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ABSTRACT

The tendon interfascicular matrix (IFM) binds tendon fascicles together. As a result of its low stiffness
behaviour under small loads, it enables non-uniform loading and increased overall extensibility of ten-
don by facilitating fascicle sliding. This function is particularly important in energy storing tendons, with
previous studies demonstrating enhanced extensibility, recovery and fatigue resistance in the IFM of en-
ergy storing compared to positional tendons. However, the compositional specialisations within the IFM
that confer this behaviour remain to be elucidated. It is well established that the IFM is rich in elastin,
therefore we sought to test the hypothesis that elastin depletion (following elastase treatment) will sig-
nificantly impact IFM, but not fascicle, mechanical properties, reducing IFM resilience in all samples, but
to a greater extent in younger tendons, which have a higher elastin content. Using a combination of
quasi-static and fatigue testing, and optical imaging, we confirmed our hypothesis, demonstrating that
elastin depletion resulted in significant decreases in IFM viscoelasticity, fatigue resistance and recover-
ability compared to untreated samples, with no significant changes to fascicle mechanics. Ageing had
little effect on fascicle or IFM response to elastase treatment.

This study offers a first insight into the functional importance of elastin in regional specific tendon me-
chanics. It highlights the important contribution of elastin to IFM mechanical properties, demonstrating
that maintenance of a functional elastin network within the IFM is essential to maintain IFM and thus
tendon integrity.

Statement of significance

Developing effective treatments or preventative measures for musculoskeletal tissue injuries necessitates
the understanding of healthy tissue function and mechanics. By establishing the contribution of specific
proteins to tissue mechanical behaviour, key targets for therapeutics can be identified. Tendon injury is
increasingly prevalent and chronically debilitating, with no effective treatments available.

Here, we investigate how elastin modulates tendon mechanical behaviour, using enzymatic digestion
combined with local mechanical characterisation, and demonstrate for the first time that removing elastin
from tendon affects the mechanical properties of the interfascicular matrix specifically, resulting in de-
creased recoverability and fatigue resistance. These findings provide a new level of insight into tendon
hierarchical mechanics, important for directing development of novel therapeutics for tendon injury.

© 2021 Acta Materialia Inc. Published by Elsevier Ltd.
This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/)

1. Introduction

by a softer matrix material. At the highest structural level, the
collagen-rich fascicles are bound together by a proteoglycan-

Tendons possess a highly organised fibre composite structure, and elastin-rich interfascicular matrix (IFM, also referred to as
in which the primarily collagenous subunits are surrounded endotenon) [1,2].
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Whilst all tendons transfer force from muscle to bone, the
stresses and strains to which different tendons are subjected vary
considerably, and many highly loaded tendons additionally act as
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energy stores, with increased extensibility and recoverability to im-
prove locomotion efficiency [3,4]. Previous studies have demon-
strated that the specialised mechanical properties of energy stor-
ing tendons such as the equine superficial digital flexor tendon
(SDFT), primarily result from compositional and mechanical spe-
cialisation in the IFM [5-7]. The IFM enables non-uniform loading
and increased overall extensibility of tendon as a result of low stiff-
ness behaviour under small loads, which enables fascicle sliding.
The capacity for fascicle sliding has been shown to be significantly
greater in energy storing tendons, likely enabled by enrichment of
the energy storing tendon IFM with elastin and lubricin [8,9].

With further studies demonstrating that IFM extensibility and
fatigue resistance both reduce with ageing [10,11], it has been hy-
pothesised that the increased injury risk seen in aged energy stor-
ing tendons originates from ageing changes in the IFM, and that
poor IFM specialisation may be a primary cause of tendon overload
damage. Unravelling the mechanisms that facilitate energy storage
and their impact on injury risk has exciting implications for treat-
ing tendon injuries, not only providing the functional understand-
ing from which to develop treatments, but also for targeting pre-
ventive approaches, such as mitigating the age-related loss of ten-
don resilience.

Recent studies have shown that, while the IFM is composed of
a variety of collagens, predominantly types I and III, it is also rich
in proteoglycans, particularly lubricin, and is a highly cellular re-
gion of the tendon [7,8]. Studies on a range of murine, equine,
human and bovine tissues have indicated that elastin makes up
only 2-5% of the dry weight of tendon [9,12-14]. However, stud-
ies in large animal or human tendons have consistently shown
that it is predominantly localised to the IFM (~90%), with light
microscopy imaging suggesting elastic fibres may bridge adjacent
fascicles [8,9]. Elastin is characterised by highly compliant and
resilient behaviour, and has previously been shown to be more
abundant in equine energy storing tendons (approximately 3% dry
weight), compared to positional tendons (1.5%) [1,8,9,15], suggest-
ing that it may be of particular importance in tendon energy stor-
age. Further, elastin content decreases with ageing in the energy
storing SDFT, which may contribute to the increased injury risk ob-
served with ageing specifically in energy storing tendons [9,16,17].

