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Abstract
The purpose of this study was to analyze the effects of lubricin on tendon stiffness and
viscoelasticity.

A total of 36 mice were tested with 12 mice in each of the following groups: lubricin knock-out
(−/−), heterozygous (+/−) and wild-type (+/+). A ramp test was used to determine the elastic
modulus by pulling the fascicles to 2.5% strain amplitude at a rate of 0.05 mm/s. Then, followed
by a relaxation test that pulled the fascicles to 5% strain amplitude at a rate of 2 mm/s. The
fascicles were allowed to relax for 2 min at the maximum strain and a single-cycle relaxation ratio
was used to characterize viscoelastic properties.

There was no significant difference in the Young’s modulus between the three groups (p > 0.05),
but the knockout mice had a significantly (p < 0.05) lower relaxation ratio than the wild type mice.

Based on these data, we concluded that lubricin expression has an effect on the viscoelastic
properties of tendon fascicles. The clinical significance of this finding, if any, remains to be
demonstrated.
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1. Introduction
Lubricin, also known as proteoglycan 4 or superficial zone protein, has many biological
functions. These include cytoprotection, lubrication and anti-adhesion (Rhee et al., 2005;
Sun et al., 2006). Lubricin improves tendon gliding (Taguchi et al., 2008), and is present
between tendon fascicles as well (Sun et al., 2006). Recent evidence (Kohrs et al., 2011)
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suggests a role for lubricin in interfascicular gliding, but the effect of lubricin on tendon
stiffness and viscoelasticity is unknown.

The function of the tendon is to efficiently transfer forces from the muscle to the skeleton,
minimizing energy loss during the load transfer as well as allowing enough extension to
avoid injury (Gupta et al., 2010; Ker, 2007; Screen, 2008; Yin and Elliott, 2004). Tendons
consist of bundles of collagen fibers, or fascicles, which play an important role in their
tensile properties (Bensamoun et al., 2006). Collagen makes up 70–80% of a tendon or
ligament’s dry weight (Yamamoto et al., 1999). Tendons also consist of proteoglycans,
which play a dominant role in the viscoelastic behavior and strain transfer within the tendon
(Yin and Elliott, 2004). Proteoglycans are the major crosslinking elements between
collagens. Loss of proteoglycans in tendon leads to altered assembly of collagen fibrils and
changes the tendon mechanical properties (Danielson et al., 1997; Kuc and Scott, 1997; Pins
et al., 1997; Robinson et al., 2005). It is also clear that age affects the material properties of
tendons and tendon fascicles (Bensamoun et al., 2006).

The purpose of this study was to analyze the effects of lubricin on tendon mechanical
properties by comparing tail fascicles from wild, heterozygous and lubricin knockout (Kohrs
et al., 2011) mice. The hypothesis was that KO mice fascicles would have a higher stiffness
and a lower relaxation ratio.

2. Materials and methods
2.1. Fascicle isolation and preparation

Animals were obtained after use in other studies approved by the Institutional Animal Care
and Use Committee (IACUC). A total of 36 mice were used with 12 mice in each of the
following groups: Lubricin knock-out (−/−), heterozygous (+/−) and wild-type (+/+). After
sacrifice, the mouse tails were resected and stored frozen at −80 °C. This process has been
shown not to affect tendon mechanical properties (Graf et al., 1992; Lee et al., 2009). The
tails were then thawed, dissected and tested at room temperature. The age range for all mice
was between 10 and 13 weeks. The gender was random; the specific male–female
distribution was 7–5, 4–8 and 6–6 for the wild type, heterozygous and lubricin knock-out
groups, respectively. The mouse tails were transected 60 mm from the distal end of the tail.
The skin was removed 1 mm from the proximal end to provide space to find an appropriate
fascicle. The tail was transected again at a level 33 mm from the distal end, leaving a 27 mm
tail piece for fascicle isolation (Fig. 1). Fascicles were carefully removed from the proximal
end of this section using forceps. The only fascicles used in these tests were those that slid
out smoothly with minimal resistance. We considered the experimental unit to be the animal,
not the individual fascicle, and we also considered that there might be some variability in the
diameter of individual fascicles within the same animal. Four fascicles – two fascicles from
each of the left and right dorsal tendons (Fig. 2) – were used for mechanical evaluation, and
the data was averaged to yield a single data point (Bensamoun et al., 2006; Kohrs et al.,
2011). During dissection and testing, the fascicles were kept moist with saline.

