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A finite element model predicts the mechanotransduction
response of tendon cells to cyclic tensile loading
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Abstract The importance of fluid-flow-induced shear
stress and matrix-induced cell deformation in transmitting
the global tendon load into a cellular mechanotransduction
response is yet to be determined. A multiscale computational
tendon model composed of both matrix and fluid phases was
created to examine how global tendon loading may affect
fluid-flow-induced shear stresses and membrane strains at
the cellular level. The model was then used to develop a
quantitative experiment to help understand the roles of
membrane strains and fluid-induced shear stresses on the
biological response of individual cells. The model was able
to predict the global response of tendon to applied strain
(stress, fluid exudation), as well as the associated cellular
response of increased fluid-flow-induced shear stress with
strain rate and matrix-induced cell deformation with strain
amplitude. The model analysis, combined with the experi-
mental results, demonstrated that both strain rate and strain
amplitude are able to independently alter rat interstitial col-
lagenase gene expression through increases in fluid-flow-
induced shear stress and matrix-induced cell deformation,
respectively.
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1 Introduction

Cells are known to respond to physical signals by way of a
mechanotransduction tensegrity system, which connects the
cell nucleus to the extracellular matrix through a cytoskel-
eton (Banes et al. 1995; Brown et al. 1998; Ingber 1997).
Deformation of the cytoskeleton, via membrane anchored
attachment proteins (integrins), or stimulation of other trans-
membrane proteins (G-protein receptors, receptor kinases,
mitogen-activated protein kinases) (Wang 2006) initiates a
cascade of gene expressions activating catabolic and/or ana-
bolic cell responses (Lambert et al. 1992; Lavagnino and
Arnoczky 2005; Mochitate et al. 1991). For tendons, the
importance of physical stimuli in maintaining homeostasis
has been well documented (Hannafin et al. 1995; Lavagnino
et al. 2005; Woo et al. 1982; Yasuda and Hayashi 1999).
Recent in vitro studies have shown that stress deprivation
of tendon cells in situ results in an immediate up-regulation
of rat interstitial collagenase mRNA expression (Arnoczky
et al. 2004; Lavagnino et al. 2003). Conversely, applica-
tion of static stress (Arnoczky et al. 2004) or cyclic strain
(Lavagnino et al. 2003) has been shown to inhibit interstitial
collagenase mRNA expression in this in vitro tendon model
through a cytoskeletally based mechanism. While this gene
inhibition has been shown to occur in an amplitude and fre-
quency, dose-dependent manner (Lavagnino et al. 2003), the
effect of cyclic loading rate on gene expression has not been
explored.

Previous studies in bone have demonstrated that both
matrix deformation and fluid flow are important regulators
of gene expression (Han et al. 2004; Mullender et al. 2004;
You et al. 2000). Application of tensile strain to tendons leads
to a progressive loss of collagen crimp, an increase in fiber
recruitment, and a subsequent deformation of the extracellu-
lar matrix (Hansen et al. 2002; Kastelic et al. 1980). Tendon
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tensile strain has also been shown to modulate tendon cell
deformation in a dose-dependent manner (Arnoczky et al.
2002a,b). Cellular deformation has also been implicated as a
cell signaling mechanism in tendon cells through a calcium-
based pathway (Arnoczky et al. 2007).

In addition to matrix deformation, experimental studies
have demonstrated interstitial fluid flow in response to cyclic
tensile loading of tendons (Hannafin and Arnoczky 1994;
Helmer et al. 2006; Lanir et al. 1988). Fluid flow has been
shown to control gene expression in a monolayer of ten-
don cells, presumably through a mechanotransduction mech-
anism, but without the significant calcium influx seen in
deformed cells (Archambault et al. 2002). Therefore, itis pos-
sible that the dose-dependent inhibition of collagenase gene
expression observed with increasing cyclic load amplitudes
and/or frequencies may be related to concomitant increase in
deformation and fluid-flow-induced shear stress on individ-
ual cells in the tendon (Lavagnino et al. 2003). However, the
exact levels of fluid-induced shear stress on tendon cells in
vivo have not been identified (Archambault et al. 2002).

While external loading is known to be an important reg-
ulator of bone metabolism, it has been suggested that fluid
flow may actually play more of arole in matrix deformation in
bone cell mechanotransduction (You et al. 2000). In tendons,
a biphasic model has suggested the importance of distor-
tional strain and hydrostatic stress as important mechani-
cal stimuli regulating the composition of tendon and gene
expression (Giori et al. 1993). This and other biphasic tendon
models have successfully modeled global tendon properties
in response to strain (Atkinson et al. 1997; Giori et al. 1993;
Yin and Elliott 2004), but none have predicted local strains
or fluid-induced shear stresses on the cell.

