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ABSTRACT

THE MECHANOTRANSDUCTION RESPONSE
OF TENDON CELLS TO TENSILE LOADING

By
Michael Lavagnino

The ability of tendon cells to sense and respond to load is central to the concept of
mechanotransduction and the maintenance of tendon homeostasis. Tendon cells sense
load through a mechano-electrochemical sensory system(s) that detects mechanical load
signals through the deformation of the cellular membrane and/or the cytoskeleton. This
cellular deformation produces tension in the cytoskeleton, which can be sensed by the
cell nucleus through a mechano-sensory tensegrity system to elicit a metabolic response.
While the precise level (magnitude, frequency/rate, and duration) of mechanobiological
stimulation required to maintain normal tendon homeostasis is not currently known, it is
very likely that an abnormal level(s) of stimulation may play a role in the
etiopathogenesis of tendinopathy. Although tendinopathy has been well described
pathologically, the precise etiopathogenesis of this condition remains unsettled.
Classically, the etiology of tendinopathy has been linked to the performance of repetitive
activities (so-called overuse injuries). This has led many investigators to suggest that it is
the mechanobiologic over-stimulation of tendon cells from repetitive loading that is the
initial stimulus for the degradative processes that have been shown to accompany
tendinopathy. Although several studies have been able to demonstrate that the in vitro
over-stimulation of tendon cells in monolayer can result in a pattern(s) of gene expression
seen in clinical cases of tendinopathy the strain magnitudes and durations used in these in

vitro studies, as well as the model systems, may not be clinically relevant. Using an in



vitro rat tail tendon model, the objective of this research was to study the
mechanobiologic response of tendon cells in situ (within their normal extracellular
matrix), to various tensile loading regimes. The studies have shown that the gene
response of tendon cells to load is both frequency and amplitude dependent and that
tendon cells appear to be *“programmed” to sense a certain level of stress. Model
analyses combined with the experimental results have demonstrated that both strain rate
and strain amplitude are able to independently alter rat interstitial collagenase gene
expression through increases in fluid-flow-induced shear stress and matrix-induced cell
deformation respectively. The studies have also shown that the absence of stress has a
profound effect on the catabolic response of tendon cells, which in turn decreases the
mechanical properties of the tendon independent of its collagen fiber distribution. The
studies have shown that isolated fibrillar damage can occur within tendons and produce a
localized upregulation of interstitial collagenase in response to altered (decreased) tendon
cell stimulation. This weakens the tendon and may put more of the extracellular matrix at
risk for further damage with subsequent loading. From these studies the hypothesis is
forwarded that the etiopathogenic stimulus for the degenerative cascade that precedes the
overt pathologic development of tendinopathy is the catabolic response of tendon cells to
mechanobiologic under-stimulation as a result of microscopic damage to the collagen
fibers of the tendon. This dissertation is a collection of research involving the response
of tendon cells to changing load conditions and the examination of the implications of

these responses as a potential etiopathogenic mechanism for the onset of tendinopathy.
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INTRODUCTION

Tendinopathy, a syndrome of tendon pain, localized tenderness, and impaired
performance, is a common and major health issue in workers and athletes who perform
repetitive activities (Renstrom and Woo 2007). Although the pathology of tendinopathy
has been well described, the precise etiopathogenesis of this condition remains unsettled
(Renstrom and Woo 2007). Classically, the etiology of tendinopathy has been linked to
the performance of repetitive activities (overuse injuries) (Almekinders et al. 1993). A
proposed algorithm for the onset of overuse tendinopathy involves altered cell-matrix
interactions in response to repetitive loading (Archambault et al. 1995). In this scenario,
repeated strains below the injury threshold of the tendon induce degenerative changes in
the tendon-matrix composition and organization (Jarvinen et al. 1997; Jones et al. 2006;
Jozsa and Kannus 1997). The degeneration of the extracellular matrix leads to a transient
weakness of the tissue making it more susceptible to damage from continued loading.
This damage then accumulates until the overt pathology of tendinopathy develops
(Archambault et al. 1995). While this is a feasible algorithm for the development of
overuse tendinopathy, the precise mechanism(s) which lead to altered cell-matrix
interactions have not been described. To better understand the mechanical association
between tendon matrix and tendon cells, it is necessary to understand the following: 1)
the composition of the tendon extracellular matrix, 2) the contribution(s) of these
extracellular components in defining the material properties of the tendon, 3) the
mechanisms by which mechanical signals are transmitted through the extracellular matrix

to the tendon cells, and 4) the cellular response to these mechanical signals.



Tendon composition

Tendons are described as soft connective tissues which link bone to muscle and
consist of solid (collagen fibers, cells, and matrix constituents of proteoglycans and
glycoproteins) and fluid phases (Kannus 2000; Riley 2005; Woo et al. 1997). Type I
collagen is the main component of the solid phase (65-80% dry weight) and is organized
within the tendon in parallel fiber bundles with hierarchies of fibrillar arrangement down
to microfibril size (Kannus 2000; Kastelic et al. 1978) (Figure 1). Under polarized light
microscopy, tendon collagen fibrils appear in a sinusoidal wave pattern referred to as
crimp (Diamant et al. 1972). Collagen has the ability to form covalent intramolecular and
intermolecular cross-links, which are the keys to its tensile strength characteristics and
resistance to chemical or enzymatic breakdown (Tanzer 1973; Woo et al. 1997). The
matrix, or ground substance that surrounds the collagen, consists of proteoglycans,
glycosaminoglycans (GAGs), and glycoproteins. Proteoglycans and GAGs only make up
a small percentage of the total dry tendon weight, but due to their highly negative charge,
these molecules attract and limit the movement of water, which represents 60-80% of the
total wet weight (Woo et al. 1997). This water binding capacity improves the mechanical
properties of tendon against shear and compressive forces (Kannus 2000). Glycoproteins
in tendons include both structural and adhesive molecules. The structural glycoproteins
(elastin, fibrillin) provide elastic properties of tendon while the adhesive glycoproteins
mediate cell-matrix interactions (e.g. tenascin-C, fibronectin, thrombospondin)(Riley
2005). Each tendon component (collagen, crosslinks, crimp, matrix, water) has
mechanical significance and together they form a well-organized tissue for optimal load

distribution and response (Woo et al. 1997).
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Figure 1 The hierarchical collagen network of tendon (Kastelic et al. 1978).

Tendon Computational Models

Based on these structural components (collagen fibers, proteoglycan matrix, and
fluid) computational models of tendon have been created to further understand the
mechanical response of tendon to applied strain. Although no models have examined the
role of tendon mechanical load on cell deformation, many structural and continuum

models exist that accurately model overall tendon mechanical behavior.



