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Abstract

Tendons like the flexor carpi ulnaris (FCU) that contain region-specific distributions of
proteoglycans (PGs) as a result of the heterogeneous, multi-axial loads they are subjected to in
vivo provide valuable models for understanding structure-function relationships in connective
tissues. However, the contributions of specific PGs to FCU tendon mechanical properties are
unknown. Therefore, the objective of this study was to determine how the location-dependent,
viscoelastic mechanical properties of the FCU tendon are impacted individually by PG-associated
glycosaminoglycans (GAGs) and by two small leucine-rich proteoglycans (SLRPs), biglycan and
decorin. Full length FCU tendons from biglycan- and decorin-null mice were compared to wild
type mice to evaluate the effects of specific SLRPs, while chondroitinase ABC digestion of
isolated specimens removed from the tendon midsubstance was used to determine how
chontroitin/dermatan sulfate (CS/DS) GAGs impact mechanics in mature FCU tendons. A novel
combined genetic knockout/ digestion technique also was employed to compare SLRP-null and
wild-type tendons in the absence of CS/DS GAGs that may impact properties in the mature state.
In all genotypes, mechanical properties in the FCU tendon midsubstance were not affected by
GAG digestion. Full-length tendons exhibited complex, multi-axial deformation under tension that
may be associated with their in vivo loading environment. Mechanical properties were adversely
affected by the absence of biglycan, and a decreased modulus localized in the center of the tendon
was measured. These results help elucidate the role that local alterations in proteoglycan levels
may play in processes that adversely impact tendon functionality including injury and pathology.
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INTRODUCTION

The intricate structure and mechanical properties of tendon are endowed by interactions
between its constituent molecules during development as well as in the mature state.
Although the central solid component of tendon is a hierarchically organized, highly aligned
network of collagen I, fibril characteristics are highly sensitive to interactions with the small
leucine-rich proteoglycans (SLRPs) biglycan and decorin, suggesting a role for these
molecules in mediating tendon development and potentially modulating fibril interactions in
mature tissue [1-4]. However, recent studies have demonstrated that the impact of SLRPs on
tendon structure and mechanics is tendon- and region-specific [2, 5]. For example, flexor
digitorum longus (FDL) tendons from biglycan-null (Bgn™~) mice exhibited inferior
mechanical properties as compared to wild type and decorin-deficient (Dcn™~) tendons
while in the mouse patellar tendon, an increased static modulus was measured in Den™~
tendons and Bgn™~ tendons exhibited no mechanical differences from wild type [5, 6]. In rat
tail tendon fascicles, the human medial collateral ligament (MCL) and the human patellar
tendon, removal of SLRP-associated glycosaminoglycans (GAGs) by choindroitinase
digestion did not induce mechanical changes under either shear or tension [7-10]. However,
in the mouse Achilles tendon, removal of dermatan/chondroitin sulfate GAGs caused a
significant reduction in modulus in the distal (i.e., calcaneal) third of the tendon
midsubstance [11] while GAG depletion altered stress relaxation in bovine extensor tendon
fascicles [12]. Finally, in the mouse supraspinatus tendon (SST), the absence of biglycan
induced an increase in the transition stress between the toe and linear regions of the stress-
strain curve only in the tendon midsubstance, and this mechanical alteration was
concomitant with modified realignment of the collagen network under loading [13]. These
findings demonstrate a tendon and region specificity to the role of SLRPs in tendon
mechanics that are likely related to local functional demand. In support of this idea, the
content of SLRPs and other proteoglycans (PGs) in the SST demonstrates regional
variations dictated by in vivo mechanical requirements [14].

