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Tendons function using a unique set of mechanical properties governed by
the extracellular matrix and its ability to respond to varied multi-axial
loads. Reduction of collagen V expression, such as in classic Ehlers—Danlos
syndrome, results in altered fibril morphology and altered macroscale mech-
anical function in both clinical and animal studies, yet the mechanism by
which changes at the fibril level lead to macroscale functional changes has
not yet been investigated. This study addresses this by defining the multiscale
mechanical response of wild-type, collagen V-heterozygous and -null supras-
pinatus tendons. Tendons were subjected to mechanical testing and analysed
for macroscale properties, as well as microscale (fibre re-alignment) and
nanoscale (fibril deformation and sliding) responses. In many macroscale par-
ameters, results showed a dose-dependent response with severely decreased
properties in the null group. In addition, both heterozygous and null groups
responded to load faster than in wild-type tendons via earlier fibre re-
alignment and fibril stretch. However, the heterozygous group exhibited
increased fibril sliding, while the null group exhibited no fibril sliding.
These studies demonstrate that dynamic responses play an important role in
determining overall function and that collagen V is a critical regulator in the
development of these relationships.

1. Introduction

Tendons function to stabilize the skeleton and allow efficient transfer of energy
through their unique set of mechanical properties. The primarily uniaxial ten-
sile function along the longitudinal axis of its collagen fibres enables
transmission of generated muscle force to bone. Tendon exhibits nonlinear bio-
mechanical behaviour as exhibited by a typical stress—strain curve with an
initial, nonlinear ‘toe-region’ followed by the ‘linear-region’ [1]. This nonlinear-
ity, in particular the low stiffness toe-region, is thought to be attributed to a
number of dynamic microstructural re-arrangements [1-8]. Particularly, the
flattening or disappearance of the collagen fibre crimp morphology has been
implicated in the nonlinear behaviour observed in the toe-region [9,10]. In
addition, re-orientation of collagen fibres towards the axis of mechanical load
also has been found to occur during this period. Macroscopic tendon extension
is also enabled by deformation and sliding mechanisms that simultaneously
occur between fibres and between fibrils within each fibre [8,11,12]. In addition
to their anisotropic and nonlinear behaviour, tendons exhibit several visco-
elastic properties, such as stress relaxation, hysteresis and creep [2,13-19].
This process is both static and dynamic, as demonstrated by a similar decrease
in peak stress over time with repetitive, cyclic tensile loading [20]. Fibril sliding
has also been cited as a contributor to dynamic viscoelastic behaviour during
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this initial response to load [19]. These viscoelastic properties
emphasize the ability of tendon to structurally adapt to
constant or cyclical loads in order to reach biomechanical
equilibrium [21].

Tendon’s unique set of mechanical properties is controlled
by the location-dependent and site-dependent composition
and structure of the tissue, primarily by its extracellular
matrix. This matrix, comprised predominantly of collagen
type I, is organized in a hierarchical manner parallel to
the mechanical axis of the tendon [22-25]. In addition to col-
lagen I, the extracellular matrix is composed of quantitatively
minor collagens, elastin and fibrillins, proteoglycans (PGs)
and their glycosaminoglycan chains, glycolipids, and cellular
material [26]. The development of this unique structure is
modulated mainly by PGs and minor collagens, such as
collagen types V, XI, XII and XIV. Collagen V, although a
quantitatively minor component (approx. 2%) in mature
tendon and ligament composition, is a major regulator of
fibrillogenesis. Collagen V plays a critical role during the
early process of fibril nucleation and reduction of collagen V
expression during this process results in fewer collagen I fibrils
with increased diameters in tendons, ligaments, dermis and
cornea [27-31].