Collagen Fibers

Initial structural and microstructural models investigated parameters (orientation,
number, distribution) of the collagen fibril, the main solid constituent (70-80% dry
weight) of tendon, that relate to tissue morphology to describe the mechanical function of
the tendon (Belkoff and Haut 1992; Comninou and Yannas 1976; Diamant et al. 1972;
Kastelic et al. 1980; Kwan and Woo 1989; Lanir 1983; Stouffer et al. 1985; Viidik 1972).
These models assumed that the toe-in region occurs due to a structural feature of the
tissue, i.e., the gradual removal of crimp during deformation leads to increasing stiffness.
The earliest structural model described tendon as a cable consisting of these crimped
strands of microfibrils where the stress behavior is determined by the properties of the
individual strands (Diamant et al. 1972). These microfibrils were modeled as having

elastic segments joined by rigid hinges based on the elastica problem in mechanics

(Figure 2).
A A
l
@ /)
A A
Figure 2 Extension of an elastic collagen fiber zig-zag crimp with apex points of

infinite rigidity (Diamant et al. 1972).



Investigators advanced this model to explain additional structural features of crimp
including the disappearance of crimp apices and the variability in crimp angle along the
depth and length of the tendon using linearly elastic collagen fibers (Comninou and

Yannas 1976; Kastelic et al. 1980; Stouffer et al. 1985) (Figure 3).

Figure 3 Advancements in crimp definition using a blunted zig-zag (b: crimp
blunting factor) used in the SSL model (Kastelic et al. 1980). The
undeformed and deformed configurations of collagen crimp with spring
apex points (Stouffer et al. 1985).

Including crimp angle variations throughout the tendon was first incorporated in the

sequential straightening and loading (SSL) model of collagen crimp (Kastelic et al.

1980). This model suggested that crimped fibrils are assumed to have a negligible

resistance to extension while loaded fibrils resist deformation through a linear elastic

relationship, thus resistance arises only from the elasticity of already straightened fibrils

(Kastelic et al. 1980). This distribution of fibril angle in the tendon leads to a sequential

fibril straightening and loading that result in the initial nonlinearity of the toe region

(Kastelic et al. 1980). Investigators than described crimp using a modified SSL model,

with varying initial fiber lengths of a bilinear elastic collagen fiber that have a specified



failure stretch/strain (Figure 4) (Belkoff and Haut 1992; Crisco and Panjabi 1996;
Hurschler et al. 1997; Kwan and Woo 1989; Liao and Belkoff 1999).

7 3
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Figure 4 A schematic diagram showing the bilinear stress-strain curve for a single
collagen fibril. Fibrils can vary by strain at which the crimp is fully
stretched (S) or at which ultimate failure occurs (U) (Kwan and Woo
1989).

These models defined varying initial fibril lengths and varying failure lengths.either

arbitrarily (Kwan and Woo 1989), based on normal distributions (Crisco and Panjabi

1996), or extensively on the organization of the collagen microstructure (fiber density

and distribution) (Hurschler et al. 1997) to determine how collagen affects the material

properties.  Other studies have further refined the model by using a quasi-linear
viscoelastity law incorporating a relaxation function and a nonlinear time independent

elastic response for collagen fibers (Decraemer et al. 1980; Frisen et al. 1969; Fung 1967,

Haut and Little 1972; Lanir 1980; Viidik and Ekholm 1968). One proposed viscoelastic

model, the single integral finite strain (SIFS), utilizes the concept of constitutive



branching to allow different constitutive equations at different elongations and the model
is fully nonlinear and reduces to classic viscoelasticity (Mooney-Rivlin) if linearized
(Johnson et al. 1996). Thus instead of a bilinear elastic model to describe crimp as shown
previously (Kwan and Woo 1989), this model describes the change in micromechanism
caused by the onset or cessation of collagen fiber recruitment as the tendon is extended as
a change in constitutive equations. This model appears very accurate at modeling stress-
relaxation, peak cyclic stresses, and stress strain curves (Johnson et al. 1996).
Proteoglycan Matrix

Although these models accurately depict the whole range of tissue behavior from
initial load to failure, by only taking into account collagen structure and properties they
lack potential mechanical properties from the remainder of the tendon constituents
(extrafibrillar matrix and water). Tendons have been previously modeled as a composite
material to incorporate both collagen fiber and matrix properties (Ault and Hoffman
1992; Ault and Hoffman 1992; Luo et al. 1998; Puxkandl et al. 2002; Redaelli et al.
2003; Scott 2003; Wilson et al. 1997; Wren and Carter 1998). One such composite
model, similar to the pure collagen model proposed by Hurschler (Hurschler et al. 1997),
included both extensive fiber and matrix properties (Wren and Carter 1998). This model
allowed for uncrimping, stretching, and breaking of collagen fibers, but in addition
described the fibers ability to rotate in the matrix as fully, partially, or un- constrained.
Another researcher investigated the relationship between the matrix and the fibers and the
likelihood of potential “links” between fibers (Wilson et al. 1997). This model utilized a
plane stress finite element model with nonlinear spring elements (fibers) overlaid on the

continuum elements (matrix) to study the possibility of shear stress within the tissue



(Figure 5) (Wilson et al. 1997). The non-linear springs provide the model with the ability

to simulate the nonlinear behavior attributed to the crimp of the collagen fibers.

-wTw-wy

— —o—/ —eo—/—o

Figure 5 Spring-element model showing nonlinear spring elements (fibers) overlaid
on the continuum elements (matrix) (Wilson et al. 1997).
This model determined that shear transfer may occur from linking between collagen
fibers, but unfortunately only small deformations were modeled. The idea that a model
should include fiber-fiber and fiber proteoglycan interaction began a subset of models
that delve into modeling collagen fibril crosslinks from the molecular standpoint of
matrix components, most notably glycosaminoglycan (GAG) chains. A sliding GAG
filament model was proposed in which the GAG chain can slide and re-engage and thus
provide mechanical stability (Scott 2003). These GAG chains, located on proteoglycans
play a role in retaining water as well as creating a bond between collagen fibrils. One

model incorporated this fiber-matrix interaction as a composite material with collagen



fibrils embedded in a proteoglycan rich matrix, where the matrix is mostly loaded under

shear (Figure 6a) (Puxkandl et al. 2002). Deformation in the tendon occurs through

extensibility of collagen fibrils and nonfibril (crosslink, matrix) deformation. The

composite structure was modeled in series with collagen fibril and proteoglycan matrix as

viscoelastic elements taking into account molecular friction, cross links, viscous

relaxation, and matrix shearing (Figure 6b) (Puxkandl et al. 2002).