Previous studies focussed on elucidating the contribution of
elastin to tendon mechanics have identified alterations in failure
stress and strain [18], stiffness [19] and shear response [20] as a
result of elastin depletion, utilising either heterozygous knockout
models or enzymatic digestion of elastin. However, to the authors’
knowledge, no studies have investigated the effect of elastin deple-
tion in energy storing tendons, or directly determined the effect of
elastin depletion on IFM mechanics.

The current study thus focuses on a detailed exploration of the
role of elastin in tendon function, carrying out a region-specific
analysis of how elastin depletion impacts IFM and fascicle function
in energy storing tendons, and how this is affected by ageing.

We utilise the horse superficial digital flexor tendon (SDFT) as
a relevant and accepted energy storing tendon model, showing
similar disease pathology and epidemiology to that seen in human
energy storing tendons [17]. We combine enzymatic digestion
with a series of specialised mechanical measurements to test
the hypothesis that elastin depletion will significantly impact the
mechanical properties of the IFM, but not those of the fascicle,
reducing IFM resilience in all samples, but to a greater extent in
younger tendons.

2. Methods

2.1. Sample collection and preparation

SDFTs from 5 young (3 to 7 years - young group) and 5 old (15
to 19 years - old group) horses were dissected from both forelimbs
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of horses euthanised at a commercial abattoir within 24 h post-
mortem. Tendons were divided into four equal sized longitudinal
quarters, all obtained at laterally adjacent sections of the mid-
metacarpal region. Sections were wrapped in paper tissue damp-
ened with phosphate-buffered saline (PBS) and aluminium foil, and
stored at —20 °C until required, enabling the multiple quasi-static,
fatigue and recovery experiments to be conducted on separate sec-
tions, allocated at random, avoiding multiple freeze-thaw cycles.

2.2. Optimisation and validation of elastase digestion protocol

20 samples, each composed of 2 fascicles bound together by
IFM (approximately 40 mm long) were dissected from a single
young SDFT section (n 1; 7 years old) to optimise and val-
idate the elastase digestion protocol. Samples were divided into
4 groups: fresh, control, 0.2 U/ml elastase and 2 U/ml elastase,
with the chosen enzyme concentrations based on previous liter-
ature [21] in conjunction with a preliminary study. Samples in
the “fresh” group were stored at 4 °C and analysed within 16 h
of dissection, whilst samples in the two elastase groups and the
control group were incubated in a buffer solution with and with-
out the inclusion of elastase for 16 h at room temperature, with
gentle agitation. The buffer solution comprised 5 ml of 1x PBS
plus 0.1 mg/ml soybean trypsin inhibitor (SBTI) solution. Elastase
(trypsin-free porcine pancreatic elastase, EPC134, Elastin Products
Co., Owensville, MO) was added at concentrations of 0.2 U/ml or
2 U/ml, to the desired groups.

After incubation, samples were washed in PBS and divided into
2 groups for biochemical and immunohistochemical analyses. Sam-
ples for biochemical analysis were stored at —20 °C until required,
while samples for immunohistochemical analysis were prepared
immediately.

2.3. Elastin immunolocalisation

One sample from each test group was immunolabelled for
elastin and cell nuclei. Samples were fixed in 4% paraformalde-
hyde (PFA) for 30 min, washed in PBS, then incubated in 10% Goat
Serum for 1H, followed by the elastin antibody, which has previ-
ously been validated in equine tissue [9] (Ab9519; 1:100 dilution in
5% goat serum) overnight. Samples were then washed in PBS, incu-
bated in the secondary antibody (555 Goat anti Mouse IgG H + L,
1:500 in 5% goat serum) for 1H, washed again in PBS, and finally
incubated for a further 5 min in DAPI (1:1000 in 5% goat serum).

Samples were placed on poly-lysine slides, mounted with pro-
long Diamond antifade and imaged with a laser scanning confocal
microscope (Zeiss ELYRA; Carl Zeiss AG, Oberkochen, Germany) us-
ing a 63x oil objective. Confocal z series were taken with an image
size of 225 x 225 um, pixel size of 0.11 x 0.11 um and a z-step
size of 0.25 pum.