2.2. Fascicle cross-sectional area
Once removed, each fascicle was secured with Loctite 401 cyanoacrylate adhesive to thin
sheets of Nitrile rubber on both ends, exposing 15 mm of fascicle between sheets (Fig. 3).
Care was taken to ensure there was no adhesive on the exposed 15 mm section. Each
fascicle was mounted onto a custom fixture which allowed it to be rotated 90° about the long
axis while being submerged in saline. Eight scaled measurements of the diameter were taken
under 200× magnification at 0° and 90° and rotated around the long axis for a total of 16
measurements. The cross-sectional area was calculated using the average diameter and
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assuming a round cross-section. Before being mounted on the testing apparatus, the initial
length (L0) corresponding to 0% strain (under a 2 g preload) was measured with a digital
caliper (Interapid, Brown & Sharpe, North Kingstown, RI). Strain for each specimen was
calculated based on this measured initial length.

2.3. Mechanical testing
The fascicles were mounted onto a custom-designed mechanical test system (Fig. 4), which
includes two clamps, a 150-g transducer (Transducer Techniques, Temecula, CA), and a
stepper-motor-driven linear actuator (Servo Systems, Montville, NJ). Data was collected at a
sampling rate of 100 Hz. Fascicles were kept submerged in a saline bath at room
temperature throughout testing.

2.4. Ramp test
There was no cyclic preconditioning of the fascicles. Each fascicle was subjected to a
preload of approximately 2 g at the start of the ramp test. The fascicle was then pulled to
2.5% strain amplitude at a rate of 0.05 mm/s and returned to the initial position at the same
speed. The fascicle was then maintained at L0 for 60 s prior to the relaxation test. The elastic
modulus was calculated from the slope of the linear region of the stress–strain curve.

2.5. Relaxation test
Following the ramp test, each fascicle was once again preloaded to approximately 2 g and
then pulled to 5% strain amplitude at a speed of 2 mm/s. The fascicles were allowed to relax
at this maximum strain amplitude for 2 min. Based on pilot data, 2 min was determined to be
a suitable relaxation period to achieve a static stress. The elastic modulus was again
calculated from the slope of the linear region of the stress–strain curve. The viscoelastic
properties of the fascicles were characterized by defining a stress relaxation ratio (Eq. (1)), a
ratio of the stress at 5% (maximum) strain, σp, to the static stress after 2 min of relaxation, σr
(Fig. 5). The preload was subtracted from the maximum and static stresses before
calculating this ratio.

(1)

2.6. Data analysis
Young’s modulus, stress relaxation ratio and fascicle diameter values from the three groups
were compared in the analysis. Young’s modulus and stress relaxation ratio calculation was
performed using MATLAB (Mathworks, Natick, MA) program. Each individual data point
was an average of mechanical properties of four fascicles from a single tail, two from each
of the left and right dorsal tendons. Young’s modulus data were analyzed using repeated
measures ANOVA to determine if the animal type caused differences between loading rates
or if the loading rate caused an overall difference. Univariate repeated measures ANOVA
was used to determine if the gene type caused a difference at either load rate. Relaxation
ratio and fascicle diameter between animal type was compared using one way ANOVA
followed by a Tukey–Kramer post hoc test. All statistical tests were one-sided, and p-values
less than 0.05 were considered significant. JMP (SAS, Cary, NC) statistical analysis
software was used to perform ANOVA.
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3. Results
Fascicle diameter of the wild type, heterozygous and lubricin knock-out groups were 0.1098
(±0.0087), 0.1094 (±0.0063) and 0.1076 (±0.0110) mm, respectively. There were no
significant differences across these values (p = 0.7843).