Like the SST, the mechanical environment and functional demands of the flexor carpi
ulnaris (FCU) tendon are unique compared to its surrounding tissues. The FCU tendon is
located on the medial side of the forearm and inserts distally into the pisiform bone on the
palmar side of the wrist. However, in contrast to the digital flexor tendons, the FCU tendon
does not pass underneath the flexor retinaculum. As a result, its insertion angle is not
physically constrained and it experiences multiaxial loading during in vivo loading [15]. In
particular, during wrist adduction, a joint motion partially controlled by the FCU muscle, the
FCU tendon-pisiform enthesis is subject to high shear strains that have been linked to a
fibrocartilage-like structure and composition in other tendons [16, 17]. Interestingly, the
FCU insertion site is known to contain high levels of collagen Il and aggrecan, a large
proteoglycan typically associated with cartilaginous tissues that experience predominantly
compression and shear [15]. Given its unique functional demands and heterogeneous
loading environment, an understanding of the regionally-varying mechanical role(s) of PGs
in the FCU tendon could clarify how these molecules contribute to mechanics in collagenous
tissues, both as regulators of proper structural development and as potential mediators of
force transmission between fibrils.
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The objective of this study was to elucidate the effects of chondroitin/dermatan sulfate
(CS/DS) GAGs and the SLRPs, biglycan and decorin on the location-dependent, viscoelastic
mechanical properties of the FCU tendon using a combined GAG digestion and knockout
model approach. We hypothesized that GAGs would have no effect on tensile mechanical
properties in the tendon midsubstance, but that since SLRPs are important in the
establishment of mechanical properties, the null tendons would exhibit inferior
midsubstance properties both in the presence and absence of GAGs. We further
hypothesized that SLRPs are important in developing regional differences in mechanics.
Therefore, in full length, intact FCU tendon/pisiform complexes, the absence of SLRPs
would lead to a region-dependent reduction of mechanical properties focused near the
insertion.

METHODS
Study design

C57BL/6 wild-type (WT, n=52), biglycan-null (Bgn™'-, n=34) and decorin-null (Den™",
n=25) mice were sacrificed at 150 days post-natal with IACUC approval. Each mouse was
designated for either GAG quantification (WT: n=10 mice), Study 1 (WT: n=11 mice,
Bgn~~: n=11 mice; Den™/~: n=14 mice) or Study 2 (WT: n=31 mice, Bgn—/-: n=23; Dcn—/
-:n=11).

Glycosaminoglycan Quantification

FCU tendon-pisiform complexes were dissected from the right or left forelimb and
randomly assigned to phosphate buffered saline (PBS) incubation while the contralateral
limb was assigned to chondroitinase ABC (ChABC) incubation. ChABC removes CS and
DS GAGs, but does not hydrolyze keratin sulfate (KS). Pilot studies demonstrated that GAG
removal was negligible in FCU-pisiform complexes incubated in ChABC (Figure 1, n=4
tendons/incubation condition), possibly signifying that the ChABC concentration was
insufficient to remove all CS and DS GAGs near the insertion and in residual cartilage that
may have remained on the pisiform. Therefore, the pisiform was sharply detached using a
scalpel blade (n=6 tendons/incubation condition). Tendons were then incubated for 15 hours
at 37°C in 200 pL PBS or 200 pL PBS with 2.5 U chondroitinase ABC (Sigma-Aldrich
Corp., St. Louis, MO) supplemented with protease inhibitors (Roche, Basel Switzerland).
The resulting concentration of ChABC was higher than in previously published work [18].
Following incubation, specimens were digested in 2.5 mg/mL proteinase K (Sigma-Aldrich,
St. Louis, MO) in 0.05 M ammonium acetate for 18 hours at 65 °C, after which the enzyme
proteinase K was inactivated by heating to 100 °C for 10 minutes. Quantification of
glycosaminoglycan (GAG) content was then performed using the 1,9-dimethylmethylene
blue (DMB) dye-binding assay [19].

Two separate studies were performed to assess the role of SLRPs in FCU tendon mechanics.
In Study 1, midsubstance sections of FCU tendons from WT and SLRP-null mice were
digested in ChABC in order to separate the developmental effects of GAGs on tendon
mechanical properties from their potential effects in mature tissue. In Study 2, mechanical
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testing was performed on whole FCU tendon-pisiform complexes from all three genotype
groups to evaluate how the impact of SLRPs on tendon mechanics varies spatially.