2.4. Biochemical analysis

The amounts of elastin, sulphated glycosaminoglycan (GAG) and
collagen type I, were quantified in fresh, control, 0.2 U/ml and
2 U/ml elastase treatment groups, combining the remaining 4 sam-
ples in each treatment group to ensure ~25 mg dry weight of tis-
sue, on which to perform all three biochemical assays.

Samples were powdered using a Micro dismembrator, freeze
dried and then weighed. Approximately 6 mg of powered sample
was used to determine elastin content with the Fastin Elastin as-
say (Biocolor, UK). To briefly describe the procedure (fully detailed
in [9]), elastin was extracted from the tendon samples using oxalic
acid, and alpha-elastin was used to create a standard curve.

The remaining tissue (10-20 mg dry weight) was solubilised in
papain (P3125, Sigma, UK) for 18 h at 60 °C, prior to measurement
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Fig. 1. Schematic showing IFM recovery testing protocol. To test the ability of the IFM to recover, the opposite ends of each fascicle were removed, so that only 10 mm
of intact I[FM was left connecting the fascicles. Four lines were drawn across the two fascicles in the central test region to track local displacements; samples shown
schematically and pictorially, where samples are pictured on a blue cutting board (a). A time-displacement graph pictorially represents the test protocol and times at
which images were analysed. Four specific test points were identified; A: initial point, B: maximum displacement, C: immediately after removal of load and D: after a
10 second recovery period (b). Still frames of the sample were extracted from the video at each selected time point (c). Tracking algorithms were adopted to investigate the

displacement of the lines, and thus fascicles, during each test (d).

of sulphated GAG and collagen content using standard DMMB and
hydroxyproline assays respectively [22,23].

Results revealed that treatment with 2 U/ml elastase caused a
70% reduction in elastin content, and therefore this concentration
was selected for all subsequent experiments.

2.5. The effect of elastin depletion on fascicle and IFM mechanical
properties

Approximately 45 fascicles and 45 IFM samples (approx. 40 mm
in length) were dissected from the mid-metacarpal region of each
SDFT quarter as described previously [24,25], and divided into 3
groups: fresh, control and 2 U/ml elastase (n = 15 samples per
group from each biological replicate). Samples in the “fresh” group
were maintained for up to 16 h in wet tissue paper at 4 °C un-
til testing, whilst samples in the elastase and control groups were
incubated in buffer solution under gentle agitation, with and with-
out the inclusion of elastase, for 16 h at room temperature prior
to the start of testing. After incubation, samples were rinsed twice
in PBS then maintained on tissue paper dampened with PBS, ready
for testing. For each sample, fascicle diameter was first measured
using a non-contact laser micrometre [24,25], assuming a circular
shape to calculate cross section area (CSA). The mechanical prop-
erties were then determined using an electrodynamic testing ma-
chine (Instron ElectroPuls 1000) with a 250 N load cell, as pre-
viously described [5]. Briefly, fascicles were secured in pneumatic
grips (grip to grip distance: 20 mm; gripping pressure 4 bar) and
pre-loaded to 0.1 N, which represents approximately 2% of fascicle
typical failure load. Fascicles were then preconditioned with 10 si-
nusoidal loading cycles (sufficient to stabilise the loading response
[5]) between 0 and 3% strain (approx. 25% of failure strain; fre-
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quency: 1 Hz), immediately followed by a pull to failure test at a
strain rate of 5% per second.

IFM samples were secured in the same manner and pre-loaded
to the smallest positive load value that could be detected (approxi-
mately 0.02 N; equivalent to approximately 1.5% failure load). Sam-
ples were pre-conditioned with 10 loading cycles between 0 and
0.5 mm of extension (approx. 25% of failure extension; sine wave;
frequency: 1 Hz), and pulled apart to failure at a speed of 1 mm/s.