The mechanical response of tendon to load is determined
by its solid (collagen matrix) and fluid components (Atkinson
et al. 1997). Collagen fibers and their crimp formation are
thought to play a significant role in determining the toe-
in region of the nonlinear stress—strain response of tendon
(Kastelic et al. 1980). Glycosaminoglycans have also been
cited as strong determinants of mechanical properties due to
their role in fibril-fibril binding (Redaelli et al. 2003) and
their interaction with the fluid in the extracellular matrix
(Robinson et al. 2004). The fluid content of a tendon, or
its hydration, is known to alter the mechanical response of
tendons to strain rate (Haut and Haut 1997). Although each
of these components (extracellular matrix deformation and
fluid flow) is known to play an important role in the mechan-
ical response of tendon to load, their influence on cellular
mechanotransduction is unknown.

Therefore, the purpose of this study was to create a multi-
scale computational tendon model composed of both matrix
and fluid phases to examine how global tendon loading may
affect stresses and strains at the cellular level. We hypoth-
esized that mechanotransduction signaling in tendon cells
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can result from either increases in fluid- flow-induced shear
stresses or membrane strains on the tendon cells. The model
was developed to study the results of previous experiments
(Lavagnino et al. 2003) as well as to guide the development
of new experiments to help understand the roles of mem-
brane strains and fluid-induced shear stresses on the biolog-
ical response of individual cells.

2 Model development

A multi-scale modeling approach was utilized in this study
to help predict the levels of fluid-flow-induced shear stress
on cells and cell membrane strain generated under various
amplitudes and rates of global tendon loading.

2.1 Global model

The global model was based on the geometry and compo-
sition of a rat tail tendon (RTT). Tendons are made of three
main components: type [ collagen (70-80% of dry weight), an
extrafibrillar matrix (proteoglycans, glycolipids, cells), and
water (60—80% of wet weight) (Woo et al. 1997). Each of
these components has mechanically significant functions in
the response of tendon to load (Woo et al. 1997).

2.1.1 Collagen fibers

Collagen fibers have been previously modeled as linear elas-
tic (Diamant et al. 1972; Kastelic et al. 1980; Stouffer et al.
1985), bilinear elastic (Belkoff and Haut 1992; Hurschler
et al. 1997; Kwan and Woo 1989), and linear viscoelastic
(Johnson et al. 1996; Wang et al. 1997; Wilson et al. 2004).
To represent the nonlinear effects of collagen recruitment in
the current model, collagen fibers were simulated using axi-
ally oriented nonlinear spring elements attached at the nodes
of the matrix elements, similar to the model of Wilson et al.
(1997). The tissue strain at which tendon fibers became uncr-
imped and began load bearing was assumed to vary linearly
in the radial direction, with the largest strain required at the
RTT center and the smallest strain at the outer boundary of the
RTT (Hansen et al. 2002). The collagen fiber distribution in
tendon was assumed to be uniform with no variation in col-
lagen fiber density. Crosslinks between collagen fibers are
formed by secondary collagen fibers (types VI, XII, XIV)
and glycosaminoglycans. Although crosslinks are thought
to play a role in the mechanical properties of tendon (Haut
1985; Puxkandl et al. 2002; Redaelli et al. 2003; Robinson
et al. 2004), they are only indirectly (Poisson’s ratio, low
permeability) included in the current model.
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2.1.2 Transversely isotropic matrix

Following the experimental demonstration of fluid exuda-
tion from tendon during cyclic tensile loading (Hannafin
and Arnoczky 1994; Lanir et al. 1988), computational mod-
els have incorporated the effects of permeability and inter-
stitial fluid flow (Adeeb et al. 2004; Atkinson et al. 1997,
Butler et al. 1997; Chen et al. 1998; Yin and Elliott 2004). To
adequately model fluid flow in the current model, the RTT
matrix was assumed to be transversely isotropic in the fiber
or two-axis direction, with a zero pore pressure enforced on
the outer boundary to allow free fluid flow out of the ten-
don. The transversely isotropic model, with Poisson’s ratio
greater than 0.5, has been measured in ligament and shown
to be necessary to generate fluid exudation in response to
tensile load (Adeeb et al. 2004; Hewitt et al. 2001; Yin and
Elliott 2004). Orthotropic materials may have higher Pois-
son’s ratios (>0.5) than isotropic materials, as long as thermo-
dynamic constraints are met (Adeeb et al. 2004). A Poisson’s
ratio greater than 0.5 is required for volume loss with uniax-
ial tension, and this volume loss is presumably due to fluid
exudation from tendon (Yin and Elliott 2004). The high Pois-
son’s ratio in tendon may be due to the organization of fibers
and their crosslinks and not because of high Poisson’s ratios
of the individual tendon components (Adeeb et al. 2004). The
Poisson’s ratio in this model was chosen to reflect the fluid
exudation effect of the whole tendon.