A clinical representation of collagen V reduction is the clas-
sic form of Ehlers—Danlos syndrome (EDS), with more than
50% of patients being haploinsufficient for COL5A1 [32,33].
These patients exhibit hyperextensible skin, joint hypermobility
and instability, as well as abnormal wound healing and scar-
ring, suggesting a crucial role for collagen V in both structure
and function of tendons and ligaments. Recent studies with
both an established haploinsufficient Col5a1"/~ classic EDS
mouse model and a tendon/ligament-specific collagen V-null
model have demonstrated altered fibril structure and inade-
quate macroscale tensile mechanical function [28,29,31,34].
In addition, evidence suggests that the role of collagen V in
establishing tendon mechanical properties is tissue-specific,
alluding to a limited understanding of the mechanisms by
which structure relates to mechanical function. The goal of
this study is to define the relationship between hierarchical
collagen structure and function by evaluating the dynamic
mechanical properties of collagen V heterozygous and null
tendons at a hierarchy of length scales, including fibril, fibre
and whole-tissue levels. We hypothesized that collagen
V deficiency would result in impaired dynamic mechanical
function at all length scales, with a stronger phenotype in the
null than heterozygous mice. We also hypothesized that
changes in dynamic responses at nanoscale (fibril) and micro-
scale (fibre) (collagen re-alignment, deformation, sliding) are
more apparent than those at the tissue level, and can be used
to interpret the tissue-level changes.

2. Material and methods

Three hundred male mice from three different groups were
used in this IJACUC-approved study: C57BL/6 control (WT),
Col5al™~ (HET) and a tendon/ligament-specific collagen
V-null model, Col5a1*%*"/ 4" (NULL) [31,35]. Mice were bred
to 120 days of age and sacrificed humanely, at which point
shoulders were frozen at —20°C until dissection for mechanical
testing. To prepare tendons for mechanical testing, supraspinatus
(SST) tendons were dissected from the shoulder and surrounding
soft tissue was carefully removed [6,36]. Tendon cross-sectional
area was measured using a laser-based device and Verhoeff’s

stain lines were applied for optical tracking [36—39]. The humerus n

was fixed in a polymethylmethacrylate pot while the tendon was
positioned between a sandpaper—cyanoacrylate construct. Both
sides were then placed in custom grips for testing with a gauge
length of 2.5 mm. All analyses below were performed at both the
insertion site and midsubstance of the SST tendon.

2.1. Dynamic viscoelastic testing

Twenty specimens from each group designated for dynamic
viscoelastic testing were subjected to a testing protocol as
described previously [13,14,40]. Tendons were first preloaded
and preconditioned for 10 cycles to 1.5% grip strain at 0.25 Hz.
Following a 5 min hold, tendons underwent three stress relax-
ations (to 4, 6 and 8% grip strain) at 5% s ' with sinusoidal
frequency sweeps superimposed upon the static strain. Each fre-
quency sweep consists of 10 cycles of 0.125% amplitude
sinusoidal grip strain at frequencies of 0.1, 1 and 10 Hz. The ten-
dons were then returned to zero displacement and then subjected
to a final ramp to failure at 0.05% s '. Images were captured
during the ramp to failure and analysed for standard tensile
mechanical properties using optical tracking using custom soft-
ware (Matlab, Natick, MA, USA), as described previously
[36,40,41]. A bilinear curve fit was also applied to the optical
stress—strain data to quantify transition stress, transition strain
and the moduli in the toe and linear regions. In addition, the
dynamic modulus |E*| (defined as the stress amplitude divided
by the strain amplitude) and the phase angle § (between the
stress and strain) were computed at each frequency and strain
level. The dynamic modulus (|E*|) represents how difficult the
material is to deform under dynamic loading, while the tangent
of the phase angle (tan §) is the ratio of loss over storage moduli
[13,14,40,42]. Comparisons were made using one-way ANOVA
for each parameter with post-hoc Bonferroni tests to correct for
family-wise error associated with multiple comparisons.