All samples were kept hydrated with a mist of PBS during test-
ing. Force and displacement data for all samples were continuously
recorded at 100 Hz during both preconditioning and pull to failure,
and where appropriate, engineering stress and strain were calcu-
lated using the CSA and effective gauge length, respectively. Whilst
recent studies indicate that IFM thickness is roughly 20 pm, this
is highly variable within and between tendons [26,27], therefore
data were maintained as force and extension to ensure consistency.
Force data were smoothed, prior to any calculations, using a 9-
point moving average filter, to remove noise [24]. Displacement
at which the initial pre-load was reached was taken as the start
point for the test to failure in both fascicles and IFM samples. Max-
imum stiffness (for IFM samples) or modulus (for fascicles) was
identified by taking continuous tangent calculations across every
9 data points of the respective pull to failure curve, then identi-
fying the peak value. A piecewise linear function was applied to
the stress-strain data from the fascicle tests via a custom R script
(www.R-project.org) to calculate the transition strain and toe mod-
ulus for each fascicle, similar to the bi-linear model approach de-
scribed previously [28,29]. Hysteresis was calculated as the differ-
ence in area under the loading and unloading curves from the first
to tenth preconditioning cycles. After analysis, any fascicle or IFM
sample in which failure properties or maximum modulus/stiffness
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Fig. 2. Validation of elastase treatment. (a-d) Representative confocal images showing tendon explants immunolabelled for elastin (red) and cell nuclei (blue): fresh (a),
after incubation in control buffer (b), in 0.2 U/ml elastase solution (c) and 2 U/ml elastase solution (d). Scale bar: 20 pum. Visible elastin fibres are noted with arrows.
Quantitative investigation of tendon matrix composition compares elastin (e), GAG (f) and collagen (g) content for fresh, control and elastase treated samples. Significant
differences between treatments are identified by: *** p<0.001 (normally distributed data - ANOVA). Data are displayed as mean + standard deviation.

were more than 2.5 times above or below the standard deviation
of the mean, were excluded.

2.6. The effect of elastin depletion on IFM fatigue properties

To investigate the effects of elastase treatment on IFM fatigue
properties, the fatigue properties of fresh, control and elastase
treated IFM samples (n = 15 samples per group from each biolog-
ical replicate) were explored, using a mechanical testing machine
(Electroforce 5500, TA instruments, Delaware, USA), housed within
a cell culture incubator (37 °C, 20% 0,, 5% CO,), with a 22 N load
cell. Samples were dissected as previously described, then secured
in a custom designed chamber (grip to grip distance of 10 mm)
which was filled with PBS to prevent samples from drying out. [FM
samples were pre-loaded to 0.02 N and the load for creep tests was
determined by first carrying out a single displacement-controlled
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cycle to 1 mm extension, and selecting the peak load reached. We
have previously shown this to equate to approximately 50% of the
predicted failure extension and to give the most consistent condi-
tions for a controlled creep test [30]. The identified load was ap-
plied cyclically to the samples at a frequency of 1 Hz until sample
failure. The average load applied was 0.7 + 0.5 N, which equates
to approximately 30% of IFM failure load. Maximum and minimum
displacement data were continuously recorded at 100 Hz through-
out the tests.

From the resulting creep curves, the number of cycles to fail-
ure, the creep between cycles 1 and 10 (mm), and the secondary
creep rate (mm/cycle) were calculated. Data were compared be-
tween treatments and age groups. Samples in which no secondary
creep was evident (immediate failure) were assumed to be dam-
aged and rejected from the data set.
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2.7. The effect of elastin depletion on IFM recovery

A custom designed tensile straining rig was used to investigate
the ability of the IFM to recover from loading in fresh, control and
elastase treated samples (n = 2 samples per group from each bi-
ological replicate). IFM samples were prepared with a 10 mm test
region, by cutting opposing ends from two adherent fascicles as