2.1.3 Tendon permeability

A major determinant of fluid flow is permeability, but the
permeability of tendon is not known. However, it has been
suggested that permeability is strain (Lai et al. 1981; Weiss
and Maakestad 2006; Yin and Elliott 2004), porosity (Chen
etal. 1998) and/or voids ratio (van der Voet 1997) dependent.
Higher water content in the peripheral rim compared to the
tendon core suggests that the porosity or voids ratio may also
be depth dependent within a tendon (Wellen et al. 2005). The
permeability in tendon is also believed to be anisotropic with
a higher permeability along the fiber direction than across
the fibers (Butler et al. 1997; Chen et al. 1998; Han et al.
2000). Although the directional dependence within tendon is
known, the actual values are still in question. Therefore, for
the current model, permeability and voids ratio were assumed
to be uniform throughout the tendon.

2.2 Submodel

A submodeling function was utilized to provide the output
from the global RTT model as boundary conditions in the
cell model. The submodel consisted of an ovoid-shaped cell,
a low-permeable cell membrane, pericellular and extracel-
lular matrices, and nonlinear collagen fibers. Although ten-

don cells are often arranged in columns, the current model
used a lone cell located on the outer boundary of the tendon.
The outer boundary of the tendon was of interest, as cells
in this area were assumed to be subject to the largest matrix
deformations and fluid flows. In addition, a previous in situ
study documented the cell nuclei deformation in this location
following applied strain (Arnoczky et al. 2002a). The mem-
brane of the cell was assumed to have a low permeability,
thus diverting fluid to flow around and not through the cell
(Ateshian et al. 2007). The pericellular matrix is surrounding
the cell and cell membrane. The tendon pericellular matrix
appears similar in composition to that of cartilage pericellular
matrix in that they both contain versican and type VI collagen
(Ritty et al. 2003). In cartilage, the pericellular matrix sig-
nificantly alters the mechanical environment of the cell and
thus plays a role in mechanotransduction (Guilak and Mow
2000). In addition, the submodel includes the transversly iso-
tropic extracellular matrix and nonlinear collagen fibers as
described for the global model.

3 Finite element method
3.1 Global model

The RTT was assumed to be cylindrically shaped with sym-
metry along the radial and axial directions. Thus, a global,
poroelastic model of the RTT was created 20 mm long and
0.15mm wide (Fig. 1). The RTT was divided into 300,
4-noded, axisymmetric elements (0.2mm x 0.05 mm) using
the commercial code ABAQUS 6.3 (ABAQUS, Inc. Provi-
dence, RI).

3.1.1 Collagen fibers

To represent the nonlinear effect of collagen recruitment,
collagen fibers were simulated using axially oriented spring
elements attached at the nodes of the matrix elements with
a bilinear collagen spring stiffness of 0N/mm during fiber
straightening and 20 N/mm after fiber straightening (Wilson
et al. 1997). The tendon deformation at which the fiber
became uncrimped and began load bearing varied in the radial
direction, with the largest strain required at the RTT center
and the smallest strain at the outer boundary of the RTT
(Fig. 2) (Hansen et al. 2002). A sensitivity analysis of the
global tendon response to each parameter (data not shown)
made it apparent that the collagen parameters (stiffness and
uncrimping deformation) were dominant determinants of
resultant force compared to matrix parameters. Therefore,
these collagen parameters were manually adjusted to fit the
experimental stress—strain curve of a tendon loaded to 3%
strain at 6% strain/min. A constant fiber density of four col-
umns of springs was used to mimic all collagen fibers.
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20mm

Fig. 1 Axisymmetric global poroelastic model of the rat tail tendon
(20mm x 0.15mm), divided into 300 four-noded axisymmetric ele-
ments (0.2mm x 0.05 mm) with radially variant nonlinear spring ele-
ments attached at the nodes of the matrix elements (springs), zero pore
pressure on the outer boundary (circles), constrained at the tendon cen-
ter (triangles), and loaded at the tendon end as per previous experimen-
tal conditions (arrows). The darkened element boundary indicates the
location of the submodel
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Fig. 2 Reaction force (V) plotted against strain (%) to show the radial
variation in fiber recruitment from the outer boundary to the inner or
center that predicts the nonlinear response of the global tendon

3.1.2 Transversely isotropic matrix

To adequately model fluid flow in the current model, the RTT
matrix was assumed to be transversely isotropic in the fiber
or two-axis direction. Material properties for the matrix were
taken from the range of previous models and experiments on
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tendon and ligament (Table 1) (Adeeb et al. 2004; Atkinson
et al. 1997; Gupta and Haut Donahue 2006; Haridas et al.
1999; Hewitt et al. 2001; Yin and Elliott 2004).

