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Functionally Distinct Tendons
From Elastin Haploinsufficient
Mice Exhibit Mild Stiffening and
Tendon-Specific Structural
Alteration
Elastic fibers are present in low quantities in tendon, where they are located both within
fascicles near tenocytes and more broadly in the interfascicular matrix (IFM). While
elastic fibers have long been known to be significant in the mechanics of elastin-rich tis-
sue (i.e., vasculature, skin, lungs), recent studies have suggested a mechanical role for
elastic fibers in tendons that is dependent on specific tendon function. However, the exact
contribution of elastin to properties of different types of tendons (e.g., positional, energy-
storing) remains unknown. Therefore, this study purposed to evaluate the role of elastin
in the mechanical properties and collagen alignment of functionally distinct supraspina-
tus tendons (SSTs) and Achilles tendons (ATs) from elastin haploinsufficient (HET) and
wild type (WT) mice. Despite the significant decrease in elastin in HET tendons, a slight
increase in linear stiffness of both tendons was the only significant mechanical effect of
elastin haploinsufficiency. Additionally, there were significant changes in collagen nano-
structure and subtle alteration to collagen alignment in the AT but not the SST. Hence,
elastin may play only a minor role in tendon mechanical properties. Alternatively, larger
changes to tendon mechanics may have been mitigated by developmental compensation
of HET tendons and/or the role of elastic fibers may be less prominent in smaller mouse
tendons compared to the larger bovine and human tendons evaluated in previous studies.
Further research will be necessary to fully elucidate the influence of various elastic fiber
components on structure–function relationships in functionally distinct tendons.
[DOI: 10.1115/1.4037932]

Introduction

Tendon exhibits a highly hierarchical structure, being composed
of collagen bundles of increasing size from fibrils to fibers to

fascicles to whole tendon [1,2]. These bundles are generally aligned
with the long axis of the tendon, yet can form local substructures
such as helices and braids [1,3]. The complex hierarchical structure
of tendons allows for transmission of forces across multiple length
scales, which is evidenced by fiber sliding and reorientation upon
application of a mechanical load [4,5]. This characteristic reorgan-
ization, along with fiber uncrimping, is thought to dominate the low
strain response of tendon before the fibers fully engage [6–8].
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Many studies have focused on the role of collagen in tendon
mechanics due to its primacy in tendon structure and composition,
yet recent studies have also begun to investigate how noncollage-
nous components affect tendon function [9]. One potential con-
tributor to tendon mechanics is elastic fibers, which are composed
of a core of elastin surrounded by a scaffold of fibrillin-based
microfibrils [10,11]. Elastic fibers are formed primarily during
development and remain intact throughout the majority of the life-
time of the organism [12]; yet still, elastic fiber degradation is
common in advanced age and may contribute to decreased fatigue
resistance in tendon [13,14]. Furthermore, a number of human
genetic diseases including cutis laxa, Marfan syndrome, and
Weill–Marchesani syndrome are associated with abnormal elastic
fiber formation and atypical joint laxity [10,15,16]. In addition, a
relationship between chronic tendinopathy and loss of elastic
fibers has been reported in tendon [17,18]. Finally, elastin and
fibrillin-1 are upregulated in torn tendons, suggesting that elastic
fibers may be involved in the healing process [19].

Elastic fibers can endow unique mechanical properties to tis-
sues. Isolated elastin is highly extensible, elastic, and resilient,
and therefore, is capable of withstanding up to 100% strain with-
out permanent deformation or large energy loss upon unloading
[20,21]. Consequently, elastic fibers are abundant in tissue where
elasticity and resiliency are required, such as arterial vasculature,
skin, and the lungs. However, elastic fibers account for only 1–2%
of the dry weight of tendon [1], where they have been shown to be
located along rows of tenocytes within fascicles and more broadly
between fascicles in the interfascicular matrix (IFM) [22,23].
Despite this small proportion of elastic fibers, recent studies have
suggested that the fibers significantly influence the mechanics of
tendons and ligaments in tension and shear [24–27], conceivably
by maintaining collagen crimp and facilitating sliding between
fascicles.