Sample Preparation (Study 1)

FCU tendons were dissected, separated from the pisiform and incubated in PBS or ChABC
as described in the previous section. Following digestion, tendon cross-sectional areas were
measured using a laser-based device [24]. Although cross-sectional areas were not measured
prior to incubation, previous studies have demonstrated that tendons swell after PBS
incubation and (to a lesser extent) after ChABC incubation [18, 20]. However, since all
genotype groups experienced the same two incubation conditions, swelling was not expected
to impact the results of the study. After area measurement, 1 mm on each side of the 5 mm
tendon was gripped between small sandpaper squares coated with cyanoacrylate. Tendons
were then speckle-coated with Verhoeff’s stain to facilitate optical tracking. The sandpaper
on both ends of the tendon was gripped using custom fixtures (yielding a 3 mm tendon
gauge length) and tendons were loaded into a 37° C PBS bath connected to an Instron 5848
universal testing system (Instron, Norwood, MA).

Sample Preparation (Study 2)

FCU tendon-pisiform complexes were dissected as described in the previous section, but the
pisiform was not separated and the pisiform enthesis remained intact. In each mouse, only
one randomly-chosen tendon (right or light) was used. Tendon cross-sectional areas were
measured using a laser-based device [24]. Using cyanoacrylate, the proximal side of the
tendon was then glued between two small squares of sandpaper at a distance of 5 mm from
the pisiform insertion. After speckle coating (see previous section), tendon-pisiform
complexes were gripped with custom fixtures and loaded into a 37° C PBS bath connected
to an Instron 5848 universal testing system (Instron, Norwood, MA).

Mechanical Testing and Viscoelastic Data Analysis (Studies 1 and 2)

After speckle-coating each tendon with Verhoeff’s stain to facilitate optical strain
measurement, specimens were tested according to the following protocol: 1) preload to
0.005 N, 2) preconditioning, 3) stress relaxation to 4% strain, 4) sinusoidal frequency sweep,
5) return to gauge length, and 6) ramp to failure at 0.1% strain/second. Preconditioning
consisted of 10 cycles of triangle wave strain between 0% and 4% at a frequency of 0.25 Hz.
The frequency sweep consisted of 10 cycles of 0.125% amplitude sinusoidal strain at
frequencies of 0.01, 0.1, 1, 5, and 10 Hz. The dynamic modulus |E*| (i.e., the stress
amplitude divided by the strain amplitude) and the tangent of the phase angle 5 between the
stress and strain (tand, a measure of viscoelasticity) were computed for each frequency.

Optical Tracking and Quasi-Static Data Analysis (Study 2)

Step 6 was tracked optically and analyzed using Vic2D (Correlated Solutions, Columbia,
SC) to determine the vertical strains within the distal (0—1 mm from the pisiform insertion),
central (1-4 mm from the pisiform insertion) and proximal (4-5 mm from the pisiform
insertion) regions (Figure 2) and the angle of the principal axis Op in the central region was
calculated in the linear portion of the stress-strain curve [21]. In each region, the quasi-static
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parameters toe modulus Eiqe, linear modulus Ejj, and transition strain yians between the toe
and linear regions of the stress-strain curve were determined assuming uniform tensile stress
throughout the tendon. virans Was computed based on a bilinear fit as described previously
[22]. The maximum stress omax prior to failure was also calculated for the entire tendon.
Note that the principal angle was not computed in Study 1 or in the proximal and distal
regions since gripping of the tendon was expected to prevent shear deformations associated
with a non-zero 6, in locations bounded by the fixtures.

In Study 1, a two-way ANOVA was performed to compare quasi-static parameters across
incubation and genotype and to compare viscoelastic parameters across incubation and
genotype at each frequency. In Study 2, a one way ANOVA was performed to compare
quasi-static parameters across genotypes at each location and viscoelastic parameters across
genotypes at each frequency. Bonferroni post-hoc analysis was used to correct for multiple
comparisons and significance was set at p <0.05.