2.2. Fatigue testing

An additional twenty specimens from each group were subjected
to a fatigue loading protocol, as described previously [20,43].
Preliminary studies determined that the mean failure loads
were significantly different between groups and as a result, all
tendons were fatigue tested at 1 Hz between 20 and 75% of
their ultimate failure load (0.75-2.75 N for wild-type and hetero-
zygous groups, 0.25-1.0N for the null group). As described
previously, several parameters were computed: (i) maximum
cyclic strain, (i) tangent stiffness (calculated as the slope bet-
ween the maximum and minimum force and displacements
for each cycle), (iii) hysteresis (defined as the area enclosed by
the stress—strain curve for a cycle), (iv) damage (defined as
the ratio of displacement and gauge length at a set threshold
to the tissue displacement and displacement at a set threshold
after the first cycle of fatigue loading), and (v) cycles to failure
(defined as the number of cycles until specimen failure)
[43-45]. Comparisons were made using one-way ANOVA for
each parameter with post-hoc Bonferroni tests.

2.3. Collagen fibre re-alignment

Collagen fibre re-alignment (1 = 20/ group) was quantified during
the dynamic viscoelastic testing using our established integrated
cross-polarizer technique [46—50]. At several points during the
mechanical test (before and after preconditioning, before and
after each stress relaxation event and throughout the ramp to fail-
ure), sets of 13 images were acquired as the polarizers rotate
through a 125° range for calculation of fibre alignment. Compari-
sons of circular standard deviation, a measure of the spread of
the distribution of fibre angles [4,546], was used to determine
whether significant re-alignment occurred during each portion of
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Figure 1. (a) Body weight and (b) tendon cross-sectional area were significantly reduced in both the heterozygous and null groups compared to the wild-type
group. (c) Maximum stress reduced only in the null group, but both groups exhibited increased (d) maximum strain. Data are reported at mean + s.d. (Online

version in colour.)

the mechanical test. Statistical comparisons between regions of the
mechanical test were made using non-parametric Kruskal-Wallis
tests at each location. Re-alignment during the stress relaxation
tests was split into two parameters. The first compared the
change in circular standard deviation between 0% (after precondi-
tioning) and 4% peak strain time point, which represent toe region
strain levels (Toe Re-Alignment). The second compared the circu-
lar standard deviation between 4% peak strain and 8% peak
strain, which represent linear region strain levels (Linear Re-
Alignment). In addition, re-alignment during the ramp to failure
exhibited bilinear behaviour with a linear decrease in circular
standard deviation followed by a plateau. The strain required to
reach the plateau and the amount of re-alignment that occurred
(change in circular standard deviation) were measured for each
specimen using a bilinear curve fit. Statistical comparisons were
made between these measures using one-way ANOVA for each
parameter with post-hoc Bonferroni tests.

2.4. Fibril deformation and sliding

Samples for collagen fibril deformation/sliding were prepared
for mechanical testing and subjected to a standard preload and
preconditioning prior to the ramp to failure. Tendons were
then divided into five groups and stretched to a randomly
assigned grip-to-grip strain value (0, 1, 3, 5 or 7%) at a rate of
0.1% strain per second. Tendons were then immediately frozen
using freezing spray, placed in a specimen dish with tissue freez-
ing medium, and submerged in liquid nitrogen [6,48]. Samples
were frozen sectioned at 20 pm and immersed in cold 10% neu-
tral buffered formalin for 4 min for fixation. For analysis of fibril
deformation and sliding, imaging of 2 x 2 pm regions was per-
formed by tapping mode imaging using NCHV-A probes
(nominal spring constant k ~ 42 N m™ !, radius R ~ 10 nm) and
a Dimension Icon AFM (BrukerNano, Santa Barbra, CA, USA)
using a modified protocol described previously [6,8,51]. Tendons
were scanned at two to three regions across the width of the

insertion site and midsubstance of the tendon, and from four
to six sections throughout the depth of the tendon. Custom soft-
ware allowed for the measurement of d-period length for many
fibrils in a single image [6]. Variability between and within speci-
mens was determined to not be significantly different, and
therefore fibrils were pooled across approximately five speci-
mens sampled per strain level per group. Median and variance
were obtained from fibril d-period distributions. Fibril stretch
was calculated by subtracting the d-period length at each applied
strain level by the initial d-period length. A change in fibril
d-period variance from one strain to the next is indicative of
strain heterogeneity between fibrils, or fibril sliding [6]. Statistical
comparisons of d-period length across different strains were
made using non-parametric Kruskal-Wallis tests followed by
post-hoc Dunn’s tests between strain levels. Comparisons of var-
iance across strain levels were performed using a Bartlett test for
unequal variances at each location with post-hoc F-tests between
strain levels. For all statistical comparisons in this study, a
p-value of p < 0.05 was considered statistically significant.