The aforementioned studies investigating elastic fibers in con-
nective tissue have used elastase to selectively digest elastin.
However, elastase treatment may have off-target effects that could
confound the results of those experiments. Alternatively, while
elastin knockout mice (Eln�/�) die perinatally from obstructive
arterial disease [28], elastin haploinsufficient mice (Elnþ/�, HET)
exhibit �50% of normal elastin expression, possess altered arte-
rial morphology and mechanical properties, yet still maintain nor-
mal gross appearance and activity [29–31]. This study utilized
elastin haploinsufficient mice as a unique tool to quantify the
effects of decreased elastin on the mechanics of the supraspinatus
tendon (SST) and Achilles tendon (AT).

Coordinated evaluation of these functionally distinct tendons is
critical, because it has been shown that there are differences in
elastic fiber content and corresponding mechanical properties
between the positional common digital extensor tendon and the
energy-storing superficial digital flexor tendon in horses, suggest-
ing that the role of elastic fibers in tendon mechanics is likely
more prominent in energy-storing tendons [14,32,33]. In mice, the
SST experiences multiaxial loading in vivo and is one of the four
tendons in the rotator cuff which maintain positioning of the
shoulder joint, while the AT experiences larger strains in vivo and
stores and releases energy to reduce the energy cost of locomo-
tion, similar to the equine superficial digital flexor tendon [34].
Therefore, we hypothesized that the elastin deficient tendons
would have impaired low strain response in tension, and that the
effect of elastin deficiency would be greater in the energy-storing
AT than in the positional SST.

Methods

Sample Preparation. Male Elnþ/þ (wild type, WT) and Elnþ/�

(HET) mice between 3 and 4 months of age were euthanized by
CO2 asphyxiation and frozen at �20� C until use. On the day of
dissection, mice were thawed at 4 �C for approximately 6 h. Left
and right humeral head-SST and calcaneus-AT complexes were

removed from each mouse using a stereo microscope (Olympus,
SZ2-ILST, Tokyo, Japan) to aid in visualization to ensure proper
removal of muscle and other surrounding tissues. After dissection,
the samples were stored at 4 �C in phosphate-buffered saline
soaked gauze for no longer than 15 h before use. All animal proce-
dures were approved by the Institutional Animal Care and Use
Committee.

Biochemical Analysis. Elastin, collagen, and total protein lev-
els were determined using amino acid based biochemical assays
(n¼ 6 per group). Tendons were hydrolyzed with 6 N HCl at
110 �C for 48 h. A competitive enzyme-linked immunosorbent
assay (ELISA) was performed to determine elastin content using
an antibody raised against desmosine [35]. Briefly, an ELISA
plate coated with a desmosine-ovalbumin conjugate (Elastin Prod-
ucts Company, DOC375, Owensville, MO) was blocked before
adding the sample and desmosine antibody (provided by Barry
Starcher, University of Texas Health Science Center). Peroxidase-
labeled antirabbit IgG (KPL, 074-1506, Milford, MA) was used as
the secondary antibody. Absorbance at 650 nm was measured
20 min after the addition of a peroxidase substrate (KPL, 5120-
0081, Milford, MA). The elastin content was determined by
comparing the absorbance to a standard curve generated using
hydrolyzed elastin (Elastin Products Company, E60, Owensville,
MO). Hydroxyproline levels were determined with a Chloramine
T assay, using a hydroxyproline standard (Sigma-Aldrich,
H54409, St. Louis, MO) and measuring absorbance at 550 nm
[36]. Collagen levels were calculated assuming that the collagen
is composed of 13.5% hydroxyproline by mass [37]. Both elastin
and collagen content were normalized by total protein, which was
determined with a ninhydrin assay using an amino acid calibrator
(Pickering Labs, 012506C, Mountain View, CA) and absorbance
measured at 575 nm [38].