To examine the role of CS/DS GAGs, FCU tendons were incubated with and without
ChABC. GAG digestion was variable and generally ineffective in FCU tendon-pisiform
complexes. In contrast, 72% of sulfated GAGs were removed in tendons incubated in
ChABC after detachment of the pisiform (Figure 1). However, for all genotypes, no
differences in viscoelastic properties (JE*| and tand) were found between incubation
conditions for FCU tendon midsubstance specimens tested in Study 1 (Figure 3). Similarly,
for all incubation conditions, no differences in viscoelastic properties were found among
genotypes.

In Study 2, full-length Bgn™~ FCU tendons were less resistant to deformation (lower |E*|)
than wild type (Figure 4). However, tand, a measure of energy dissipation relative to energy
storage, was similar in all genotypes. Failure properties were altered by genotype, as the
maximum stress omax Was lower in Bgn™~ as compared to both Den™~ and wild type
(Figure 5).

Genotype-related mechanical alterations in the full-length FCU tendon were regionally
dependent (Figure 6). In particular, the toe-modulus E;e Was lower in Bgn™~ tendons than
in wild type only in the proximal region and central regions (i.e., away from the tendon
insertion). The linear modulus Ej, was reduced in Bgn™~ tendons as compared to wild type
only in the central region. Finally, while the principal angle in the central region was
unaltered by genotype, the principal angle for full-length FCU tendons was generally high
(~35°), indicative of substantial shear strain (Figure 7).

DISCUSSION

In this study, the effects of CS/DS GAGs and the SLRPs biglycan and decorin on the
mechanical properties of the murine FCU tendon were investigated for the first time. A
novel approach combining CS/DS GAG digestion and knockout mouse models was used to
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isolate the impact of biglycan and decorin on tendon development from their possible role in
force transmission in mature tissue. Although investigations using knockout models have
helped to elucidate the developmental impact of SLRP deficiency, results from these studies
are confounded by the effect that GAG-mediated fibril interactions may have on tendon
mechanics after development is complete. However, by removing GAGs from the tendons
of wild type and biglycan- and decorin-null mice, a direct comparison of the mechanical
properties of the underlying collagen network in mouse tendons formed in the presence and
absence of specific SLRPs was performed for the first time. It was hypothesized that the
collagen network in the biglycan- and decorin-null mice would exhibit inferior mechanical
properties as a result of improper fibril formation during development [2]. However, no
differences were found among genotypes in FCU midsubstance specimens incubated in
either PBS or ChABC, indicating that the tensile mechanics of the FCU tendon are
unaffected by biglycan or decorin deficiency during development. Furthermore, ChABC
digestion did not alter mechanical properties in tendons of all genotypes, a finding consistent
with previous investigations of rat tail fascicles, the human MCL and the human patellar
tendon [7-10].

In Study 2, as hypothesized, the mechanical properties of full-length Bgn™'~ FCU tendons
were found to be reduced in comparison with wild type and Den™~ tendons. The measured
moduli (650 MPa<|E*|<850 MPa) and the impact of biglycan were consistent with a
previous study investigating the mouse FDL tendon (400 MPa<E<1100 MPa) [5], which is
likely to experience similar stresses and strains in vivo. However, the mechanical alterations
in the FCU were surprisingly restricted primarily to the central portion, where high levels of
biglycan were not expected [14]. This finding can be explained by the large principal angles
measured in the tendon midsubstance that signify substantial vertical shear strain within the
image plane (Figure 7). Due to shear deformation in the midsubstance, the measured
“tensile” force used to calculate the modulus within each region of the tendon is not
indicative of the tensile force in the central portion of the tendon, where a significant shear
force is present. In particular, the measured force is given by the sum of the tensile and shear
forces. Thus, an increase in the measured modulus could reflect either an increase in the
tensile modulus or an increase in the shear modulus. Since Study 1 demonstrated that the
tensile modulus in the FCU tendon midsubstance is not impacted by genotype and the
analysis of the principal angle (Figure 7) indicates that the induced shear strain is not
impacted by genotype, the decrease in the measured tensile modulus in the central region of
Bgn/~ tendons for a given tensile strain (i.e., in the toe or linear region) is likely due to a
decreased shear modulus G. This reduction of G in the midsubstance of Bgn™~ tendons
could result from either decreased force transmission between collagen fibrils or altered
fibril properties as a result of abnormal development.