described for the failure and fatigue tests, and secured in the rig at g3
ip-to-grip di h th ingle i fascicl =R & 2 & 2
a 15 mm grip-to-grip distance, such that a single intact fascicle was 2 g @ g ® 2
held at each end, with the 10 mm IFM testing region in the mid- £ 5, % £ . g -
. . %) o 5
dle (Fig. 1a). Once samples were secured, four equally spaced lines g £ % g g 2 g g *
were manually drawn across the 10 mm IFM testing region using g3 @ & S @ &8 ¢y ¥
a permanent marker pen. Grips were then secured into the rig and § E .
the sample immersed in PBS. A Canon EOS 700D camera with a TS g 5 s 518 ©
. . U 5 A 2 | i X
Sigma 105 mm F2.8 EX DG MACRO OS lens, fixed to a tripod was = i Q'g - L
. ; . £ Eas|. L
placed directly above the sample at a consistent height and loca- & £ E €3 £ ol ol -5
. . . . . 0 = O = * ® %
tion, to allow visualisation of sample movement. Controlled by lin- = § = ®3 =®e|s i
ear actuators, the grips were slowly moved apart (at 0.05 mm/s), E B "
applying small increments of displacement, whilst visually mon- =9 S _ ﬁq § S T
. T . . B 9 HeAN~,C T« 2 Soo 8
itoring the sample until it lifted slightly off the base of the rig, 2 < 8 RTINS s HAH Ao
which provided a cons.istent start point for tests [31]. gg Em (YR g A 5 X ;* 2@ |2220n«
Samples were subjected to 10 loading cycles at 0.5 Hz be- 5T
tween 0 mm and 1.5 mm (which corresponds to approximately §*°§ 8 g.©
75% of IFM predicted failure extension), followed by a ten seconds fray 5 = j 3 FEI 2 3 : < = 333 ~~
hold period at 0 mm displacement to allow for any IFM recovery "= = —HH S H Ty = HHH oy
=0 SEe) NOn —~FnFmd ISh®) N XM Mo
. ) - G ] ) G > ™
(Fig. 1b). Video footage was recorded at a rate of 10 frames per ¥ = o= S e=N =Yoo o= -
second throughout the test. At the end of the test, samples were £ § -
ulled to failure at a rate of 1 mm/s, to ensure samples had been iy — So R = |~ ©n
P P =} |z (S Z2a= [l g )
prepared correctly with both fascicles fully cut and no intact fibres E o 21= HT " ﬂ H : H ﬂ ~ |32 j : 3 fj :
traversing the test region. Samples subsequently shown to have in- = = |8 NomemeBn |28 ©nNn oy
. . . = o | SAY—~O0—-~maNo |0 |E -
tact fibres traversing the testing region were excluded from the R
data set. g3 " 2 |
2.8. IFM recovery - data analysis g8 £e é £a é AR
8 £85 £85|7 ¢
. . . . . | b0 © o O | ¥ i %
The frames relating to specific time points during the test, des- g ?
ignated A, B, C and D (Fig. 1b) were selected for further analysis, - a 3 w 8 ® «on
measuring the angular deviation of lines during the test (Fig. 1c). g g 3 s 2w : Sum - g SS S N~
; ; =] s H H i HHH
To prleﬂy.descrlbe the process, Fiji (Imagej). was used. to draw a Es P e 2 j S j; H 2o |oaa ;j j
region of interest (ROI) around the marker lines, allowing the rel- % 2 == ey —Oo-—anao M= —— oM
evant image region to be cropped (Fig. 1c). The cropped images @ o <
were first smoothed in MATLAB using a Gaussian filter and then g o . = < E = © © m
. . . = 9 — o X (< = S oo
thresholded, using the same parameters for all images (sensitiv- "oz 2 TN MRS 2 WA n
ity 0.1; markel.' me.irgin 10, chosen.from prelimi.ne.iry egperiments). g % EO § g |83z« § Yo g § S |9g%qn
Each marker line in the cropped image, was divided into a stack 52
of horizontal lines, and for each one, the midpoint was found, and : S % E s EN E
an interpolated line drawn through the midpoints (to give a line of $cg |0 | Cs¥—o® @ |k 333
. : . . . EJES|w H LY H T Y e 2 Hanom
single pixel thickness tracing the middle of the marker). The angu- S °|5|g s HHHG A S HH|I 5|5 H H
. . . B . EZ< |3 |9 NNo—-¥Ynowo oL Lo M m
lar orientation of each line constructed in this way, was calculated g2 g |>I= SAB—O =A== = inRaRalithe
relative to its orientation in the reference image (initial point - “A g g ¢ =
“), and then the average angular deviation across all four lines cal- g H % 5 E
culated and reported at each time point. From these data, percent- t £ 3 = o EZ o
. . . L w» ~—r =X =8 —
age recovery after loading (comparing point C and B) and the total s E g E¥ERT 2 é g-2
recovery (comparing point D and B) were also calculated. g R z EEE g i; £22y ZSELY
i o : == ~ o 2 = oo - S 25
In order to determine the potential error in measurements, the 2 = Egegs=9E 3|8 <9 g3 )
impact of shifting one end of the interpolated line by 1 pixel PR 5§36« ES § 2T E S&E 77
. . . . _— = = ] =
was investigated, demonstrating that this would affect the calcu- =& & 4|2 R EZ3g55 z EtEsg
. .. = A c== 0 [TI = = 0 v
lated angle by approximately 0.2°. Thus, all angular deviation val- 33 g 2 | £ AEEESEcSzR|E FESTZ
= & A b

ues lower than 0.2° were excluded from the data set.
2.9. Statistical analysis

All statistical analyses were carried out using Minitab 17. Data
were tested for normality using the Anderson - Darling test. If nor-
mally distributed, a two-way ANOVA, followed by Tukey post-hoc

analysis was used to evaluate differences between treatments and
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age groups. Treatment and horse age were used as factors for the
ANOVA, and each donor was nested with horse age to account for
the use of multiple samples from individual donors. Data that did
not follow a normal distribution were first transformed using a Box
Cox transformation, and if still not normally distributed, a nonpara-
metric Mann-Whitney test was used. Results were considered sta-
tistically significant if p<0.05. Data in bar graphs are displayed as
mean =+ standard deviation. Box plots graphs show all data points.