Typical stress–strain results of the fascicle mechanical testing at the two different load rates
are shown in Fig. 6. At the slower loading rate, the means (±SD) for Young’s modulus of
the wild type, heterozygous and lubricin knock-out groups were 877.80 (±93.79), 855.45
(±89.68) and 865.74 (±102.036) MPa, respectively, and at the higher loading rate values of
874.83 (±70.14), 893.80 (±80.03) and 923.20 (±73.40) MPa (Fig. 7). Animal type neither
caused significant difference in Young’s modulus between loading rates (p = 0.1575), nor
was there an interaction effect. Loading rate did cause a significant overall difference in
Young’s modulus (p = 0.0212). Animal type did not cause a significant difference in
Young’s modulus at either loading rate (p = 0.7907).

The means (±SD) for the relaxation ratio of the wild type, heterozygous and lubricin knock-
out groups were 0.6402 (±0.07293), 0.6194 (±0.07963) and 0.5582 (±0.07191), respectively
(Fig. 8). ANOVA testing showed a significant difference between groups (p = 0.0305). A
Tukey–Kramer post hoc test showed that the difference in Young’s modulus between wild
type and heterozygous and heterozygous and KO types was not significant (p = 0.7760 and p
= 0.1278, respectively); but the relaxation ratio of KO mice was significantly lower than
wild types (p = 0.0297).

4. Discussion
Immunohistochemical staining has consistently demonstrated in the past that lubricin is
predominantly located at the surface of fibrocartilaginous regions of tendon and that lubricin
concentration is higher in areas of tendon that experience higher compressive stresses than
tensile stresses (Rees et al., 2002). Immunohistochemical staining was not used to identify
lubricin expression because it had been done previously. More recently, the staining of
mouse fascicles also showed small amounts of lubricin within fascicles, but it was most
prominent on the surface; the staining appeared to be greater in wild type than heterozygous
fascicles, with no staining in the KO mice (Kohrs et al., 2011). Such observation lead us to
hypothesize the role of lubricin in the mechanical function of the fascicles in the tendon.

Strain between fibers in fascicles changes with respect to time, and is the largest contributor
to stress relaxation, while intra-fibrillar strain does not significantly change with time at the
micro and nano scale (Gupta et al., 2010; Yin and Elliott, 2004). This supports our data,
which shows lubricin as a factor in viscoelastic properties of the fascicle but not tensile
strength. Viscoelastic properties are important for optimizing tissue stiffness under various
loading conditions and providing damping for load response (Gupta et al., 2010; Paxton and
Baar, 2007). Thus, our results suggest that a lack of lubricin in the tendon may result in
more stress on the muscle and bone from load transfers.

It is important to note that decorin, the main proteoglycan in tendons, also plays a role in
viscoelastic properties of the tendon; however, decorin knockout mice show reduced stress
relaxation rates (Elliott et al., 2003; Yin and Elliott, 2004). Young mice have greater decorin
content and slower relaxation rates (Ker, 2007; Yin and Elliott, 2004). All mice in this
experiment were adults 10–13 weeks old, so age was not a factor affecting the results. It is
possible that other proteins have effects on these mechanical properties. It is also possible
that the data from this experiment does not truly represent the in vivo state for fascicle.
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Previous testing of fascicle stiffness have resulted in Young’s modulus values that are
smaller, but on the same order of magnitude as those obtained in this study. A study
comparing fascicle properties of TGF-b inducible early gene-1 (TIEG) knock-out and wild
type mice revealed a mean Young’s modulus for similar-aged wild type mice approximately
half of that reported in this study (Bensamoun et al., 2006). One possible explanation for this
difference could be that the specimen ends were prepared and gripped differently, the
method described here resulting in a very rigid construct.