(a)

P t (b) collagen fibril pg matrix
molecular viscous
iction relaxation

Ep.ep Ew.em n

effective elastic modulus
and tensile strain due to:

\_Y_A_Y_I

molecular matrix
cross-links shearing

(a) Schematic representation of the hierarchical structure of a collagen
tendon. If (a fibre of) the tendon is stretched by an amount er, this is
distributed between the collagen fibrils (cf) with a tensile strain €, and the
proteoglycan-rich matrix (pg), which is mainly sheared. Covalent cross-
links between molecules are drawn schematically within the collagen
fibrils. (b) An illustration representing a mechanical model, where fibrils
and matrix are considered as viscoelastic systems arranged in series. Ep is
the elastic modulus of the fibrils that depends critically on the covalent
cross-links. mp is the viscosity of the fibrils, possibly due to friction
between molecules. Ey is the effective elastic modulus of the matrix and
Nu is the viscosity of the matrix (Puxkandl et al. 2002).

A similar model of proteoglycan links was also proposed with 40% of elongation due to

fibril length change, and the remainder suggested due to relative movement of fibrils

(Redaelli et al. 2003). Shear stress was assumed responsible for force transfer from fibril



to fibril. Fibril length, diameter, and interfibrillar distance were used as variables. Using
this model, it was found that a stress-transfer matrix with low elastic modulus was
sufficient and an increase in collagen fibril diameter alone cannot explain tendon
mechanical properties (Redaelli et al. 2003).
Interstitial fluid flow

None of the previously mentioned collagen or collagen-matrix structural models
include the permeability of the tendon or look at fluid exudation (Hannafin and Arnoczky
1994) and its role in the stress strain response (Haut and Haut 1997) within the tendon. A
general 3D viscoelastic model for fibrous tissue was proposed that takes into account
fluid flow, fiber density, and fiber orientation (Lanir 1983). The collagen fibers were
assumed to only be subjected to uniaxial strain along the length of the fiber, with no
compressive strength and the fluid flow through the matrix was due to a hydrostatic
pressure differential (Lanir 1983). The model accurately predicted that the unfolding of
the fiber leads to increased hydrostatic pressure or fluid flow through the matrix (Lanir
1983). Multiple continuum theories include tendon permeability and interstitial fluid
flow in tendon models (Adeeb et al. 2004; Atkinson et al. 1997; Butler et al. 1997; Chen
and Ingber 1999; Yin and Elliott 2004). These continuum models have added the
structural morphology of the tendon extracellular matrix with fluid using a biphasic
approach (Atkinson et al. 1997; Giori et al. 1993; Luo et al. 1998; Wakabayashi et al.
2003; Yin and Elliott 2004). One such biphasic model assumed that tendon was
transversely isotropic in the fiber direction and the fibers are assumed to be piecewise
linear elastic (Yin and Elliott 2004). Each of these models has predicted the importance

of fluid flow and permeability in determining intertendonous strains and the exudation of
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fluid flow from the tendon. These theories however do not take into account the
nonhomogeneity of the crimp pattern (Hansen et al. 2002) nor the viscoelastic properties
of the collagen fibers (Haut and Little 1972).

Collagen, matrix, and fluid flow

There are relatively few tendon models that take into account collagen structure, and a
porous matrix that allows for fluid flow. One finite element model assumed the collagen
crimp as an outer helical arrangement of 62° inclination (Figure 7) (Atkinson et al. 1997).
The central core was then modeled as nonlinear poroelastic material with varying
permeabilities (Atkinson et al. 1997). This model predicted fluid exudation and fiber

straightening by having the outer collagen fibers wring out the fluid containing central

portion.
water based "*37-5“0'6—4
matrix
sealed w R
surfaces <
/ 10.0x10°
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fibers
— Yy
) fiber
fixed base orientation
Figure 7 Conceptualization of the geometry of a fascicle used as the basis of a finite

element model (Atkinson et al. 1997).

Another model examining the role of fluid in tissue and potential causes of fluid
exudation addressed three mechanisms: 1) crimp straightening, 2) Poisson’s ratio —

determined by cross links, and 3) osmotic pressure (Adeeb et al. 2004). Another
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investigator used a finite element system to track changes in fluid pressure and collagen
orientation to examine the alterations in tendon composition with mechanical load (Giori
et al. 1993). The maintenance and rearrangement of the tendon’s fibrous extracellular
matrix was associated with regions where stretching and distortion of cells take place as
the tendon was physiologically loaded (tendon wrapped around bone). The tendon was
considered to be a two-phase linear elastic fiber-reinforced composite defined using the
rebar formulation of the ABAQUS FEM code (Figure 8) (Giori et al. 1993). This model
assumed the tendon had no crimp initially (Giori et al. 1993). Results from this study
showed that the hydrostatic stress and distortional strain are important tissue level
mechanical stimuli regulating the composition of connective tissue and gene expression
(Giori et al. 1993).
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Figure 8 A finite-element model of tendon as a two-phase linear elastic fiber
reinforced composite using the rebar formulation of ABAQUS (Giori et al.
1993).
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Other biphasic tissue studies have suggested the importance of both the fluid and solid
phases in the transmission of strain from the tissue to the cell, or mechanotransduction
(Baer et al. 2003; Guilak and Mow 2000). Currently there are no tendon models that
model the mechanical response of tendon strain using the solid and fluid components of
tendon and then take that response to determine what is happening on the cellular level.
Although each component is known to play an important role in the mechanical response
of tendon to load, their influence on cellular mechanotransduction, or the transmission of
strain through the extracellular matrix to the cell, within the tendon is unknown.

Cell-Matrix Interactions

The ability of tendon cells to sense and respond to a physical stress with a
biological response, the concept of mechanotransduction, is vital in maintaining tendon
homeostasis (Banes et al. 1995; Ingber 1997; Wang and Ingber 1994). Tendon cells
sense physical stress through a mechano-biological sensory system(s) that detects
mechanical load signals through the deformation of the cellular membrane and/or the
cytoskeleton (Adams 1992; Banes et al. 1995; Brown et al. 1998; Ingber 1997; Wang
2006; Wang et al. 1993; Wang and Ingber 1994; Watson 1991). Cell membrane
deformations may open or close stretch-activated ion channels, which control the influx
of second-messenger molecules such as calcium and inositol triphosphate (IP;) (Banes et
al. 1995; Sachs 1988; Sachs 1988; Shirakura et al. 1995). These second messengers can
activate a wide array of cellular machinery including DNA synthesis, mitosis, cell
differentiation, and gene expression (Binderman et al. 1984; Ryan 1989; Sachs 1988;
Sachs 1988). Cellular deformation also alters the cytoskeletal tension, which in turn, can