3.1.3 Boundary conditions

Boundary conditions on the global model included zero pore
pressures on the outer boundary to allow free fluid flow
out of the tendon (Fig. 1 circles) and constraint in the fiber
direction at the RTT center to account for radial symmetry
(Fig. 1 triangles). The RTT was elongated with an applied
displacement to a peak strain in the first cycle at the same
applied strain rate as previous experiments: 1% strain at 2%
strain/min (0.017 Hz); 1% strain at 20% strain/min (0.17 Hz);
3% strain at 6% strain/min (0.017Hz) (Fig. 1 arrows)
(Lavagnino et al. 2003). Additionally, the model was also
run in the current study at 3% strain and 2% strain/min
(0.0056 Hz) to help understand the individual roles of fluid-
induced shear stress and membrane strain on interstitial col-
lagenase mRNA expression of tendon cells.

3.2 Submodel

The submodel was not axisymmetric and was located in the
midportion along the length of the global model on the outer
boundary (Fig. 1 darkened element) and composed of four-
node bilinear displacement and pore pressure (CPE4P) ele-
ments.

3.2.1 Submodel components

A submodeling function was utilized to provide the output
from the global RTT model (displacements, reaction forces,
pore pressure) for boundary conditions in the cell model. The
submodel was the size of the global element and it consisted
of an ovoid-shaped cell, a low-permeable cell membrane,
pericellular and extracellular matrices, and nonlinear colla-
gen fibers (Fig. 3). The cell was chosen as an ovoid shape
with a major axis length of 24pm and minor axis length of
4um. The cell membrane in this model was used as a low-
permeable barrier between the pericellular matrix and the
cell to prevent fluid flow through the cell (Ateshian et al.
2007). The thickness of the membrane (500nm) was cho-
sen in an attempt to maintain a similar element size as the
rest of the submodel and thus maintain numerical stability.
This same cell membrane thickness has been previously used
in other cell studies (Ateshian et al. 2006; Gupta and Haut
Donahue 2006). Two limitations of this model associated
with using a thicker membrane than normal (5-10nm)
include altered permeability and stiffness values. Having a
thicker cell membrane may make the membrane stiffer and
thus less deformable. The permeability defined for the cell
membrane in this study is higher by a factor of 20 than
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Table 1 Global matrix material properties

Parameters E> (MPa) E| = E3z (MPa) Va1 = 23 V13 = V3] G112 = Gz (MPa) k (m*/Ns) Void ratio
Matrix 1.0 0.0457 1.7 0.7 0.1 3.08e-14 2.0
Reference range 0.0457-1.0 0.0457-1.0 0.7-2.73 0.3-0.9 0.157-5.0 5.5e-18-3.98e-14 1.0-2.33

(Adeeb et al. 2004; Atkinson et al. 1997; Gupta and Haut Donahue 2006; Haridas et al. 1999; Hewitt et al. 2001; Yin and Elliott 2004)
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Fig. 3 Submodel of the rat tail tendon, the size of a global element,
composed of an ovoid-shaped cell, cell membrane, pericellular matrix
(PCM), extracellular matrix (ECM), and collagen fibers

that previously prescribed to represent the permeability for a
500nm cell membrane (Ateshian et al. 2006). In taking the
thickness of the cell membrane into effect we have poten-
tially increased the cell stiffness and permeability and there-
fore predicted lower cell membrane deformation and fluid
flow induced shear stress than using a normal membrane
size (10nm). Thus, using a larger membrane thickness to
help maintain element stability in the submodel and altering
its theoretical permeability, the cell membrane deformations
and fluid-induced shear stresses were likely altered in the
same direction to preserve the relationship and help vali-
date the overall conclusions of this first study. These limita-
tions must be investigated in future studies to further develop
this mechanotransduction computational effort. Surrounding
the cell and cell membrane is the pericellular matrix with a
2.5 um thickness (Gupta and Haut Donahue 2006; Ritty et al.
2003). Linear poroelastic continuum elements were used to
create the cell model with material properties taken from the

Table 2 Submodel material properties

Parameter E (MPa) v k (m*/Ns)  Void ratio
Pericellular matrix 1.0 0.490 3.924e-14 2.0
Cell membrane 1.0 0.490  4.905e-19 2.0
Cell 0.5 0.069 4.415e-14 2.0

(Guilak and Mow 2000; Gupta and Haut Donahue 2006)

range of previous models (Table 2) (Guilak and Mow 2000;
Gupta and Haut Donahue 2006). The transversely isotropic
extracellular matrix, as described for the global model, sur-
rounds the pericellular matrix. Nonlinear springs, as collagen
fibers, connect only the central and outside edges of the cell
model (Fig. 3).