The large principle angle of the FCU tendon (indicating that tensile deformation induces
substantial shear strain) may be related to its in vivo function. Unlike the finger flexor
tendons, the FCU tendon does not pass underneath the flexor retinaculum. Therefore, its
motion is not constrained and it experiences significant shear deformation during wrist
adduction. Interestingly, the maximum range of motion of a typical human hand in
adduction is 40-60° from vertical, while the measured principle angle was 35° from
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horizontal (i.e., 55° from the vertical). Thus, although the range of motion for the mouse
wrist could differ from the human wrist, the structure of the FCU tendon may be tuned to
reflect the deformations that it experiences in vivo. This finding is clinically relevant, as the
FCU tendon is often transferred to the radial wrist extensors to improve flexion and
extension in patients with muscle spasticity and other neuromuscular disorders [23]. When
performing these procedures, hand surgeons should consider the unique and specialized
properties of the FCU tendon, which may limit its functionality after transfer.

The absence of biglycan-related effects at the tendon insertion may be related to the
presence of aggrecan and type Il collagen. Near the human FCU tendon-pisiform enthesis,
high levels of these cartilage-associated molecules were found [15]. Unlike the SLRPs
decorin and biglycan which possess 1 and 2 CS/DS GAG chains (respectively), aggrecan is
a massive proteoglycan with over 100 CS/DS/KS GAG chains attached to each core protein.
Thus, it is possible that the effects of biglycan near the bone may be minimal compared to
those of the much larger molecule aggrecan. Additionally, biglycan interacts differently with
type Il collagen than with type I collagen [24], and the structural and mechanical
implications of the absence of biglycan may differ in the FCU tendon-pisiform insertion due
to its higher type Il/type | collagen ratio.

The primary limitation in this study is that PG content and fibril properties/characteristics
were not measured in the tested tendons due to their small size (thickness ~100 pm).
Furthermore, determination of GAG content before and after ChABC incubation was
performed only on WT tendons. However, these assays were not necessary to demonstrate
that, as hypothesized, FCU tendon mechanics are impacted by SLRPs in a region-specific
manner. In particular, our finding that biglycan impacts the mechanical properties of the
FCU tendon midsubstance is based on comparisons using a well-established strain of Bgn—/
— mice known to express negligible levels of biglycan in all tissue types [25]. Moreover, this
finding strongly supports the assumption that biglycan expression in the FCU tendon is non-
negligible and--taken together with the known ubiquity of decorin in tendon--suggests that
the measured absence of mechanical changes following chondroitinase ABC digestion in the
tendon midsubstance implies that CS/DS GAGs do not impact the mechanical properties of
the FCU tendon collagen network, but that this finding cannot be interpreted more broadly.
In addition, the large proteoglycan content of the human FCU tendon is known [15].
Therefore, a potential mechanism for the findings of the current study (i.e., increased
aggrecan content near the insertion) was proposed based on previous work. Nevertheless,
while a region-specific assessment of fibril diameter in the FCU tendon would be
challenging due to its small size, such a future investigation could shed light on the
mechanism for decreased shear modulus in the midsubstance of full-length, Bgn™'~ FCU
tendons.