be sensed by the cell nucleus through a mechano-sensory tensegrity system to elicit a
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metabolic response (Adams 1992; Arnoczky et al. 2002; Banes et al. 1995; Ben-Ze'ev
1991; Ingber 1997; Wang 2006; Wang et al. 1993; Wang and Ingber 1994; Watson
1991). For both of these signaling pathways, change in cell shape with applied stress is
thought to occur through the binding of the cell to extracellular matrix proteins such as
collagen and fibronectin (Banes et al. 1995; Rosales et al. 1995; Sung et al. 1996). The
binding between the extracellular matrix proteins and the interior cytoskeleton of the cell
occurs through the integrin family of cell surface receptors (Banes et al. 1995; Ingber
1991; Janmey 1998; Rosales et al. 1995; Shyy and Chien 1997; Sung et al. 1996; Wang et
al. 1993). Thus mechanotransduction, in response to tendon load, is likely mediated
through the deformation of the extracellular matrix, which in turn would result in in situ
cell deformation (Banes et al. 1995; Sachs 1988; Watson 1991). The results of a recent
study support the hypothesis that mechanical loads placed on tendons result in a
concomitant in situ deformation of the cell nucleus (Arnoczky et al. 2002). As has been
proposed in cartilage, this nuclear deformation may play a significant role in the
mechanotransduction of these tissue loads into intracellular signals (Guilak 1995; Guilak
and Mow 2000; Guilak et al. 1995).

Mechanotransduction, Homeostasis, and Pathology

The importance of load (stress) in the homeostasis of connective tissues has been
well documented (Akeson et al. 1974; Hannafin et al. 1995; Noyes 1977; Woo et al.
1982; Woo et al. 1997; Yasuda and Hayashi 1999). Several studies have shown that
stress deprivation in ligaments and tendons results in significant alterations in their
structural and functional properties (Akeson et al. 1974; Hannafin et al. 1995; Noyes

1977; Woo et al. 1982; Woo et al. 1997; Yasuda and Hayashi 1999). While these
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alterations in the extra-cellular matrix appear to be cell mediated, the exact mechanism by
which tissue load (or lack thereof) affects this process is unclear. Numerous in vitro
investigations have demonstrated that when a deformable substrate on which adherent
cells have been cultured is cyclically strained this extrinsic deformation activates a wide
array of cellular machinery including DNA synthesis, mitosis, gene expression, and cell
differentiation (Almekinders et al. 1993; Banes et al. 1994; Banes et al. 1995; Banes et al.
1995; Bhargava et al. 1999; Binderman et al. 1984; Birukov et al. 1995; Brighton et al.
1991; Brown 2000; Cheng et al. 1996; Hsieh et al. 2000; Matyas et al. 1995; Sumpio et
al. 1990). Understanding the relationship between tendon strain and cell deformation
may provide insight into the role of physical stress in the homeostasis of normal tissue.
While the precise level (magnitude, frequency, and duration) of mechanobiological
stimulation required to maintain normal tendon homeostasis in not currently known, it is
very likely that an abnormal level(s) of stimulation may play a role in the
etiopathogenesis of tendinopathy (Archambault et al. 1995).
Over-stimulation

Several investigators have suggested that tendinopathy is initiated by repetitive
loading which over-stimulates the tendon cells leading to a mechano-biologic response of
degeneration (Archambault et al. 2002; Archambault et al. 2001; Skutek et al. 2001;
Tsuzaki et al. 2003; Wang et al. 2003). Over-stimulation of tendon cells in vitro has been
shown to induce increases in inflammatory cytokines and degenerative enzymes
(Almekinders et al. 1993; Archambault et al. 2002; Banes et al. 1999; Banes et al. 1995;
Tsuzaki et al. 2003; Wang et al. 2003). The majority of these in vitro studies are based on

the response of large numbers of tendon cells cultured on artificial substrates to various
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regimes of mechanical loading (Almekinders et al. 1993; Archambault et al. 2002;
Armnoczky et al. 2002; Banes et al. 1999; Banes et al. 1995; Tsuzaki et al. 2003).

However these monolayer cell cultures may not replicate the normal in situ
environmental conditions of tendon cells within a three dimensional, extracellular,
collagenous matrix (Arnoczky et al. 2007). Since mechanotransduction signals are
known to be mediated through the pericellular matrix to the nucleus via integrin based
cell-matrix connections (Banes et al. 1995; Ritty et al. 2003; Sachs 1988; Wang et al.
1993; Watson 1991) it is not clear how, or even if, these complex cell-matrix interactions
are maintained or recreated in cell cultures. In addition, the strain magnitudes (> 8%) and
durations (> 20 hours) used to elicit an up-regulation in the expression of these
inflammatory and catabolic genes may not be clinically relevant (Almekinders et al.
1993; Bhargava et al. 2004; Wang et al. 2003). Because tendon cell strain in situ has
been shown to be appreciably less than whole tendon strain (Arnoczky et al. 2002), it is
unlikely that such high levels of repetitive tendon cell strain could be reached and
maintained in vivo without significant damage occurring within the extracellular matrix
of the tendon (Woo 1982). Also, since tendons are known to exhibit non-homogeneous
strain patterns in response to tensile load (Kastelic et al. 1978), it would seem impossible
to precisely recreate the complex and varied patterns of strain amplitudes experienced by
a population of tendon cells in siru by uniformly straining a large population of isolated
tenocytes in monolayer. Studies have shown that in rat tail tendons even local tissue
strain is nonhomogenous throughout the depth of the tendon (Amoczky et al. 2002;
Hansen et al. 2002). Thus, the in vitro application of high magnitudes of cyclic cellular

strain to tendon cells in monolayer for excessively long durations may have little bearing
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on what is actually occurring to tendon cells in situ and the clinical relevance of these
studies must be called into question (Arnoczky et al. 2007).
Hypothesis

To better understand how the mechanotransduction response of tendon cells under
tensile load affects gene expression and may contribute to the etiopathogenesis of
tendinopathy, an in situ rat tail tendon model has been utilized in an effort to maintain the
tendon cells’ natural cell-matrix interactions as well as the naturally occurring strain
fields that are developed in response to tensile loading (Arnoczky et al. 2004; Lavagnino
et al. 2006; Lavagnino et al. 2005; Lavagnino et al. 2003). In this dissertation the
mechanobiological response of tendon cells to changing loading patterns is examined and
a hypothesis is forwarded that it is a mechanobiological under-stimulation resulting from
altered cell-matrix interactions and not a repetitive over-stimulation of tendon cells that is
the etiopathogenic stimulus for the degenerative cascade which may eventually lead to
tendinopathy.