3. Results

3.1. Tissue-level quasi-static and dynamic viscoelastic
mechanics

Body weight (figure 1a) and whole tendon cross-sectional
area (figure 1b) were significantly reduced in the heterozy-
gous and null groups compared to the wild-type group.
Maximum load (not shown) and maximum stress were also
significantly reduced in the null group, but there were no
differences between the heterozygous and wild-type groups
(figure 1c). Maximum tissue strain, determined optically, also
was increased in both groups at the midsubstance, but not at
the insertion site (figure 1d). Transition strain was not different
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Figure 2. There were no differences in (a) transition strain between experimental groups, but (b) transition stress was significantly reduced in the null group at the
insertion site. (c) Toe modulus was reduced in the null group at both sites and in the heterozygous group at the midsubstance. (d) Linear modulus was reduced in
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between the groups in either region (figure 2a), but transition
stress was significantly less in the null group than the wild-
type group at the insertion site (figure 2b). The moduli in
both toe and linear regions were reduced in the null group at
both sites (figure 2c,d). The heterozygous group also exhibited

reduced toe modulus at the midsubstance and reduced linear
modulus at the insertion site (figure 2c,d). Dynamic modulus
increased and tangent delta decreased with increasing strain
level as previously reported (figure 3). Dynamic modulus
was significantly reduced in the null group at all frequencies
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Figure 4. (a) The heterozygous group exhibited significantly decreased cycles to failure compared to the wild-type group. No statistical comparison was made with
the null group due to protocol differences. (b) Damage was decreased in the null group at 5% fatigue life. (c) Tangent stiffness was decreased in the null group
throughout fatigue life and increased in the heterozygous group at 50% fatigue life. (d) Peak cyclic strain was increased in the null group at 50 and 95% fatigue
life. (e) Hysteresis was significantly reduced in the null group throughout fatigue life. Data are reported at mean =+ s.d. (Online version in colour.)

compared to the wild-type group at both 6 and 8% strain and
compared to the heterozygous group at 8% strain (figure 3a).
Tangent delta of the null group was significantly greater than
both the wild-type and heterozygous groups at all frequencies
at both 6 and 8% strain levels (figure 3b). At 4% strain, the null
and heterozygous groups were no different and the null group
was higher than the wild-type group at 0.1 and 1.0 Hz. Finally,
failure generally occurred at the insertion site, at the midsub-
stance or just below the top grip. The null tendons failed

least often at the insertion site, while the other two groups
displayed failure at all three locations equally.

3.2. Tissue-level fatigue mechanics

The heterozygous group exhibited approximately 40% fewer
cycles to failure than the wild-type group (figure 4a). No stat-
istical comparisons were made between the null group and
other groups because the loading protocols were different,
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but the null group was lower than both other groups.
Damage was significantly decreased only in the initial
phase (5%) of fatigue life in the null group (figure 4b). Peak
cyclic strain and damage increased while tangent stiffness
and hysteresis decreased throughout fatigue life, as pre-
viously reported [20,43]. The null group had a significantly
increased peak cyclic strain than the heterozygous group at
50% and both groups at 95% fatigue life (figure 4d). Tangent
stiffness was reduced in the null group compared with the
other groups at all three points in fatigue life (figure 4c).
The heterozygous group also had an increased tangent stiff-
ness when compared with the wild-type group at 50%
fatigue life. Hysteresis was significantly reduced in the null
group when compared with the wild-type and heterozygous
groups at all three stages of fatigue life (figure 4e).

