presence of such a connection.

The spacing of the pericellular matrix is a key parameter in the strain amplification
model. There is a body of indirect evidence from tracer studies (Knothe Tate et al., 1998;
Knothe Tate and Knothe, 2000; Knothe Tate et al., 2001, Wang ez al., 2002) and the model
analysis (Weinbaum er al., 1994; Cowin er al., 1995) suggesting that the fiber spacing of
the pericellular matrix is approximately 7 nm. The usual spacing in biological matrices is
typically about 5 to 25 nm; this range of values falls in the range of fiber spacing used here
to induce large strain amplification in the sensitivity analysis. However, to fully support the

strain amplification model, more direct evidence for this fiber spacing is required. Two
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potential ways of studying this issue are: 1) Using immunofluorescent techniques, through
which we can obtain the spacing of the matrix from the known molecular structure of the
identified molecule; 2) Using new fixation techniques, through which detailed pericellular
matrix structure may be preserved so that the spacing can be visualized and measured
directly. Rostgaard et al. (1993) reported that, using an oxygen carrying fixative perfusion
techniques, better preservation of ultrastructure could be obtained. Future studies could use
these two techniques to better understand the spacing of the pericellular matrix.

Only densely packed microfilaments in the osteocytic process were observed in the
experimental study on the actin filament bundle inside the osteocytic cell process reported
in Chapter 3. The filaments’ average diameter was measured to be ~ 6 nm, which is the
typical value of the diameter of an actin filament. However, immunofluorescent techniques
should be employed to confirm that these filaments in the osteocyte cell process are actin
filaments.

The sensitivity analysis shows that the spacing between the linker molecules in the
axial filament bundle is critical to the model prediction. In the future, immuno-electron
microscopy techniques could be applied to stain the linker molecules and visualize the
spacing between them. Sections might be cut thinner than 25 nm, the estimated spacing
between the axial actin filaments, so that only one layer of linker molecules appears in
each section.

In conclusion, the first quantitative model of mechanotransduction in bone has been
presented. This model for the strain amplification system in bone tissue holds the potential
to fundamentally impact the field of bone biology by illuminating the physiological

mechanism of mechanosensation in bone. Although a few assumptions and parameter
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values employed in the model have still not been confirmed or measured directly, the
experimental observations have already verified the key structures and the key parameters
that are employed in the strain amplification model. These new experiments support the
proposed new strain amplification theory, but future experiments and a refined model are

required to definitively confirm its validity.
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Appendix

Appendix A: The calculation of the permeability &, in the

pericellular space

If the GAG side chains form a rectangular lattice that radiates fore and aft and

laterally about the core protein (proteoglycan) at intervals A along its length (see Fig.

2.2a,b), the total length of GAG associated with each core protein is —Z—(4IG .c), where s is

the length of the core protein and /; is the length of the GAG side chains. Since we have
assumed A =7nm and [;,; =20nm, the length ratio between the GAG side chains and
the core proteins, r =4/;,./A>>1, which suggests that the length of the GAG far

exceeds that of the core protein. The drag on the core protein is thus largely due to its GAG
side chains which, for simplicity, are arranged either transverse or parallel to the flow with
equal length. The weighted hydraulic resistance due to the GAG plus the core protein is

thus given by

Lot vy (1) @
k, n+l\2k, 2k, ) n+lik
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where k,, is the Darcy permeability of the transverse fibers including the core proteins

and k,, the axial fibers. The expression for &, is given in Tsay and Weinbaum (J. Fluid

Mech. 226, 125-148, 1991) as
A n
k, = 0.0572002(—) : (A2)

a,

The expression for &, is given in Cowin et al. (1995) as

2,285

(A

k,, = 0.147a5(—] . (A3)
aO
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APPENDIX B. The method for estimating the Young’s
modulus of the cytoskeleton structure, E*, in the radial

direction

The purpose of this appendix is to describe the derivation associated with the
estimate of 487.2 kPa for the Young’s modulus of the cell process IAC. The derivation was
illustrated in Figs. 2.2c in Chapter 2 and Figs. Bl and B2 in this appendix. The longitudinal
actin filaments are modeled as infinitely long continuous beams. The outer filaments
beneath process membrane (Fig. B1b) have a continuously distributed load representing the
load transmitted by the transverse elements in the pericellular matrix, whereas the inner
ones have point force loads, P, transmitted by the fimbrin cross-links (Fig. Bla). The
(fimbrin) links between these infinitely long beams are considered to be rigid because the
deflection of the actin filament, which is loaded transversely, will be much larger than the

strain of the fimbrin linker molecules which are loaded axially. The radial deflection of the

cell process cytoskeletal structure illustrated in Fig. 2.2c is & = &, + 26, + J,, where the J,,
i=1,2,3, are illustrated in Fig. B1. The bar is superimposed upon these deflections to

indicate that they are average, or mean, deflections. The gage length over which the

deflection occurs is 2/, where /. is illustrated in Fig. B1, and the radial strain is given by
£=0/2l, . It follows from Hooke’s law that this strain is related to the stress o by