Chapter Overviews

Chapter 1 documents rat interstitial collagenase mRNA expression in an in situ
tendon cell model in response to various cyclic loading regimes. In addition, the effect of
chemically disrupting a segment of the mechanotransduction mechanism (cytoskeleton)
on interstitial collagenase mRNA expression was also examined. This study suggested
that removing tendons from their normal mechanical environment could significantly
alter the homeostatic tension within the cytoskeletal tensegrity system and be responsible
for the up-regulation of collagenase mRNA expression seen following 24 hours of stress-

deprivation. In addition, the study demonstrated that interstitial collagenase mRNA
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expression in tendon cells in situ was inhibited or even eliminated by cyclic tensile strain
in a dose-dependent manner (both amplitude and frequency), presumably through a
cytoskeletally based mechanotransduction pathway.

Chapter 2 investigated the potential that tendon cells may have a threshold, or set-
point with regard to their mechanoresponsiveness to tensile loading. A collagen gel
matrix model system was used to investigate if changes in the cytoskeletal tensional
homeostasis of tendon cells was related to the control of gene expression and to
determine the ability of tendon cells to re-establish their cytoskeletal tensional
homeostasis in response to a changing mechanical environment. Changes in cytoskeletal
tension control a reciprocal expression of anabolic and catabolic genes by tendon cells.
Of particular interest in this study was the apparent ability of the tendon cells to re-
establish their baseline level of internal cytoskeletal tension (as evidenced by a return to
baseline gene expression) following the loss of opposing external forces offered by the
collagen matrices following release.

Chapter 3 examined if an association exists between the tensile properties and the
collagen fibril diameter distribution in in vitro stress-deprived rat tail tendons. The
results of this study demonstrated that the decrease in mechanical properties observed in
in vitro stress-deprived rat tail tendons was not correlated with the collagen fibril
diameter distribution and, therefore, the collagen fibril diameter distribution does not, by
itself, dictate the decrease in mechanical properties observed in in vitro stress-deprived
rat tail tendons.

Chapter 4 examined the ability to create isolated collagen fibril damage and

subsequent altered cell-matrix interactions at the damaged site using the rat tail tendon
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fascicle model. This study demonstrated the creation of isolated tendon fibrillar damage
within an otherwise intact tendon fascicle results in an up-regulation of collagenase
mRNA expression and protein synthesis by only those tendon cells associated with the
damaged fibrils. This would suggest a loss of load-transmitting function in the damaged
fibril(s) and a subsequent altered cell-matrix interaction within the affected area.

Chapter 5 builds on the experimental study of Chapter 1 with the creation of a
multiscale computational tendon model composed of both matrix and fluid phases to
examine how global tendon loading may affect fluid-flow-induced shear stresses and
membrane strains at the cellular level. The model analysis, combined with additional
experimental results, demonstrated that both strain rate and strain amplitude are able to
independently alter rat interstitial collagenase gene expression through increases in fluid-

flow-induced shear stress and matrix-induced cell deformation respectively.
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ABSTRACT

To determine the effect of cyclic strain amplitude and frequency on MMP-13
(interstitial collagenase) expression in tendon cells, rat tail tendons (RTT) were
immobilized or cyclically displaced to various amplitudes (1, 3, or 6% strain at 0.017 Hz)
or frequencies (1% strain at 0.017, 0.17, or 1.0 Hz) for 24 hr. Stress-deprivation for 24 hr
resulted in a marked upregulation in MMP-13 expression. Cyclic tensile loading at 0.017
Hz was found to significantly inhibit, but not completely eliminate, MMP-13 expression
at 1% strain. MMP-13 expression was completely eliminated at 3 and 6% strain.
Increasing the frequency of application of the 1% strain to 0.17 or 1.0 Hz completely
eliminated MMP-13 expression. Disruption of the actin cytoskeleton with cytochalasin D
abolished all inhibitory effects of cyclic strain on MMP-13 expression. The results of our
study demonstrate that MMP-13 expression in tendon cells can be modulated by varying
amplitudes and frequencies of cyclic tensile strain, presumably through a cytoskeletally

based mechanotransduction pathway.
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INTRODUCTION

Stress deprivation has been shown to have deleterious effects on the structural and
functional properties of ligaments and tendons (Amiel et al. 1982; Boorman et al. 1998;
Gamble et al. 1984; Goomer et al. 1999; Hannafin et al. 1995; Loitz et al. 1989; Majima
et al. 2000; Majima et al. 1994; Noyes 1977). These effects appear to be cell mediated
(Hannafin et al. 1995) and are thought to involve interstitial collagenase based alterations
of the extracellular matrix (Goomer et al. 1999; Loitz et al. 1989). Previous in vitro
studies have implicated a stress-suppressible effect of tensile stress on interstitial
collagenase expression in ligaments (Hannafin et al. 1995; Loitz et al. 1989; Majima et
al. 2000). A recent study from our lab has demonstrated that in situ stress-deprivation of
rat tail tendon cells resulted in an immediate up-regulation of rat interstitial collagenase
(MMP-13) mRNA expression (Arnoczky et al. 2004). Application of static tensile
loading produced a dose-dependent inhibition of MMP-13 mRNA expression through a
cytoskeletally based mechanotransduction mechanism (Arnoczky et al. 2004). However,
this inhibition was incomplete at the physiological stresses examined (Arnoczky et al.
2004).

In bone, cyclic loading has been shown to be more effective than static loading in
inhibiting catabolic activity and stimulating anabolic processes of cells (Burger and
Klein-Nulen 1999; Burger and Klein-Nulend 1999; Jacobs et al. 1998). Cyclic loading of
bone produces oscillatory fluid flow within the lacunar/canalicular network (Burger and
Klein-Nulend 1999). This fluid flow, and the resulting shear stress, has been shown to be
an important physical signal that influences bone cell metabolism and bone adaptations to

mechanical loading (Burger and Klein-Nulen 1999; Burger and Klein-Nulend 1999;



Hsieh and Turner 2001; Hung et al. 1995; Jacobs et al. 1998; Owan et al. 1997; You et al.
2000). Indeed, in vitro studies have shown that, at low levels (<0.2%) of tissue strain,
fluid flow is a more potent stimulator of bone cells than is matrix deformation itself (You
et al. 2000). These findings have led to the successful application of low amplitude, high
frequency mechanical stimulation in bone to inhibit catabolism (Rubin et al. 2001).

Cyclic loading of tendons has been shown to produce interstitial fluid flow (Butler
et al. 1997; Chen et al. 1998; Hannafin and Arnoczky 1994; Lanir et al. 1988), which in
turn, has been linked to gene expression through a mechanotransduction process
involving a cytoskeletal tensegrity system (Archambault et al. 2002). It is possible that
lower amplitudes and increased frequency of repetitive cyclic tensile loading may have a
more profound effect on maintaining tendon health than higher amplitudes of low
frequency or static loading.