Two-Photon Microscopy. Elastin distribution in tendons was
visualized using fluorescent imaging with sulforhodamine B
(SRB), which has been shown to fluorescently stain elastic fibers
with higher intensity than collagen fibers [25,39]. Intact SSTs and
ATs (n¼ 6 for each genotype) were incubated in 0.5 mg/ml SRB
solution for 1 min and in 1 lg/ml DAPI solution for 5 min to stain
nuclei. The Mai Tai broadband infrared multiphoton laser of a
multiphoton confocal microscope system (Zeiss, LSM 880, Ober-
kochen, Germany) was set to 800 nm excitation, and signals from
elastic fibers and nuclei were collected at 565–600 nm and
450–490 nm, respectively. Digital images were obtained in the
midsubstance of the tendons for qualitative analysis.

Transmission Electron Microscopy. In addition to the SRB
stained images, transmission electron microscopy (TEM) micro-
graphs were obtained to examine the elastic fibers and collagen
structure on the nanoscale. Samples of intact tendon (n¼ 3–4 per
group) were aldehyde fixed and embedded in araldite resin. Ultra-
thin transverse sections were cut from the midsubstance of the
tendon and stained with 1% uranyl acetate and Reynold’s lead
citrate. Multiple images were acquired throughout the sections
using a TEM (JEOL, JEM-1400, Tokyo, Japan) at 25,000� mag-
nification. Subsequently, the images were analyzed using IMAGEJ

software to quantify individual collagen fibril diameters (minor
diameter of best fit ellipse) and collagen area fraction [40]. The
number of images analyzed was such that a minimum of 1000
total fibrils were analyzed for each sample.

Biomechanical Testing. The humeral head-SST (WT n¼ 13;
HET n¼ 10) and calcaneus-AT (WT n¼ 8; HET n¼ 11)
complexes were scanned using a laser scanning device (Keyence,
LJ-V7080, Osaka, Japan) and a custom MATLAB code was used to
calculate the average cross-sectional area (CSA) of the tendon
midsubstance. The samples were then clamped in a custom
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aluminum fixture with the free end of the tendon secured between
two pieces of sandpaper. Two lines were applied perpendicular to
the long axis of the tendon using Verhoeff’s stain to optically
track strain and define a region of interest (ROI) for collagen
alignment analysis (described below). The fixture was secured to
actuators of a linear mechanical testing machine (TestResources,
574LE2, Shakopee, MN) with the tendon submerged in a
phosphate-buffered saline bath to maintain hydration. After apply-
ing a 0.1 N preload to remove any slack present in the tendon, the
distance between the clamps was measured and recorded as the
initial gauge length. The sample was subjected to preconditioning,
stress relaxation, and ramp to failure. Specific details of the test
protocol were: ten cycles between 0% and 3% strain at 0.5 Hz,
hold at 0% strain for 60 s, ramp to 5% strain at 15%/s and hold
for 300 s, return to 0% strain and hold for 60 s, and lastly ramp at
1%/s until failure.

Actuator position and linear force were measured at a rate of
approximately 10 Hz throughout the duration of the test, and stress
was designated as the force divided by initial CSA. Peak stress,
equilibrium stress, and percent relaxation were calculated from
stress relaxation data. The time required to reach 50% of the total
relaxation was determined and recorded as the relaxation time.
Bilinear curve fitting using the least squares method was used to
determine toe and linear region properties from the force-
displacement and stress–strain curves of the ramp to failure, and
the transition point was recorded at the intersection of the two
best fit lines. Only the linear modulus was determined from sam-
ples which did not have a clear toe region of the stress–strain
curve. Failure data were not reported because the mode of failure
was not consistent across all samples.