3.2.2 Submodel analysis

Coupled pore fluid diffusion and stress analysis were used to
analyze the fluid flow velocities, stresses and strains within
the model. Membrane strain was calculated by the change in
the perimeter length divided by the original perimeter length
as follows: ¢ = A£/{. Fluid-flow-induced shear stress was
calculated by the following equation T = ug—z, where u
was the viscosity of the fluid (0.001 Pa-s) and du /dv was the
change in the fluid velocity perpendicular to the surface of
the cell (Gupta and Haut Donahue 2006).

4 Experimental methods

To compare the predicted cellular stresses and strains to the
interstitial collagenase mRNA inhibition of tendon cells in
situ, the following in vitro experiment was performed.

4.1 Cyclic tensile loading

After Institutional Animal Care and Use Committee approval
was granted, rat tail tendons were harvested from adult
Sprague—-Dawley rats immediately after killing. Using a ster-
ile scalpel blade, the tail was cut between coccygeal verte-
brae at both the base and at the distal tip of the tail for a
total length of approximately 120 mm. Tendons were gen-
tly teased from the distal portion of each tail with forceps
and maintained in DMEM media supplemented with 10%
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FBS, antibiotic/antimycotic solution and ascorbate incubated
at 37°C and 10% CO,. The rat tail tendons were divided
into six groups as follows: Group A: 1% cyclic strain at 2%
strain/min (0.017Hz) for 24h; Group B: 1% cyclic strain
at 20% strain/min (0.17Hz) for 24 h; Group C: 3% cyclic
strain at 6% strain/min (0.017Hz) for 24h; Group D: 3%
cyclic strain at 2% strain/min (0.0056 Hz) for 24 h; Group
E: stress-deprived for 24 h; Group F: fresh (Oh) control. All
experimental input parameters, except Group D, were the
same as in previous studies (Lavagnino et al. 2003). Stress-
deprived tendons were maintained in a culture dish in com-
plete media under tissue culture conditions. Cyclic strain
was applied to tendons in complete media under tissue cul-
ture conditions using a custom-made, computer controlled,
motor-driven device (Lavagnino et al. 2003). While in the
previous study northern blots were used to show alterations in
collagenase expression with various global loading parame-
ters, in the current study matrix metalloproteinase (MMP)-13
(rat interstitial collagenase) mRNA expression was quanti-
fied using quantitative real-time polymerase chain reaction
(Q-PCR).

4.2 Quantitative polymerase chain reaction

Atthe end of each experimental period, ten tendons from each
group were placed in 1.0ml of RNAlater” ” (Qiagen, Valen-
cia, CA) for a period of at least 24 h at 4°C before processing.
Total RNA was then extracted using the Qiagen RNEasy Kit
(Valencia, CA) with the protocol provided for fibrous tissues.
RNA (200-400ng), once concentrations were normalized,
was converted into cDNA using the Invitrogen SuperScript
IIT Reverse Transcription system (Carlsbad, CA). Real time
quantitative PCR was performed using the TagMan Gene
Expression Assay from Applied Biosystems (ABI, Foster
City, CA). Samples were run in a 96-well plate (20 pl final
volume per reaction) on an ABI 7500-Fast Q-PCR apparatus.
The endogenous control used for all Q-PCR experiments was
18 s rRNA. Results were analyzed using the Sequence Detec-
tion System software available from ABI. TagMan probe and
primer sets were obtained for MMP-13 (Rn01448197_m1)
and 18s rRNA (Hs99999901_s1) from ABI’s Gene Expres-
sion Assay database (http://allgenes.com).

5 Results

5.1 Finite element results

The global model analysis closely predicted the nonlinear
stress—strain response of the tendon to 3% strain
at 6% strain/min (Fig. 4). In addition, the global model also

indicated fluid flow in a radial direction leaving the tendon
during tensile stretch (Fig. 5). On the submodel level, this

@ Springer

ES

——Model - - - -Experiment

w
o

N
o w

-
(8]

Stress, MPa
N

-
‘

o
o

0 0.5 1 15 2 25 3
Strain, %

o

Fig. 4 Comparison of tendon model to actual tendon stress—strain
response (3% strain at 6% strain/min)
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Fig. 5 Plot of the fluid velocity magnitude (mm/s) showing fluid flow
in the positive direction (arrow) out of the tendon (3% strain at 6%
strain/min). The curved lines (springs) represent the collagen fibers

fluid was predicted to flow around the cell with the highest
velocity occurring at the cell poles (Fig. 6).