Therefore, the purpose of this study was to examine the effect of various
amplitudes and frequencies of cyclic tensile strain on the regulation of MMP-13
expression in rat tail tendon cells. It was our hypothesis that cyclic tensile strain will
inhibit MMP-13 expression in tendon cells in a dose dependent (amplitude and
frequency) manner through a cytoskeletally based mechanotransduction pathway.
MATERIALS AND METHODS

Drugs and Chemicals

Dulbecco’s modified Eagle medium (DMEM), fetal bovine serum (FBS),
Ascorbate, gentamicin, and penicillin-streptomycin-fungizone solution were obtained

from Gibco (Grand Island, NY, USA). Cytochalasin D, a fungal product that
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depolymerizes actin filaments of the cytoskeleton, was obtained from SIGMA (St. Louis,
MO, USA).

Tendon Culture

Following institutional animal care and use approval, tendons were obtained from
the tails of adult Sprague Dawley rats. The tendons were removed immediately after
euthanasia and maintained in DMEM media supplemented with 10% FBS,
antibiotic/antimycotic solution, and Ascorbate at 37°C and 10% CO, for the duration of
the experiments.

Experimental Groups

Tendons were divided into groups for three experiments. Each experiment had a
zero time control group of fresh rat tail tendons. The first experiment varied cyclic strain
amplitude as follows: Group I: stress-deprived (no strain) for 24 hours; Group 2: 1%
cyclic strain at 0.017Hz for 24 hours; Group 3: 3% cyclic strain at 0.017Hz for 24 hours;
Group 4: 6% cyclic strain at 0.017Hz for 24 hours. The second experiment varied cyclic
strain frequency as follows: Group I: stress-déprived (no strain) for 24 hours; Group 2:
1% cyclic strain at 0.017Hz for 24 hours; Group 3: 1% cyclic strain at 0.17Hz for 24
hours; Group 4: 1% cyclic strain at 1.0Hz for 24 hours. The third experiment evaluated
the effect of cytochalasin D (SIGMA) as follows: Group I: stress-deprived (no strain)
for 24 hours; Group 2: 6% cyclic strain at 0.017Hz for 24 hours; and Group 3: 6% cyclic
strain at 0.017Hz with 10uM cytochalasin D for 24 hours. There were twenty tendons

per group and each experiment was repeated three times.

Testing Setup
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Stress-deprived tendons were kept in a 60mL dish in complete media and
conditions as described above for 24 hours. A sawtooth-shaped waveform of cyclic
strain was applied to tendons using a custom made, computer-controlled, stepper motor-

driven device (Figure 1.1). The grip-to-grip length was set to 40mm using digital calipers

Figure 1.1  A: Photograph of the computer-controlled, stepper motor driven, cyclic
loading system.  The system permits five tendons to be loaded
simultaneously while in media. B: Close up view of the testing system
showing rat tail tendons in place.
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The grip-to-grip length was set to 40mm using digital calipers (Mitutoyo, Tokyo, Japan).
Tendons were placed in the device until all visible slack was removed to approximate 0%
strain. Tendons were then clamped in the grips to prevent slipping before undergoing 1,
3, or 6% cyclic strain with a step size of 25um and a rate of 0.017, 0.17, or 1Hz. At 1%
strain, a frequency of 0.017Hz corresponds to a strain rate of 0.033% strain/second and a
total of 1440 load events over the 24-hour testing period. At strains of 3 and 6% this
strain rate increases to 0.1 and 0.2% strain/second, respectively. Increasing the frequency
to 0.17Hz results in a strain rate of 0.33% strain/second and a total of 14,400 load events,
whereas a frequency of 1.0Hz corresponds to a strain rate of 2% strain/second and results
in a total of 86,400 load events during the 24-hour test period.

Tendon Analysis

At the end of the experimental period, the unclamped tendon segment (~40 mm)
of the cyclically strained tendons and the entire length of the stress-deprived tendons
were collected and total cellular RNA was hybridized with a DNA probe for rat
interstitial collagenase (MMP-13) generated in our lab and a human GAPDH cDNA
control probe. The exposed films were scanned and MMP-13 expression was quantified
by optical density measurements and standardized as a ratio of GAPDH expression. The
effect of strain amplitude, strain frequency, and cytochalasin D on MMP-13 expression
was evaluated using an ANOVA and Tukey’s post-hoc test. Significance was set at
p<0.05.

Construction of MMP-13 DNA Plasmid

To prepare the probe, MMP-13 DNA (GeneBank M60616) was amplified by

polymerase chain reaction (PCR) using rat genomic DNA template. The primers used
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were 5°-GCC CAT ACA GTT TGA ATA CAG TAT CTG-3’ and 5’-CCA GTT TAA
TAA ACA CCA TCT CTT GA-3'. PCR product (1167-bp) was subjected to
electrophoresis on 1% agarose gel and recovered using Qiaex II Kit (QIAGEN Inc.,
Valencia, CA, USA) and then cloned into pCR®2.1-TOPO® plasmid using TOPO TA
Cloning kit (Invitrogen Living Science, Carlsbad, CA, USA). The plasmid was
transformed into competent E.coli with selection for kanamycin and ampicillin resistance.
The construction was confirmed by restriction enzyme digestion (EcoR I, EcoR V, and
Hind III) and polymerase chain reaction.

RNA Extraction and Northern Blot Analysis

Total cellular RNA was isolated from rat tail tendons by the acid guanidine
thiocyanate-phenol-chloroform procedure (totally RNA kit, Ambion Inc., Austin, TX,
USA). The RNA samples were subjected to electrophoresis on 1.2% agarose gels
containing 0.66M formaldehyde and MOPS, then transferred to a nylon membrane
(Pierce Corp, Rockford, IL, USA) for | hour in TAE at 300mA. Following transfer, the
membrane was air-dried and UV cross-linked at 10 Joules/cm™.

The MMP-13 probe and human GAPDH cDNA control probe (Clontech
Laboratories, Inc., Palo Alto, CA, USA) were labeled with biotin using the North2South
Direct HRP Labeling and Detection Kit (Pierce Corp). The RNA blots were hybridized
with labeled probes (10ng/ml hybridization solution) at 55°C for 1 hour. The membrane
was then washed with 40 ml (~0.5 mL per cm’) 2x SSC/0.1% SDS at 55°C (3 x 5
minutes) and washed with 40 ml (~0.5 mL per cmz) of 2x SSC at room temperature.