Quantitative Polarized Light Imaging and Strain Tracking.
A quantitative polarized light imaging (QPLI) system was used to
capture video of the mechanical test. The system consisted of a
light-emitting diode fiber optic light, a linear polarizing film and
quarter wave retarder film, a 65 mm macrolens, and a division-of-
focal-plane polarization camera [41]. Taking advantage of the nat-
ural birefringence of collagen, the QPLI system allowed the deter-
mination of the degree of linear polarization (DoLP) and the angle
of polarization (AoP) of the light transmitted through the tendon
in real time, which represent the overall strength and direction of
collagen alignment, respectively [42,43].

Recorded video was analyzed using a custom MATLAB code.
Briefly, for each frame being analyzed, a ROI within the tendon
between the two Verhoeff’s stain lines was located by binarizing
the raw intensity image using intensity thresholds. The average
(AVG) DoLP and the standard deviation (STD) of the AoP within
the ROI were calculated as described previously (Fig. 1) [42,44,45].
Larger AVG DoLP values indicate more strongly aligned collagen
fibers, while larger STD AoP values indicate less uniformly oriented
fibers. Furthermore, the corners of the ROI were tracked throughout
the ramp to failure and were used to determine the two-dimensional
Lagrangian strain based on the least-squares solution of the defor-
mation tensor and displacement vector [4].

Data Analysis. Two-way analysis of variance (ANOVA) tests
were performed to determine the effects of genotype, tendon type,
and their interaction on tendon composition, CSA, and mechanical
properties. From the TEM images, the diameters of the first 1000
measured collagen fibrils from each sample were pooled together
by group. Visual assessment of histograms of these data showed
that collagen fibril diameter distributions were non-normal, so the
Mann–Whitney test was used to determine differences in mean
rank between genotypes. Comparisons of area fractions between
genotypes were performed using unpaired two tailed t-tests.

Because the QPLI data are dependent on tissue thickness
(which varied by tendon type), comparisons were not made
between tendons; analyses of AVG DoLP and STD AoP were car-
ried out separately for SSTs and ATs. Repeated-measures two-
way ANOVAs were performed on QPLI data to determine the
effect of genotype, time, and their interaction during stress relaxa-
tion, and to determine the effect of genotype, applied strain, and
their interaction during ramp to failure. Where the sphericity
assumption was not met (as determined by Mauchly’s test), the
Greenhouse–Geisser correction was applied to adjust the resultant
p-values. As standard post hoc tests do not account for deviations
from sphericity, multiple comparisons were not made on these
data [46].

Statistical analyses were performed using SAS Studio 3.6, and
plots were created using GraphPad Prism 7.03. In all cases, p-
values less than 0.05 were considered significant and p-values
between 0.05 and 0.10 were considered trending toward signifi-
cance. Data are presented as mean 6 standard deviation. Percent
differences between genotypes or tendon types are reported as the

Fig. 1 Images of a representative SST and AT prior to ramp to
failure taken using the QPLI system. The bone is fixed on the
left, and the free end of the tendon is clamped on the right.
Stain lines, outlined with dotted lines, mark the boundaries of
the ROI for analysis of DoLP and AoP. Data are analyzed as
groups of pixels, where the AVG DoLP and STD AoP represent
the strength of alignment and uniformity of orientation,
respectively.

Fig. 2 CSA was greater in ATs than SSTs and was unaffected by genotype (a). Elastin content was decreased in HET ten-
dons and was similar between tendon types (b). Collagen content was decreased in ATs and was unaffected by genotype (c).
Two-way ANOVA *genotype effect p < 0.05; #tendon type effect p < 0.05.
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Fig. 3 Distribution of SRB-stained elastic fibers (bright cyan; white arrows), tenocytes
(blue), and collagen (cyan) in WT and HET SSTs and ATs. Few or no fibers were visible in
SSTs (a,b). Stained fibers are visible in WT and HET ATs (c,d), where they conformed to
collagen orientation and were often localized near tenocytes. No differences were evident
between genotypes. Scale bar 5 50 lm. Refer to online version for color figure.