The tendon model predicted that increasing both the global
strain rate (2-6% strain/min) and strain amplitude (1-3%)
(group A versus C) would result in an increase in both the
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Fig. 6 Plots of the fluid
velocity resultant around the cell
and out of the tendon (3% strain
at 6% strain/min)

Fig. 7 Graph of shear—stress 2.5E-03
induced by fluid flow. Note the 1% @ 2%/min -A
marked increase in at the polar 1% @ 20%/min -B ’
ends of the cell 20803 t - - =3% @ 6%/min -C .
: ........ 3% @ 2%/min -D ."_
g 1.56-03 ; :\::
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Table 3 Global model and
submodel strain and shear stress Group A Group B Group C Group D
values Global model strain (%) 1.00 1.00 3.00 3.00
Global model strain rate (% strain/min) 2.00 20.0 6.00 2.00
Cell membrane strain (%) 1.26 1.33 3.67 3.97
Maximum shear stress at 270° (mPa) 0.414 0.927 1.004 0.409
Average shear stress (mPa) 0.157 0.346 0.459 0.179
Collagenase expression (Lavagnino et al. 2003) Inhibited Eliminated Eliminated NA

maximum shear stress (142%) and cell membrane strain
(191%) (Fig. 7; Table 3). With an increase in the applied
strain rate from 2 to 20% strain/min at 1% global model
strain (group A versus B), the model predicted a correspond-
ing 124% increase in the maximum localized shear stress
at the cell poles, but only a modest (5%) increase in cell
membrane strain (Fig. 7; Table 3). In contrast, the theoreti-
cal responses of the tendon model for inputs of 1% strain at
20% strain/min (group B) versus 3% strain at 6% strain/min
(group C) generated similar maximum shear stress values
(8% difference). However, the cell membrane strain levels
were increased by 175%. The model was then exercised
in an attempt to define an experiment to further explore
the effects of membrane strain and shear stress. For a 3%
strain at 2% strain/min (group D), the model predicted a cell

membrane strain within 8% of group C, with a maximum
shear stress that was 145% less than group C (Fig. 7; Table 3).

5.2 Q-PCR results

The Q-PCR results from each group of tendons suggested
direct correlations could be established between the levels
of membrane strain and shear stress predicted in the model
and the inhibition of collagenase mRNA. These data were
calculated relative to the fresh control (0h) sample (Fig. 8).
Tendon cells exposed to a higher global strain rate and strain
amplitude (group A vs C), expressed a significantly reduced
amount of rat interstitial collagenase mRNA (Fig. §; Table 3).
Increasing the global strain rate from 2 to 20% strain/min at
1% global model strain (group A vs B) also significantly
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Fig. 8 Gene expression levels of rat interstitial collagenase (MMP-13)
as determined by real-time Quantitative PCR. All experimental samples
were quantified relative to the fresh (Oh) control

reduced this expression. On the other hand, increasing the
amplitude of global strain (1-3%), with a reduction of global
strain rate from 20 to 6% per minute (group B vs C), had
little effect on the expression of rat interstitial collagenase
mRNA expression (Fig. 8; Table 3). These data were thus
suggestive that enhanced shear stress, rather than increased
cell membrane strain was primarily responsible for inhibi-
tion of collagenase expression. Furthermore, it was seen that
in comparing the results of group C to D, where the fluid-
induced shear stress on the cell was significantly reduced at
3% strain, the expression of rat interstitial collagenase mMRNA
was increased. Alternatively, if the Q-PCR results of group
A versus D were compared, the collagenase expression was
significantly reduced (Fig. 8). This biological response of
the tendon was associated with a theoretical increase in cell
membrane strain and little change in the fluid-induced shear
stress on the cell (Table 3).

6 Discussion

The results of the initial study showed a strong association
between the amount of fluid-flow-induced shear stress on
the cell and the inhibition of collagenase mRNA expres-
sion, regardless of cell strain. The importance of fluid-flow-
induced shear stress was confirmed when the additional
boundary condition was predicted and showed that a decrease
in shear stress with the same cell membrane strain resulted in
less collagenase mRNA inhibition (3% strain at 6%
strain/min [C] versus 3% strain at 2% strain/min [D]). How-
ever, the additional boundary condition also showed that
increasing the membrane strain at similar low fluid-induced
shear stress also resulted in a decrease in collagenase mRNA
expression (1% strain at 2% strain/min [A] versus 3% strain at
2% strain/min [D]). Therefore, increased fluid-flow-induced
shear stress alone and cell membrane strain alone were shown
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to inhibit the expression of rat interstitial collagenase mRNA.
Thus, the results of this study confirm our hypothesis that
fluid-flow-induced shear stresses and matrix-induced cell
deformation are able to alter catabolic gene expression, pre-
sumably through a mechanotransduction pathway.