Following wash, the membrane was incubated with chemiluminescent working

solution for 5 minutes and exposed to films for 5-10 minutes. The films were scanned
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with a laser film digitizer (Lumiscan 75, Lumisys Inc., Sunnyvale, CA, USA) and MMP-
13 mRNA expression was quantitated by optical density measurements using Scion
Image (Scion Corporation, Frederick, MD, USA).
RESULTS

In all experiments, stress-deprivation for 24 hours resulted in a significant
(p<0.05) up-regulation of MMP-13 expression in tendon cells compared to fresh tendons

(Figures 1.2-1.4).

MMP-13
GAPDH M Wk 4B 4N G

Lane 1 fresh tendon (0 time)

Lane 2 no strain -24 hrs

Lane 3 1% cyclic strain @0.017Hz -24hrs
Lane 4 3% cyclic strain @0.017Hz -24hrs
Lane 5 6% cyclic strain @0.017Hz -24hrs

Figure 1.2  Representative Northern blot gel from the amplitude experiment
illustrating the relative expression of MMP-13 mRNA expression in fresh
control tendons (lane 1); immobile for 24 hours (lane 2); 1% cyclic strain
at 0.017Hz for 24 hours (lane 3); 3% cyclic strain at 0.017Hz for 24 hours
(lane 4); 6% cyclic strain at 0.017Hz for 24 hours (lane 5). GAPDH was
used as an internal control. Experiments were performed three times and a
representative result is shown.
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Amplitude

A low cyclic strain amplitude of 1% at 0.017Hz resulted in a significant (p<0.05),
but incomplete, inhibition of MMP-13 expression. Increasing the cyclic amplitude to 3
or 6% strain at 0.017Hz completely eliminated MMP-13 expression (Figure 1.2).
Frequency

A low cyclic strain frequency of 0.017Hz at 1% strain again resulted in a
significant (p<0.05), but incomplete, inhibition of MMP-13 expression. Increasing the
cyclic frequency to 0.17 or 1.0Hz completely eliminated MMP-13 expression (Figure

1.3).

1 2 3 4 5

MMP-13 a =
e (D @D G ED EB

Lane 1 fresh tendon (0 time)

Lane 2 no strain -24 hrs

Lane 3 1% cyclic strain @0.017Hz -24hrs
Lane 4 1% cyclic strain @0.170Hz -24hrs
Lane 5 1% cyclic strain @1.000Hz -24hrs

Figure 1.3  Representative Northern blot gel from the frequency experiment
illustrating the relative expression of MMP-13 mRNA expression in fresh
control tendons (lane 1); immobile for 24 hours (lane 2); 1% cyclic strain
at 0.017Hz for 24 hours (lane 3); 1% cyclic strain at 0.17Hz for 24 hours
(lane 4); 1% cyclic strain at 1.0Hz for 24 hours (lane 5). GAPDH was
used as an internal control. Experiments were performed three times and a
representative result is shown.
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Cytochalasin D

Disruption of the actin cytoskeleton in rat tail tendon cells abrogated the
inhibitory effect of cyclic loading on MMP-13 expression. There was no significant
(p=0.56) difference in MMP-13 expression between tendons stress-deprived for 24 hours
and tendons exposed to 6% cyclic strain at 0.017Hz and 10uM cytochalasin D for 24

hours (Figure 1.4).

1 2 3 4
MMP-13 - -

caApDH 4D D @ &

Lane 1 fresh tendon (0 time)
Lane 2 no strain -24 hrs
Lane 3 6% cyclic strain @0.017Hz -24hrs
Lane 4 6% cyclic strain @0.017Hz
+ cytochalasin -24hrs

Figure 1.4  Representative Northern blot gel from the cytochalasin D experiment
illustrating the relative expression of MMP-13 mRNA expression in fresh
control tendons (lane 1); immobile for 24 hours (lane 2); 6% cyclic strain
at 0.017Hz for 24 hours (lane 3); 6% cyclic strain at 0.017Hz for 24 hours
with 10 uM of cytochalasin D for 24 hours (lane 4). GAPDH was used as
an internal control. Experiments were performed three times and a
representative result is shown.
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DISCUSSION

Application of load to bone (Brighton et al. 1991; Burger and Klein-Nulen 1999;
Hsieh and Turner 2001; Huiskes et al. 2000; Neidlinger-Wilke et al. 1994; Rubin et al.
2001), ligament (Hannafin et al. 2006; Hsieh et al. 2000), and tendon (Arnoczky et al.
2004; Arnoczky et al. 2002; Banes et al. 1995; Hannafin et al. 1995) has been implicated
in the maintenance of tissue homeostasis. This is thought to occur through the transfer of
tissue strain to the cell cytoskeleton that, in turn, initiates a mechanotransduction
signaling response (Banes et al. 1995; Ingber et al. 1995; Sachs 1988). Transmission of
tendon strain to the extracellular matrix and cells has not been completely determined,
although substrate (extracellular matrix) strain and fluid flow are potential mechanisms
(Archambault et al. 2002; Takai et al. 1991).

Previous in vitro studies in ligaments and tendons have shown that tensile loading
produces substrate (extracellular matrix) strain that, in turn, alters cell shape (Arnoczky et
al. 2002; Matyas et al. 1994). Changes in cell shape and the resulting alterations in the
actin cytoskeleton are key components in the mechanotransduction response(s) of cells
(Banes et al. 1995; Ingber et al. 1995; Sachs 1988; Wang et al. 1993; Watson 1991). A
recent study has shown that when static tensile load is applied to rat tail tendons, rat
MMP-1 (MMP-13) mRNA expression in tendon cells is inhibited in a dose dependent
manner (Arnoczky et al. 2004). This amplitude-dependent inhibition of MMP-13
expression appears to correlate with the progressive loss of collagen crimp (from the
surface to the center of the rat tail tendon) and the increase in fiber recruitment reported
in tendon fascicles with increasing stresses (Hansen et al. 2002). Thus, sequential

increases in substrate strain likely result in an increasing number of cells being deformed
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(Arnoczky et al. 2002). However, because MMP-13 mRNA expression was only
inhibited and not totally eliminated with what would appear to be physiologic levels of
static stress, substrate deformation may not be the sole factor, or even the most important
factor involved in tendon cell signaling and subsequent gene expression with tensile load.

Fluid flow and the resultant shear stress are thought to be other important
mechanisms for the transmission of tissue strain to cells (You et al. 2000). Shear strain
and an up-regulation in gene expression result when musculoskeletal cells in monolayer
are exposed to fluid flow (Archambault et al. 2002; Burger and Klein-Nulen 1999; Hung
et al. 1997; Hung et al. 1995; Jacobs et al. 1998; Owan et al. 1997; Xu et al. 2000; You et
al. 2000). With bone cells, fluid flow is thought to play a significantly greater role than
substrate deformation in activating gene expression (Owan et al. 1997; You et al. 2000).
While cyclic strain-induced fluid flow in bone occurs through a patent and well-
developed canalicular network, the flow of interstitial fluid in response to cyclic loading
is less defined in tendons (Archambault et al. 2002; Hannafin and Arnoczky 1994).
Researchers modeling the interstitial fluid flow in tendons have proposed that tensile
loading, and the resulting fluid flow, exert a mechanotranduction effect on the tendon
cells through shear strain and pressure; however, the exact levels of fluid-induced shear
stress have not been identified (Butler et al. 1997; Chen et al. 1998). More research is
necessary to determine the precise role of cyclic tensile loading, fluid flow, and shear
stress in the mechanotransduction response of tendon cells in situ.