Fig. 4 Representative TEM micrographs from WT and HET SSTs and ATs (a,b,e,f). Scale bar 5 500 nm. Elastin haploinsuffi-
ciency caused no change in SST collagen nanostructure (c,d), while HET ATs had decreased area fraction (g) and altered fibril
diameter distribution (h). *Genotype effect p < 0.05.
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difference between the least squares mean of the respective
groups.

Results

Composition and Structure. There were no significant inter-
actions between genotype and tendon type for CSA, elastin con-
tent, or collagen content. Tendon CSA was 48% larger in ATs
than SSTs (p< 0.001) and was not affected by genotype (Fig.
2(a)). Elastin content was decreased in HET tendons by approxi-
mately 38% in SSTs and ATs (p< 0.001), and elastin quantity
was not different between the two tendons (Fig. 2(b)). Average

collagen content ranged between 63–84% and was not affected by
genotype, but was 23% lower in ATs compared to SSTs
(p< 0.001) (Fig. 2(c)).

Two-photon microscopy images showed an organized collagen
network with tenocytes arranged in rows parallel to the collagen
fibers for both tendons and genotypes (Fig. 3). In ATs, SRB-
stained elastic fibers generally conformed to the collagen crimp
pattern and were often localized around tenocytes. Very few elas-
tic fibers were visible in SST images. There were no obvious qual-
itative differences in the number or distribution of SRB-stained
elastic fibers between genotypes for either tendon.

Analysis of TEM micrographs showed that there was no differ-
ence in area fraction or fibril diameter distribution between WT
and HET SSTs (Figs. 4(a)–4(d)). In contrast, there was a signifi-
cant difference between the genotypes in both area fraction
(p¼ 0.039) and fibril diameter distribution (p< 0.001) of the ATs
(Figs. 4(e)–4(h)). Compared to WT tendons, HET tendons had a
smaller collagen area fraction, fewer small (<50 nm) fibrils, and
more large (>170 nm) fibrils. Furthermore, both elastic fibers and
oxytalan fibers (fibrillin microfibrils without elastin) were visible
in TEM images from all tendon groups (Fig. 5).

Stress Relaxation. There were no significant interactions
between genotype and tendon type or any effect of genotype on
any mechanical stress relaxation parameters. Achilles tendons had
greater peak stress (81% increase), equilibrium stress (85%
increase), and relaxation time (46% increase) than SSTs
(p< 0.001), and percent relaxation was unaffected by tendon type
(Table 1).

Changes in collagen alignment during stress relaxation are
shown in Fig. 6. There were no significant interactions between
the two factors (i.e., genotype and time) in AVG DoLP and STD
AoP, and no effect of genotype on AVG DoLP for both tendons.
In ATs, the HET tendons showed a trend toward decreased STD
AoP (p¼ 0.087), yet genotype had no effect on STD AoP in

Fig. 5 Representative TEM micrograph from a HET SST show-
ing groups of fibrillin microfibrils with varying amounts of elas-
tin, circled in white. Scale bar 5 500 nm.

Fig. 6 Changes in collagen alignment during stress relaxation are represented by AVG DoLP
and STD AoP. In both tendons, AVG DoLP decreased (a,c) and STD AoP increased (b,d) as time
progressed. There was a trend toward decreased STD AoP in HET ATs compared to WT ATs.
Note: The initial time of the test was set to 1 s to allow graphical representation on a logarithmic
scale. AVG DoLP y-axes do not start at 0.
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SSTs. Moreover, AVG DoLP decreased (p� 0.005) and STD AoP
increased (p< 0.001) as time progressed in both tendons, indicat-
ing a decrease in strength and uniformity of collagen alignment
during the stress relaxation portion of the test protocol.