3. Results
3.1. Elastin depletion validation

Immunolabelling confirmed the presence of elastin, predomi-
nantly localised to the IFM region of both fresh (Fig. 2a) and con-
trol (Fig. 2b) samples. Very little elastin remained in the samples
treated with 0.2 U/ml elastase (Fig. 2c) and no elastin was seen
in the 2 U/ml elastase treated samples (Fig. 2d). Results from bio-
chemical analysis showed an elastin reduction of over 70% when
samples were incubated in a 2 U/ml elastase solution (Fig. 2e). The
low amount of elastin remaining might be in the form of elastin
fragments trapped in the tissue, which were either too small to vi-
sualise with immunohistochemistry or digested in such a manner
that the elastin antibody no longer recognised them.

Elastase treatment also resulted in a significant decrease in GAG
content, particularly in a 2 U/ml elastase solution (>80%) (Fig. 2f).
As such a reduction in GAG content may have impacted the study
findings, an additional investigation was carried out to determine
the impact of GAG removal on IFM and fascicle mechanics, using
chondroitinase ABC treatment for GAG removal. Full methods and
results of the fascicle and IFM pull to failure studies after chon-
droitinase treatment are provided in the supplementary informa-
tion. No differences in the mechanical properties of fascicles or IFM
were evident in any of the GAG depleted samples.

Collagen content was unaffected by elastase treatment (Fig. 2g).

Based on these results, 2 U/ml elastase was used in all subse-
quent experiments.

3.2. Fascicle & ifm failure properties

Fascicle and IFM failure properties are shown in Table 1. Fasci-
cle failure tests showed no significant differences in any mechani-
cal parameters between treatment groups, nor any significant dif-
ferences with ageing. By contrast, elastase treatment led to a sig-
nificant reduction in IFM failure load and maximum stiffness in
both young and old groups, and an overall increase in IFM hys-
teresis in elastase treated samples (Table 1). No significant differ-
ences between fresh and control samples were found in any of
the parameters assessed, indicating that differences resulted from
elastase treatment and not incubation. The majority of variables
were unaffected by ageing, with the exception of failure extension
and initial hysteresis, which showed small but significant decreases
with ageing in elastase treated IFM samples.

3.3. IFM fatigue properties

Representative creep curves for young and old SDFT IFM sam-
ples are shown in Fig. 3, whilst all SDFT IFM fatigue data are sum-
marised in Fig. 4a-c.

Data show a significant reduction in the number of cycles to
failure in elastase treated samples compared to both fresh and con-
trol groups, despite the large variability within treatment groups
(Figs. 3 and 4a). Results also show that elastase treatment led to a
significant increase in creep between cycles 1 and 10 (Fig. 4b) and
secondary creep rate, compared to both fresh and control groups
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(Fig. 4c). The response to elastase treatment did not differ signif-
icantly between young and old samples, however there was no-
tably greater variability in aged samples, potentially masking any
age-related changes (Fig. 4).

3.4. IFM recovery properties

The analysis of IFM recovery images is shown in Fig 5. Data
demonstrated a significant increase in the angular deviation at the
peak of applied load in the elastase group compared to both fresh
and control groups (Fig. 5a), indicating increased fascicle sliding af-
ter elastase treatment. On removal of load, the percentage recovery
(Fig. 5b) was significantly lower in the elastase group compared
to either of the other groups, and remained significantly reduced
even after a hold period (Fig. 5c).

In aged samples, overall trends were similar, but it was notable
that immediate recovery after loading was significantly better in
the aged than young elastase treatment group (Fig. 5b). There were
no significant differences between fresh and control groups in any
of the calculated variables.

4. Discussion

This is the first study to elucidate the regional-specific influ-
ence of elastin on energy storing tendon mechanics, exploring the
impact of elastin depletion on the quasi-static and viscoelastic be-
haviour of the IFM and fascicles in the context of ageing. Data
support the hypothesis that elastin depletion exclusively impacts
IFM mechanical properties, and also illustrate a consistent trend
towards a more pronounced effect in young samples. All elastase-
treated IFM samples consistently show a significantly reduced abil-
ity to withstand applied load, resist fatigue loading, and recover
after loading.