3.3. Collagen fibre re-alignment

In both the insertion and midsubstance of the wild-type groups,
re-alignment occurred first following an increase in strain
applied to the tissue (after the peak of stress relaxation events
at 4, 6 and 8% strain). At the insertion site, the collagen fibres
of the heterozygous and null groups re-aligned after the first
two strain levels, but not with the final strain increase at 8%
strain (data not shown). At the midsubstance, the heterozygous
group re-aligned initially during the preconditioning and then
again during each subsequent strain level, whereas the null
group again only re-aligned after the addition of 4 and 6%
strain. This is evidenced by comparing the circular standard
deviation between 0 and 4% strain (figure 51) to denote toe
region re-alignment, which occurs in all groups, and between
4 and 8% strain (figure 5b) to denote linear region alignment,
which is reduced in the null and heterozygous groups than in
the wild-type group. All of the groups returned to a more
disorganized state with the removal of strain (at the return to
zero following the last stress relaxation) and then re-aligned
again during the ramp to failure. However, the null group re-
aligned fully at an earlier strain than both the heterozygous

and wild-type groups at the midsubstance (figure 5¢) and re-
aligned less over that time period than the wild-type group at
the insertion site (figure 5d).

3.4. Fibril deformation

Fibril d-period at 0% strain in the heterozygous group was
increased at the insertion site and decreased at the midsub-
stance compared with both other groups (data not shown).
Differential fibril deformation was observed at the insertion
compared to the midsubstance. At the insertion site of the
wild-type tendons, collagen fibril d-period showed a bimodal
response, with an initial hold to 1% applied strain, followed
by another increase at 5% applied strain with a decrease in
d-period between them at 3% applied strain (figure 6a). At
the midsubstance of the tissue, the fibril d-period increased
monotonically, peaking at 3% applied strain and decreasing
following to 7% strain (figure 6a(ii)). In the heterozygous
group, the insertion site showed a similar trend to the wild-
type group, but with a larger decrease at 3% applied strain
(figure 6b). At the midsubstance, the heterozygous group
showed an initial increase in d-period at 1 and 3% applied
strain, but this was followed by no change in d-period
length rather than the typical decrease attributed to fibril fail-
ure (figure 6b(ii)). In addition, initial fibril d-period in the
heterozygous group was increased at the insertion site and
decreased at the midsubstance when compared with the
other groups. At the insertion site of the null group, there
was an initial decrease in fibril d-period at 1% applied
strain followed by an increase at 3% applied strain and a
decrease thereafter (figure 6c(i)). At the midsubstance, the
null tendon d-period initially decreased at 1% and increased
thereafter with no apparent decrease in fibril d-period near
the end of the test (figure 6¢(ii)).

3.5. Fibril sliding

Fibril sliding is indirectly measured in this study by changes
in the variance of fibril d-periods, which would suggest
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(Online version in colour.)

heterogeneity in fibril stretch and therefore fibril sliding. At
the insertion site of the wild-type group, fibril sliding
occurred in the insertion site between 1 and 3% applied
strain (figure 6a(iii)). Contrary to our previous study [6], we
did not find any significant fibril sliding occurring in the mid-
substance of the wild-type group. In the heterozygous group,
fibril sliding occurred between 0 and 1% applied strain at the
insertion site, between 1 and 3% applied strain at the midsub-
stance, between 3 and 5% applied strain in both regions and
between 5 and 7% applied strain at the insertion site
(figure 6b(iii)). The null group did not exhibit any significant
fibril sliding (figure 6c(iii)).