Ramp to Failure. There were no significant interactions
between genotype and tendon type in any mechanical ramp to fail-
ure parameters. Tendons from HET mice had significantly

increased linear stiffness compared to WT tendons by an average
of 14% (p¼ 0.049). Toe stiffness, transition displacement, and
transition force were unaffected by genotype. Linear stiffness
(121% increase), transition displacement (86% increase), and
transition force (74% increase) were greater in ATs than SSTs
(p< 0.001), while toe stiffness was unaffected by tendon type
(Fig. 7). Material properties were generally more variable than
structural properties, and there was no effect of genotype on toe

Fig. 7 Toe stiffness was similar across both genotypes and tendon types (a). Linear stiffness
was greater in ATs and was increased in HET tendons (b). Transition displacement and transi-
tion force were greater in ATs and not affected by genotype (c,d). Two-way ANOVA *genotype
effect p < 0.05; #tendon type effect p < 0.05.

Fig. 8 Changes in collagen alignment during ramp to failure are represented by AVG DoLP and
STD AoP. In both tendons, AVG DoLP increased (a,c) and STD AoP decreased (b,d) with increas-
ing strain. There was a greater increase in AVG DoLP from initial to transition regions and a
trend toward decreased STD AoP in HET ATs compared to WT ATs. Note: AVG DoLP y-axes do
not start at 0.
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modulus, linear modulus, transition strain, or transition stress.
Still, the toe modulus (111% increase) and linear modulus (303%
increase) values were larger and the transition strain values were
smaller (57% decrease) in ATs compared to SSTs (p� 0.005),
while there was no effect of tendon type on transition stress
(Table 1).

Polarization data were analyzed at the initial, transition (inter-
section of bilinear curve fitting), and linear (double the displace-
ment at transition) regions of the ramp to failure (Fig. 8). In SSTs,
there were no significant interactions between genotype and strain
region and no effect of genotype on AVG DoLP and STD AoP.
The collagen fibers became more strongly and uniformly aligned
throughout the test, demonstrated by an increase in AVG DoLP
(p¼ 0.020) and decrease in STD AoP (p¼ 0.011). In contrast to
the SSTs, there was a significant interaction between genotype
and strain region in AVG DoLP of the ATs (p¼ 0.043) due to the
larger increase from the initial to transition regions in the HETs
(12%) compared to the WTs (6%). Still, there was no difference
in AVG DoLP values between genotypes. Similar to the results
from stress relaxation, there was no significant interaction
between genotype and strain region in STD AoP, and there was a
trend toward decreased STD AoP values in HET tendons
(p¼ 0.074). Additionally, STD AoP decreased throughout the test
in ATs (p< 0.001).

Discussion

In agreement with changes in ascending aortae [35], tendons
from the HET mice had significantly decreased quantitative levels
of crosslinked elastin as determined by ELISA. In comparing the
two tendon types, the images of SRB-stained tendons suggested a
greater number of elastic fibers in ATs; however, the biochemical
results did not show a difference in elastin content between tendon
types. Because the ELISA only quantifies mature, fully cross-
linked elastin, this may indicate a greater quantity of less mature
elastic fibers in the AT. Furthermore, it is not clear whether SRB
binds to elastin or fibrillins in elastic fibers, and therefore, the lack
of an obvious qualitative difference in two-photon microscopy
images between genotypes may be due to staining of elastin-free
oxytalan fibers in HET tendons.

The mechanical properties of HET tendons remained largely
unchanged despite the decreased elastin content, with a slight
increase in linear stiffness being the only detectable mechanical
effect of elastin haploinsufficiency. This stiffening effect is simi-
lar to what has been shown in the arteries of the same mouse
model [29,31], and may result from more complete collagen
engagement in HET tendons since there are fewer elastic fibers to

resist structural reorganization [47]. This is further evidenced in
ATs by the larger increase in AVG DoLP during ramp to failure
and potentially the trend toward lower STD AoP, which together
indicate that HET ATs may have more uniformly oriented colla-
gen fibers that become aligned more quickly upon loading, lead-
ing to a slightly stiffer response. While these results on collagen
alignment agree with our hypothesis of a greater effect of elastin
haploinsufficiency in ATs, it did not manifest into any tendon spe-
cific changes in mechanical properties. Indeed, neither SSTs nor
ATs experienced any major mechanical impairment from the elas-
tin deficiency.