This study specifically selected the equine model, owing to its
relevance as an energy storing tendon with similar structure, dis-
ease pathology and epidemiology to that seen in human energy
storing tendons [17]. This is essential for the current study, in
which we hypothesise the importance of specific regions of ten-
don (the IFM), the structure and composition of which is similar
between species [32].

The need to adopt a large animal model requires the use of en-
zymatic digestion approaches to carry out structure-function stud-
ies, which is associated with a number of limitations [18,33]. En-
zymatic digestion studies necessitate incubation within a buffer
solution, with previous work demonstrating that the buffer solu-
tion alone can cause swelling and likely impact tendon mechan-
ics [34,35]. Appropriate buffer-only controls were utilised to help
differentiate the impact of buffer solutions and the enzymes, and
these demonstrated that mechanical changes were specific to the
digest group. However, it is also well acknowledged that enzyme
efficacy and specificity must be considered for targeted digestion
assays. Use of proteinase-free enzyme preparations and inclusion
of a trypsin inhibitor to prevent collagen degradation [21] provided
the ability to remove 70% of elastin from tendon without affect-
ing tendon collagen content. However, elastase treatment did cause
significant GAG depletion (>80%).

Some previous studies have reported a similar reduction of
GAG content in other tissues exposed to elastase, likely occurring
because GAG is less tightly bound within the extracellular ma-
trix than other matrix components, and thus easily released by
any disruption [18,36,37]. Proteoglycans interact with collagens and
elastin microfibrils via their GAG sidechains, where they are be-
lieved to contribute to microfibril integration into the extracellu-
lar matrix [38]. Therefore, we performed additional experiments to
determine if GAG removal alone affected IFM and fascicle mechan-
ical properties. The results demonstrated no discernible effects of
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90% GAG removal on IFM or fascicle mechanical behaviour (Sup-
plementary Information). These findings support previous studies
showing that tendon mechanical properties are not significantly af-
fected by GAG digestion [39,40] and provide confidence that any
changes in tissue mechanics originate from loss of elastin and not
GAGs.

Data demonstrate no changes to fascicle quasi-static or vis-
coelastic properties post-elastase treatment. With the majority of
elastin in tendon localising to the IFM, and fascicles comprising
more than 90% collagen, these findings are perhaps not surpris-
ing [9]. By contrast, after elastase treatment, IFM failure load and
stiffness were both significantly reduced compared to both fresh
and control groups, and data demonstrated a significant increase
in hysteresis in elastin depleted IFM samples, and such a signifi-
cant increase in the levels of primary and secondary creep, and re-
duction in fatigue resistance, that most samples failed immediately.
Unexpectedly, ageing had little effect on IFM response to elastase
treatment, with only small decreases in failure extension and ini-
tial hysteresis evident when compared to young elastase treated
samples. Indeed, we did not identify any decrease in fatigue resis-
tance with ageing in the control samples. This is in contrast to pre-
vious studies which identified a significant decrease in IFM fatigue
resistance with ageing [11]. The reasons for this remain unclear,
but may be a result of variability in the age-associated changes
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in elastin. In our previous work, we have observed a reduction in
elastin content, in the equine SDFT with ageing, with the remain-
ing elastin becoming disorganised [9]. The causes of this remain
unclear, but may be due to fatigue loading or enzyme-mediated
degradation, as has been observed in arterial elastin [41,42].

Interestingly, no changes were observed in the failure extension
of SDFT IFM samples after elastase treatment. With increased hys-
teresis evident in these samples, this finding was surprising, but
we speculate that it arises from the protocol adopted after the pre-
conditioning. Sample extension was normalised after the 10 pre-
conditioning cycles and prior to the pull to failure as per previ-
ous studies [5], meaning any irrecoverable extension that occurred
during the preconditioning cycles was not included in the reported
values. With our results also demonstrating poor recoverability of
the IFM in elastase treated samples, and previous studies show-
ing increased lengthening of elastase treated ligaments under pre-
stress [21] it seems likely that the elastase treated IFM extended
notably during those initial cycles, as the IFM was less able to sus-
tain applied load.