In the current study, increasing the cyclic strain frequency totally eliminated
MMP-13 mRNA expression at low amplitude strain levels. Similar effects have been

reported in other cell types (Yang et al. 1998). Low amplitude (1%) cyclic straining at
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1Hz is effective in suppressing interstitial collagenase production in human vascular
smooth muscle cells (Yang et al. 1998). Whereas the enhanced response of the cells in
the current study may be directly related to the increase in frequency of tensile loading, it
also may be a result of the increase in strain rate and/or the increase in the total number of
load events associated with increases in loading frequency. Frequency, strain rate, and/or
number of loading cycles potentially could have a threshold effect on MMP-13 mRNA
expression.

While the role of strain rate and number of loading cycles on MMP-13 mRNA
expression remains to be elucidated, an in vivo study examining the role of cyclic loading
in tendon healing suggests increased loading frequency and not an increase in total load
events is responsible for improved mechanical properties in healing tissues (Takai et al.
1991). In that study, loading frequencies (0.017 and 0.2Hz) similar to those used in the
current study were compared, but the number of loading events for each frequency
remained constant (Takai et al. 1991). The authors reported a significant improvement in
the mechanical properties of tendons loaded at the higher frequency (Takai et al. 1991).
However, the exact mechanism for this improvement (i.e., inhibition of catabolism or
stimulation of anabolism) was not determined.

The loading frequencies and amplitudes utilized in this study were commensurate
with those used in previous in vivo (Majima et al. 2000; Takai et al. 1991) and in vitro
(Hannafin et al. 1995; Yang et al. 1998) studies and reflect accepted physiologic levels
for normal tendon activity (Viidik 1990). Since tendons are known to exhibit
nonhomeogeneous strain patterns in response to tensile load (Kastelic et al. 1978), it is

impossible to determine precise amplitudes of strain experienced by the cells based on
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overall tendon strain. Studies have shown that in rat tail tendons even local tissue strain
is nonhomogenous throughout the depth of the tendon (Arnoczky et al. 2002; Hansen et
al. 2002). The overall tissue strains used in this study are within the normal functional
range of tendons and the response of interstitial collagenase mRNA expression to tensile
load reported in the current study is similar to those reported for an in vivo ligament and
tendon study (Majima et al. 2000).

As stated, the strain-induced mechanotransduction response is thought to be
mediated through the cytoskeleton (You et al. 2000). Changes in cell shape, specifically
the loss of actin stress fiber organization, has been strongly correlated with collagenase
gene expression (Aggeler et al. 1984; Arnoczky et al. 2004). Procollagenase expression
in rabbit synovial fibroblasts was induced by treatments that modified cellular actin
(Aggeler et al. 1984). Collagenase synthesis was upregulated within six hours of
cytoskeletal alteration (Aggeler et al. 1984) and would suggest that a change in the state
of actin assembly has a rapid influence on the kinetics of collagenase mRNA expression.
In the current study, treatment cytochalasin D, a fungal product that depolymerizes actin
filaments, completely abrogated the cyclic strain-induced inhibition of MMP-13 mRNA
expression. These results match similar findings with static load (Arnoczky et al. 2004)
and further support the role of a cytoskeletally based mechanosensory tensegrity system
in the control of MMP-13 mRNA expression in tendon cells.

A limitation of this study is that only MMP-13 mRNA expression and not protein
synthesis was examined. Since gene expression may not correlate directly with synthesis
of the active enzyme, the association between stress-deprivation induced MMP-13

expression and extracellular matrix degradation was not examined in this study. While
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stress-deprivation and cyclic load may have an effect on the regulation of other MMPs,
previous in vivo studies have suggested that interstitial collagenase appears to be the
major matrix metalloproteinase associated with immobilization-induced alterations of
tendons and ligaments (Goomer et al. 1999; Majima et al. 2000). Finally, the current
study only examined the ability of cyclic load to inhibit the upregulation of the MMP-13
gene. Future studies are needed to determine the effects of cyclic loading on
downregulating MMP-13 mRNA expression after its expression has been upregulated.
The results of our study demonstrate that MMP-13 mRNA expression in tendon
cells in situ can be modulated by cyclic tensile strain in a dose-dependent manner (both
amplitude and frequency), presumably through a cytoskeletally based
mechanotransduction pathway. Understanding the role of exercise on gene expression
may help determine optimal exercise protocols for both injured and healthy tissues
through the controlled application of load and frequency. It is possible that lower
amplitudes and increased frequency of repetitive cyclic tensile loading may have a more
profound effect on maintaining tendon health than higher amplitudes of low frequency or
static loading. This could lead to advances in overuse injury prevention and optimal

rehabilitation protocols following tendon injury and repair.
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ABSTRACT

An in vitro collagen gel system was used to determine the effect of alterations in
cytoskeletal tensional homeostasis on gene expression in tendon cells. Collagen gel
matrices, seeded with rat tail tendon cells, underwent cytochalasin D and gel contraction
treatments designed to alter the internal cytoskeletal homeostasis of the cells. Gels were
examined for cytoskeletal organization using a rhodamine phalloidin stain for actin. The
effect of altered cytoskeletal organization on mRNA expression of a catabolic (interstitial
collagenase) and anabolic (alphal(I) collagen) gene was examined using northern blot
analysis. Tendon cells in adhered gels demonstrated a highly organized cytoskeleton and
showed evidence of alphal(I) collagen mRNA expression but no evidence of collagenase
mRNA expression. Treatment of the attached gel with cytochalasin D disrupted the
cytoskeletal organization and resulted in the up-regulation of collagenase mRNA and the
inhibition of alphal(I) collagen mRNA expression. Release of the gels resulted in a cell
mediated gel contraction, an immediate loss of cytoskeletal organization, and an mRNA
expression pattern similar to that seen with cytochalasin D treatment. Isometric
contraction of the gel on itself or around a 3-point traction device resulted in an mRNA
expression pattern similar to the adhered gel. Gene expression in the contracted gels
could be reversed through chemical cytoskeletal disruption or removal of the traction
device which permitted further gel contraction. The results of the study suggest t<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>