The interstitial fluid flow and extrusion out of tendon
predicted by the model have been documented to occur in ten-
don following application of static and cyclic tensile loading
(Hannafin and Arnoczky 1994; Helmer et al. 2006; Lanir et al.
1988) although the exact amount of fluid exuded per stretch
remains unknown. The increased fluid flow predicted around
the cell with increased loading rate may explain why colla-
genase mRNA expression decreases (Lavagnino et al. 2003).
Similar to matrix-induced cell deformation, fluid flow has
also been suggested to affect cell function and gene expres-
sion; however, the method of action is yet to be determined
(Hannafin and Arnoczky 1994). A previous study has shown
that the fluid flow induced by cyclic or static load did not
alter the diffusion of low-molecular weight solutes compared
to unloaded controls (Hannafin and Arnoczky 1994). These
conclusions suggested that any biological benefit of cyclic
loading (and resultant fluid flow) is not probably due to an
increase in cell nutrition (Hannafin and Arnoczky 1994).
Fluid flow, as suggested in bone, may alter gene expression
as it induces a drag gradient on the pericellular matrix fibers
(Han et al. 2004). The drag gradient on the pericellular fibers,
which are connected to the cell membrane, in turn creates a
drag force on the cell, thereby creating strain amplification
from fluid (Han et al. 2004). While the current model does not
include pericellular matrix fibers, the increased fluid velocity
with increased strain rate suggests that a similar phenomenon
could occur in tendons.

An increase in fluid-induced shear stress on the cell could
also explain the decreased collagenase expression with
increased fluid flow. Fluid flow induces shear stress on the cell
membrane and can mechanically stimulate cells to alter their
gene expression (Archambault et al. 2002; Jin et al. 2000;
Ng et al. 2005; You et al. 2000). The current model predicts
that cyclic strain at low rate and amplitude results in an aver-
age shear stress of 0.157 mPa. The magnitude of the shear
stress increases significantly with increased rate (0.346 mPa)
or amplitude and rate (0.459 mPa) corresponding with the
inhibition of collagenase mRNA expression. While the
amount of fluid-induced shear stress on tendon cells under
physiological conditions in vivo is unknown, both cartilage
and tendon models have suggested that interstitial fluid flow
may be in the range of 54 nm/s to 10 pm/s, resulting in fluid-
induced shear of ~65mPa (Ateshian et al. 2007; Frank and
Grodzinsky 1987; Ng et al. 2005). In a low flow (6.3 um/s)
study, myofibroblasts seeded in a 3D collagen gel scaffold
were subjected to an estimated average fluid shear stress on
the cells that varied between 15 and 33 mPa, which were con-
sidered superphysiological (Ng et al. 2005). These values of
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shear stress from interstitial flow have been shown to strongly
induce an anabolic response by fibroblasts (Ng et al. 2005).
Therefore, the levels of fluid-induced shear stress predicted
in this study appear to sufficiently approximate the values
needed to inhibit catabolic gene expression. Previous stud-
ies have applied no load (stress-deprivation) (Arnoczky et al.
2004; Lavagnino et al. 2003) or much higher levels of fluid-
induced shear stress to cells (0.1-2.5 Pa) to induce a catabolic
response (Archambault et al. 2002; Jin et al. 2000). Although
suggested by the current study, additional studies are needed
to determine whether a range of shear stress may exist that
result in a homeostatic mechanobiological response, where
an imbalance above or below that shear stress range would
result in a catabolic response.

The strain magnitude experienced by rat tail tendons in
vivo is unknown; however, the model was able to predict
the cell membrane deformation and the corresponding gene
response to the in vitro applied loads. The matrix-induced
cell deformation predicted by the model has also been docu-
mented to occur in tendon following application of static ten-
sile load (Arnoczky et al. 2002a; Hansen et al. 2002; Kastelic
etal. 1980). In addition, static tendon load is known to corre-
late with nuclear strain (Arnoczky et al. 2002a) and has been
shown to have a dose-dependent effect on gene expression
due to cytoskeletal deformation (Arnoczky et al. 2004). Cell
deformation and the resulting alterations in the cytoskeleton
are key components in the mechanotransduction response(s)
of cells (Banes et al. 1995). The dose-dependent inhibition
of rat interstitial collagenase mRNA with cyclic strain ampli-
tude shown in this study continues to support the mechano-
sensitive response of cells to deformation.

Therefore, both strain rate and strain amplitude appear to
play arole in altering cellular gene expression in tendon. This
mechanoresponsiveness of tendon cells is vital to maintain
tendon homeostasis (Lavagnino and Arnoczky 2005). The
importance of both the fluid and solid components in trans-
mitting mechanical signals to cells has been suggested in
other biphasic tissue studies (Guilak and Mow 2000; Gupta
and Haut Donahue 2006; You et al. 2000). Although this
cellular response to global load has been studied in carti-
lage and meniscus (Guilak and Mow 2000; Gupta and Haut
Donahue 2006), this is the first study to predict the mechan-
ical environment of tendon cells to tensile loading.