4. Discussion

This study measured the dynamic multiscale mechanical
response of collagen V-heterozygous and -null SST tendons
and determined the relationship between dynamic responses
at multiple hierarchical scales (table 1). At the macroscale,
almost every material parameter exhibited a dose-dependent
decrease in properties as collagen V expression decreased
from the wild-type to the heterozygous and null groups, par-
ticularly at high strains and high-frequency loading. This is
consistent with several previous studies in multiple tendons

[28,31,34]. Interestingly, there were few differences between
the groups at low levels of strain, suggesting the heterozy-
gous and null groups perform similarly to the wild-type
group initially. Taken with larger failure strains in the hetero-
zygous and null groups, these groups exhibit a longer, low
stiffness stress—strain curve, which could support increased
elasticity with low strain/low load exercise, as reported clini-
cally. However, both experimental groups were also unable
to withstand the same repetitive cyclic loading as the wild-
type group, suggesting earlier damage accumulation due to
inferior dynamic responses. While the null tendons were
more viscoelastic initially and with low levels of strain
(increased tangent delta, relaxation), the null tendons were
unable to recover lost fluid during high and repetitive fatigue
loading, resulting in early failure. The heterozygous group,
which exhibited only small changes in many other macro-
scale properties, was significantly affected by the cyclic
loading protocol, suggesting that the dynamic responses gov-
erning recovery from repetitive cyclic strain were diminished
in this group [20,43,52-54].

As hypothesized, a larger diminished response at the
microscale than the macroscale was revealed in both the hetero-
zygous and null groups in the measures of collagen fibre
re-organization. At the microscale, collagen fibre re-alignment
occurred earlier or with a smaller application of strain in both
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the heterozygous and null groups. While an earlier response to
load could be seen as a positive trait, this also could suggest
that the protection of fibrils from strain via other dynamic
mechanisms is occurring earlier and subsequent damage
can then accumulate in the tissue at a lower strain level. In
fact, earlier re-alignment with decreased overall mechanical
properties has been reported before in a mouse model of
disease [55]. In addition, the null group re-aligned less than
the wild-type group. Given no significant difference in the
initial tissue organization was detected between groups, this
suggests that the null group also has reduced capacity to re-
align overall. Reduced ability to re-align could be associated
with the lack of or deterioration of inter-fibre connectivity
such as in development or ageing [5,36] or by alterations in
the extrafibrillar matrix.

Furthermore, the heterozygous and null groups also exhib-
ited an altered fibril response to load as well. Early structural
re-organization resulting in fibril strain reduction at the inser-
tion site appeared to be larger in the heterozygous group and
earlier in the null group, confirming our results at the micro-
scale. Furthermore, the fibrils also exhibited increased strain
at an earlier applied strain level, implying an earlier response
at the nanoscale. Unlike the wild-type group which exhibited
a coordinated response of fibril stretch and sliding consistent
with previous studies [6,7,56], the heterozygous and null
groups had more unclear stretch/sliding relationships. This
study revealed a significant amount of fibril sliding in the het-
erozygous group and no sliding in the null group. Both results
(increased and decreased fibril sliding) imply that not only are
the fibrils themselves altered by the reduction of collagen V
expression during development, but that the interfibrillar
matrix is most likely also altered [57,58].

With all of the multiscale results taken together, these
results suggest different mechanisms by which the experi-
mental groups attempt to withstand the same loading as the
wild-type group. The wild-type group is able to reduce stress
at the lower hierarchical scales (fibres, fibrils) through a series
of coordinated dynamic responses, specifically collagen re-
alignment and sliding. The heterozygous group compensates
for the lack of fibril strength via earlier re-alignment and a
large amount of fibril sliding. The sliding reduces strain on
the collagen fibrils initially, and thus prevents early fibril
failure, but with a large amount of repeated fibril sliding, the
fibrils eventually pull away from each other and fail in shear,
as is evidenced by reduced cycles to failure during fatigue load-
ing. This allows the heterozygous group to respond elastically
but only at low strain levels, which is consistent with clinical
observations [28,32,59-61]. By contrast, the null group also
responds early to load, but is incapable of producing significant
fibril sliding, and therefore the tendons fail earlier and with
lower maximum loads. These results provide insight into how
structural alterations ultimately lead to functional deficiencies,
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