A second limitation of this investigation is the variable number of specimens per group in
Study 2 (11<n<31). At the time Study 2 was conducted, a disparate number of mice per
genotype were available for use. However, the number of mice in each group is sufficiently
large (n>10) to avoid any type Il error based on power analysis. Moreover, randomly
removing 20 specimens from the WT group and 12 specimens from the Bgn—/- group did
not affect the reported results.
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An attempt was made to separate the developmental effects of biglycan deficiency from its
influence on mature tendon properties using the combined ChABC digestion/knock out
mouse model approach, but effective removal of GAGs was not possible in full length FCU
tendons with the pisiform insertion intact. Furthermore, 28% of GAGs remained after
ChABC digestion of midsubstance specimens and GAG removal was less complete than in
rat tail tendon fascicles digested using a similar protocol (~10% residual GAGSs) [18], most
likely reflecting the content of KS GAGs from aggrecan, lumican and fibromodulin
molecules that are not hydrolyzed by ChABC. Nevertheless, the percentage of remaining
GAGs in the current investigation was higher than studies of murine Achilles tendons
(~50% residual GAGs) that were able to detect differences in mechanical properties after
digestion [11]. Thus, while the focus of the current investigation is on CS/DS GAGs, if
GAGs of any form were to play a role in FCU tendon mechanics, 72% removal of these
molecules should be sufficient to induce measureable changes. A final limitation was that
grip effects could influence mechanical data in the proximal and distal regions of the tendon.
However, these effects should not impact the inter-group comparisons performed in this
study.

This study demonstrates that that proteoglycans in tendon may play an important role in
regulating multi-axial deformations. This finding is of particular interest in tendons like the
FCU and supraspinatus tendon, which experience complex loading environments in vivo.
The current investigation and future studies assessing the region-dependent mechanical
properties of these tendons under simple shear and compression will be instructive for
understanding the implications of altered PG content as the result of exercise, injury, aging
or pathological changes [26-28].

CONCLUSIONS

The effects of CS/DS GAGs and the SLRPs biglycan and decorin on the location-dependent,
viscoelastic mechanical properties of the FCU tendon were investigated using a novel
combined GAG digestion and knockout mouse model. For all genotypes, ChABC digestion
did not alter midsubstance tendon mechanics, suggesting that CS/DS GAGs by themselves
have little effect on the mechanical properties of the FCU. However, mechanical properties
of Bgn™~ FCU tendons were generally reduced in comparison with wild type and Den™=
tendons and these alterations were primarily restricted primarily to the midsubstance.
Therefore, biglycan (but not decorin) impacts mechanical properties in the FCU tendon. The
absence of biglycan-related effects at the tendon insertion may be related to the presence of
aggrecan and type Il collagen and suggests a unique role for PGs in tissue like the FCU that
experience heterogeneous and multi-axial loads. These data provide guidelines for
understanding how injury- or disease-related changes in PG content may impact tendon
function.
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Figure 1.
Percentage of CS/DS glycosaminoglycans removed after chondroitinase ABC digestion for

FCU tendons with and without the pisiform. Removal of the pisiform allowed for more
consistent and complete GAG digestion.
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Figure2.
Regions of the full-length FCU tendon. The tendon was speckle-coated with VVerhoeff’s

stain to allow for optical tracking of strain within each region during the ramp-to-failure.
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Figure 3.
(a) Dynamic modulus (|E*|) and (b) tangent of the phase angle between stress and strain

(tand) for FCU tendon midsubstance specimens stretched at 1 Hz in Study 1. No differences
in |E*| or tand were found between genotypes or between incubation conditions.
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Figure4.
(a) Dynamic modulus (|E*|) and (b) tangent of the phase angle between stress and strain

(tand) for full-length FCU tendons stretched at 1 Hz in Study 2. |E*| was reduced in Bgn-/-
tendons relative to wild type, but no differences in tand were found between genotypes.
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Figureb5.
Maximum stress (omax) for full-length FCU tendons stretched to failure at 0.1% strain/

second in Study 2. onax Was reduced in Bgn—/- tendons relative to wild type and Bgn—/-.
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Figure®6.
(a) Optically-measured toe modulus (Eiqe) and linear modulus (Eji,) in each region of full-

length FCU tendons stretched to failure at 0.1% strain/second in Study 2. Eyqe Was reduced
in Bgn—/- tendons relative to wild type in the proximal and central regions, while Ejjnear Was
reduced in Bgn—/- tendons relative to wild type in just the central region.
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Figure?7.
Angle of the principal axis (Op) with respect to vertical in the central region of full-length

FCU tendons. No differences in 0, were found among groups, but the nonzero values of 6,
suggest substantial induced shear strain in the tendon midsubstance.
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