Although the current study suggests that interstitial col-
lagenase gene expression has both rate and amplitude dose
dependence, it was not possible to determine whether rate
or amplitude plays a more significant role in maintaining
homeostasis. Studies in bone cells suggest fluid flow plays a
significantly greater role than substrate deformation in acti-
vating gene expression (You et al. 2000). One reason for this
dichotomy may be due to how fluid-shear and matrix strains
play a role in mechanotransduction. With tendon cell defor-
mation, calcium influx is a first and primary responder prior

to alterations in gene expression (Archambault et al. 2002).
However, even at high fluid-shear rates and with the induction
of collagenase, there is no significant calcium influx in tendon
cells (Archambault et al. 2002). Thus, gene expression may
be activated through different mechanotransduction mecha-
nisms (kinases, stretch-activated ion channels) depending on
the mechanical signal experienced by the cell (Archambault
et al. 2002). Indeed, kinases are cell membrane proteins that
are phosphorylated when subjected to cyclic stretching or
shear stress (Arnoczky et al. 2002b; Iwasaki et al. 2000; Wang
2006).

The current computational model uses continuum
mechanics to determine membrane deformations and fluid-
flow-induced shear stresses on the cell. The cell is a dis-
crete structural entity composed of many individual parts
(cytoskeleton, nucleus, cytoplasm, organelles, cellular mem-
brane, etc.) that may each play arole in mechanotransduction.
Therefore, it was assumed that strains and stresses on the cell
continuum would translate into strains and stresses on the
cellular components, thus leading to a biological response.

A limitation of this study is that permeability is assumed
constant throughout the tendon. Previous computational
models and experiments have suggested that tendon perme-
ability is anisotropic and strain dependent (Butler et al. 1997;
Chen et al. 1998; Han et al. 2000; Yin and Elliott 2004; You
et al. 2000). The use of constant permeability may limit the
model from determining strain-dependent changes in fluid
flow that could help explain the weaker rate dependence of
interstitial collagenase mRNA expression at higher strain
amplitudes seen in this study. Future studies should inves-
tigate how the anisotropic, strain-dependent permeability of
tendon would affect the magnitude of fluid flow around the
cells.

Permeability was further investigated over the range of
values seen in the literature (data not shown). The results of
this analysis showed that the reduced permeability signifi-
cantly lowered the fluid-flow induced shear stress predicted
on the cell, while only modestly lowering the cell membrane
strain. However, this change in permeability did not alter
the overall relationship of shear stress between groups. The
permeability of the PCM would also seem to have a poten-
tially important impact on the shear stress developed on the
cell membrane from fluid flow. Thus, this additional analy-
sis demonstrates the importance of determining the material
properties of tendon both at the global and cellular level to
accurately model tendon mechanical signals on the cell.

The current model assumes that the collagen fibers act as
springs and therefore the model does not allow for load trans-
fer between fibers or between the fibers and the matrix and
cell. Collagen crosslinking with both covalent (Haut 1985)
and GAG bonds (Redaelli et al. 2003; Scott 2003) are thought
to play an important role in tendon mechanics. A recent
study, however, does not support the theory that sulfated GAG
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cross-links influence continuum-level mechanical behavior
during quasi-static tensile loading (Lujan et al. 2007). How-
ever, the dermatin sulfate may still contribute to the visco-
elastic response when other loading rates or protocols are
used (Lujan et al. 2007). The fluid content of tendon deter-
mines the strain-rate-sensitive stiffness of tendon (Haut and
Haut 1997). Therefore, although the crosslinking effect of
GAGs may not be as important as previously theorized, the
water content of tendon due to the GAG concentration may
still contribute to both the mechanical properties and the cell
response of tendons. Therefore, although the collagen fibers
as springs may be able to closely predict the global tendon
response, they remain a limitation through their inability to
transfer load to the matrix and thus alter the fluid response
of the tendon upon loading.

The cellular stresses and strains in this study are only
evaluated following the global applied displacement to peak
strain in the first cycle. Therefore, the correlations between
global loading, cell loading, and the corresponding gene
expression are all based on this one time point. The peak
strain of the first cycle was assumed to validly represent the
peak values of deformation and shear stress experienced by
the cell. However, this assumption is another limitation of this
study and additional studies are required to determine how
tendon hysterisis and/or stress relaxation may affect mechan-
ical signals at the cellular level over a 24-h time period of
cyclic strain.

In conclusion, the model was able to predict the global
response of tendon to applied strain (stress, fluid exudation),
as well as the associated cellular response of increased fluid-
flow-induced shear stress with strain rate and matrix-induced
cell deformation with strain amplitude. The model analysis,
combined with the experimental results, showed that both
strain rate and strain amplitude are able to independently alter
catabolic gene expression through increases in fluid-flow-
induced shear stress and matrix-induced cell deformation,
respectively. Although shear stress and cell deformation
appear to alter gene expression through mechanotransduc-
tion pathways, additional studies are required to separate
the importance of these mechanical factors in homeostasis,
injury, or rehabilitation.
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