E" =0/¢&, and it is the value of the Young’s modulus £* that we seek in this calculation.
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The stress o may also be expressed in terms of quantities illustrated in Fig. 2.2c, namely

wxl, x8

the length /, the length /, and the distributed load w per unit length: 0= —————.
. [, x2rx2l

Combining these results to obtain an expression for £*, we find that £* can expressed in
terms of the three mean deflections and the known distributed loading w. Thus

_ 4w/rx
3,+20,+7J,

™

(B1)

This result reduces the determination of £* to the determination of the three J,,
i =1,2,3. The determination of these quantities is described in the next paragraph.
The theory used for the determination of the three J,, i =1,2,3, is classical beam

theory. The fourth order differential equation governing the deflection y of the a beam is

given by

4
Y v, (B2)

dx

El

where £ is the Young’s modulus of the beam material, / is the area moment of inertia of the
cross-sectional area about a centroidal axis, w(x) is the distributed load along the beam and
x is the coordinate running along the longitudinal axis of the beam. The product £7 is the
flexural rigidity. We apply Eq.(B2) and the associated theory to the continuous infinite

beam models of Fig. B1 to determine the three quantities, é—: , i=1,2,3. Consider first the
continuous infinite beam model of Fig. Bla. For this beam w(x)=0 (see Fig. B2a) and

there are three geometric boundary conditions for this beam, namely that the slope at 0 and
[, orat nx! (where n is any integer), is zero and the deflections at 0 and / are of opposite
sign. Since Eq. (B2) is a fourth order ordinary differential equation, a fourth boundary

condition is needed. This must be a force - or a moment - related condition because all the
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symmetry in the situation has been exploited with the geometric boundary conditions.
However, it is not obvious from elementary beam theory how one might obtain the fourth
condition, the one related to a force or a moment, due to the fact that the beam is infinite in
length. Actually the long length of the beam is the key to the solution because the equation
of three moments (Timoshenko, and Young, 1945, Theory of Structures, McGraw Hill,

New York, pp. 343.) may be used to find the moment at a point of application of the cross-

p);[’ , or —:—} Note from Fig. 2¢

link force. The moment is found to be the magnitude of

that the force P must be equal to wx/,. The mean deflections, which are equal, are then
given by

T _5F _ 5p113
: 3072EI

(B3)

2

This result gives the deflections &, i =1,2, in terms of the flexural rigidity £/ of
the longitudinal actin filament, the force p=wx/, that the fimbrin cross-link exerts
transversely on the infinite beam, and the length /, .

We also need to determine a similar formula for &,. To that end we consider the
continuous infinite beam model of Fig. B1lb. For this beam w(x)=w(a constant) (see

Figure B2b) and the three geometric boundary conditions for this beam are the same as
they were for the beam in Fig. Bla. The equation of three moments again supplies the

missing condition, the moment at a point of application of the force P. The moment is

found to be equal to wx 12Z /12 . The mean deflection is then given by

= _ P’
o, = —2—, 4
> T0EI B4)
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This result gives the deflection J,, in terms of the flexural rigidity £/ of the
longitudinal actin filament, the force P=wx/, that the fimbrin cross-link exerts
transversely on the infinite beam, and the length /, . Substituting the results (B3) and (B4)

into (BS) a reduced expression for the desired £* is obtained:

_ 203E1

E* X

(B5)
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Figure B1: Illustration of the longitudinal actin filaments modeled as continuous infinite
beams with two types of loadings; the two types of loadings are illustrated in (a) and (b).
(a) A typical longitudinal actin filament in the interior portion of the cell process
cytoskeletal structure where the load is applied by the fimbrin cross-links in alternate
directions in a staggered fashion. (b) This continuous infinite beam models an exterior
longitudinal actin filament. It is loaded in one direction by the fimbrin cross links and in the
other direction by a continuously distributed load representing the applied external loading

due to the extracellular matrix.
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(a)

y
-

o _ X
) P
P

(b)

X

Figure B2: lllustration of the unit length of the longitudinal actin filaments modeled as
continuous infinite beams with the two types of loading, the two types of loading described
in Fig. B1. (a) A typical longitudinal actin filament in the interior portion of the cell process
cytoskeletal structure loaded the fimbrin links in alternate directions in a staggered fashion.
(b) This continuous infinite beam models a peripheral longitudinal actin filament beneath
the process membrane. It is loaded in one direction by the fimbrin cross links and in the

other direction by a continuously distributed load representing the applied external loading.
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