Taken together, our data indicate that elastase treatment specif-
ically impacts the IFM region of tendon without affecting fasci-
cle mechanical behaviour, and elastin depletion leads to the IFM
becoming less able to withstand load, with reduced fatigue resis-
tance. Few previous studies have investigated the effect of elastase
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data not normally distributed - Mann-Whitney test).

treatment on fascicles specifically, although it has been shown that
elastin depletion of rat tail tendon (RTT) fascicles resulted in a re-
duction in failure stress and strain [18]. It is unclear why these
findings are in contrast to those we report here, although signifi-
cantly longer digestion times and higher incubation temperatures
were used by Grant et al. [18]. Perhaps, the inherent function of
the RTT versus the SDFT could also be a reason. The energy stor-
ing capacity of the SDFT when compared to the RTT could result
in differences in elastin distribution between these two tissues.
Additionally, different animals have different activity requirements,
which might also be a reason for the distinct results. No previous
studies have assessed the influence of elastin removal on IFM me-
chanics specifically. A number of studies have considered the im-
pact of elastin depletion on whole tendon or ligament mechanics,
demonstrating a reduction in tissue stiffness and/or failure stress
post-elastase digestion [21,43]. However, the effects of elastase on
whole tendon viscoelastic properties remain unclear, with some
studies reporting increased hysteresis [43], whilst others show no
alterations [12,21]. These differences are likely a combination of in-
herent differences between tendon and ligament response to elas-
tase treatment, as well as differences in elastase treatment and
mechanical testing protocols used. To the authors’ knowledge, no
previous studies have directly investigated the effect of elastin de-
pletion on tissue fatigue properties.

IFM testing in the current study was carried out in shear,
pulling the opposing ends of adjacent fascicles, and demonstrat-
ing that the IFM possessed reduced ability to resist shear stresses
after elastase treatment. Interestingly, whilst no comparable IFM
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mechanical tests exist, there are a number of studies investigating
the effect of elastase treatment on either the transverse or shear
mechanical properties of tendon, which would likely augment the
influence of the IFM on resulting data. These studies report de-
creased shear and transverse stresses in both tendon and ligament
after elastin depletion [20,44]. Taken together, these results sup-
port the hypothesis that elastin provides a mechanical link be-
tween fascicles, providing the capacity to resist shearing.

Direct optical measurement of local strains in the IFM during
loading and recovery provided greater insight into the mechanical
behaviour reported. Data revealed a significant increase in the an-
gular deviation during loading in the elastase group compared to
both fresh and control groups, suggesting that elastase treated IFM
samples stretched and sheared more than fresh and control sam-
ples, when subjected to similar displacements. The additional IFM
extensibility in elastase treated samples appears contradictory to
the earlier reported lack of change in IFM failure extension. How-
ever, IFM failure extension data only reported extension in the final
pull to failure test, and not that occurring during preconditioning
cycles. Angular deviation measurements will determine the sum
of all extension from the beginning of the first loading cycle, and
imaging demonstrated that the IFM responded immediately to ap-
plied load with irrecoverable extension and shear.

Optical imaging also enabled a closer investigation of recovery
behaviour, showing a significant decrease in the percentage recov-
ery of IFM sliding after load was removed in the elastase group
compared to all other treatment groups. Indeed, while recovery in
fresh and control samples was close to 70%, this was reduced to
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30% in elastase treated samples from young donors. Providing a
hold period in the unloaded state for further recovery resulted in
little further change in fresh and control samples, probably because
most of the recovery had already been observed immediately af-
ter load was removed. By contrast, it was interesting to note that
elastase treated samples from young donors showed continuing re-
covery during the holding period. However, the total recovery of
these samples was still significantly lower than that seen in con-
trol groups.

Unexpectedly, immediate recovery from loading in elastase
treated samples was significantly better in old than young IFM
samples. It has previously been established that tendon elastin
content decreases with ageing [9], from which it can be inferred
that elastase will have less impact on aged samples. However,
these findings do suggest that age-associated changes in IFM struc-
ture may lead to collagens, proteoglycans and/or other components
of elastic fibres, such as fibrillin and fibulin, contributing to IFM re-
coil in older tendons.

Whilst we note that samples were frozen, in fresh tissue it is
possible that a viable cell population may impact mechanical be-
haviour. Taken together, data imply that elastase treatment results
in increased IFM sliding and reduced ability of the IFM to with-
stand loading or recoil after the load is removed, all contributing
to the observed reduction in fatigue resistance.
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5. Conclusions

These findings are of crucial importance to structure-function
studies, allowing a new level of insight into the hierarchical me-
chanics of tendon and highlighting the important contribution of
elastin to tendon mechanical properties. Data demonstrate that
maintenance of a functional elastin network within the IFM is crit-
ical to maintain IFM and, consequently, tendon integrity.
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