This study has several limitations. A disadvantage of using mice fascicles is that they are
very small and delicate. Measurement of the diameter was difficult because of the small size
and non-uniform cross-sections along the length of the fascicle. A more accurate or direct
measurement of the cross sectional area may have helped to improve the variability within
groups for the modulus data. The cross-sectional area is not a factor for the relaxation ratio
calculation, and thus the variability of this parameter was acceptable. Because the fascicles
are so small and delicate, excessive handling for measurements may cause damage. One
method that may mitigate both of these concerns would be to measure the weight of a
fascicle immediately after removal and use the known density and length to determine a
cross sectional area. Even though the size of fascicles was challenging, great care was taken
methodologically. We did not test the compressive mechanical properties of the mouse
fascicles in this study, but it would be worthwhile to analyze this in a future study in light of
the relationship between lubricin and compressive loading. The effects of lubricin on
mechanical properties should also be analyzed on tendons experiencing higher compressive
stresses.

Prior data indicates that lubricin exists on the tendon fascicle surfaces (Sun et al., 2006).
Previous studies also demonstrated that relative motion among the tendon fascicles occurs
during tendon strain (Haraldsson et al., 2008). Recently, several studies further revealed that
lubricin has an important effect on tendon and fascicle lubrication (Kohrs et al., 2011; Sun et
al., 2008; Taguchi et al., 2008, 2009). Based on these findings, we believe that lubricin may
also affect tendon viscoelastic properties. There is only a small amount of lubricin within the
mouse fascicle. However, it is possible that the structural make-up of the tendon fascicles
may be affected by a lack of lubricin, due to a direct effect caused by a secondary impact on
synthesis of matrix macromolecules. Future studies could further analyze the structure of
fascicles, including nanostructure assessment through transmission electron microscopy or
assessing bulk properties, such as correlating fibril size to lubricin concentration. The effect
of the absence of lubricin on tendon matrix composition and the synthesis of other
glycoproteins, such as decorin, could also be investigated.

5. Conclusions
Lubricin has been generally accepted as an important molecule for cartilage function.
Depletion of lubricin function has been associated with camptodactyly-arthropathy-coxa
vara-pericarditis (CACP) syndrome, an arthritis-like autosomal recessive disorder, which
disrupts normal joint and tendon function (Marcelino et al., 1999; Rhee et al., 2005). This
study was the first to investigate the mechanical properties of lubricin knockout mouse
tendon. Although data from the current study indicated no significant effect on elastic
properties or fascicle size, the lower relaxation ratio in lubricin knockout mice indicated that
the viscoelastic properties of the tendon fascicle might be altered with lubricin depletion.
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Abbreviations

L0 initial length

TIEG TGF-β inducible early gene-1

KO knockout
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Fig. 1.
A mouse tail diagram showing the transection cuts.
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Fig. 2.
A stained cross-section of a mouse tail showing the four tendons and the fascicle grouping
within the tendons.
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Fig. 3.
A photograph showing the process of attaching a fascicle to the medium material (Nitrile
rubber) with glue (Loctite 401 cyanoacrylate adhesive). The fascicle is kept moist in saline
throughout the process.
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Fig. 4.
The mechanical testing set-up consisting of two clamps submerged in a saline bath, a 150-g
load cell, and a stepper-motor-driven actuator.
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Fig. 5.
Expected stress relaxation test results and relevant parameters.
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Fig. 6.
Representative mechanical test data for a fascicle including ramped loading modulus test
(2.5% strain at 0.05 mm/s) and ramped loading for the stress relaxation test (5% strain at 2
mm/s).
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Fig. 7.
Mean Young’s modulus for different strain rates in WT, HZ and KO mice. Whiskers
represent standard deviation. There were no significant differences.
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Fig. 8.
Mean relaxation ratio in WT, HZ and KO mice. Whiskers represent standard deviation.
Significant differences (p < 0.05) are noted (*).
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