The lack of a mechanical difference here is in contrast to stud-
ies that reported significant changes upon elastase treatment of
human palmaris longus tendons [48], human SSTs [25], and
bovine medial collateral ligaments [26,27]. Collectively, these
studies report decreased resistance to off-axis loading and low-
strain tensile loading, with a slightly decreased or unchanged lin-
ear modulus in elastase treated samples. It may be that potential
off-target effects of elastase, such as digestion of glycosaminogly-
cans or collagen [24,26], contributed to the change in mechanics.
However, glycosaminoglycan depletion does not have a large
effect on connective tissue mechanics [49–51] and a minor disrup-
tion of collagen is unlikely to account for the large effects
reported in these studies. Alternatively, there may be a species-
specific effect of elastic fibers related to the size of the tendons.
Since murine tendons are much smaller than the samples listed
above, they may contain less or no IFM space and correspond-
ingly fewer elastic fibers in comparison to tendons from larger
mammals. Supporting this concept, our measured elastin content
is a level of magnitude smaller than that in human SSTs [25].
Additionally, elastase treated rat tail tendon fascicles (similar in
size to mouse SSTs and ATs) do not exhibit any change in prefai-
lure mechanical properties [24,48]. Consequently, elastic fibers
may play an important role in strain attenuation of larger tendons
but are less significant in smaller tendons.

Furthermore, developmental compensation is common in genet-
ically modified animals. Indeed, the HET mice develop arteries
with an increased number of elastic lamellae and a smaller diame-
ter to maintain normal blood flow in spite of chronic hypertension
[29,52], and also maintain normal pulmonary structure under
unstressed conditions [53]. Although the CSA and total collagen
content were similar between HET and WT tendons, the
decreased collagen area fraction and altered fibril diameter distri-
bution in ATs determined from TEM micrographs may be a com-
pensatory mechanism to maintain normal tendon function with
decreased elastin. This tendon-specific change in collagen struc-
ture may explain why the change in AT mechanical properties

Table 1 Mechanical properties of WT and HET SSTs and ATs. Elastin haploinsufficiency increased the linear stiffness of both ten-
dons, and numerous differences between SSTs and ATs were detected.

SST AT

Parameter WT (n¼ 13) HET (n¼ 10) WT (n¼ 8) HET (n¼ 11)

Peak stress (MPa)# 5.96 6 3.23 6.69 6 2.33 10.55 6 2.97 12.31 6 2.08
Equilibrium stress (MPa)# 3.92 6 2.09 4.54 6 1.74 7.20 6 2.19 8.46 6 1.62
Percent relaxation (%) 33.72 6 6.85 32.72 6 6.39 32.22 6 3.35 31.43 6 3.25
Relaxation time (s)# 2.38 6 0.65 2.30 6 0.73 3.40 6 0.64 3.43 6 0.72
Toe stiffness (N/mm) 2.75 6 1.31 3.23 6 1.31 3.13 6 0.69 3.64 6 1.28
Linear stiffness (N/mm)* # 8.50 6 2.95 9.72 6 2.98 18.86 6 3.37 21.42 6 2.62
Transition displacement (mm)# 0.092 6 0.027 0.082 6 0.020 0.168 6 0.035 0.155 6 0.014
Transition force (N)# 0.331 6 0.168 0.323 6 0.089 0.560 6 0.120 0.577 6 0.187
Toe modulus (MPa)# 27.15 6 8.25 33.02 6 30.63a 78.86 6 59.54 48.36 6 30.36a

Linear modulus (MPa)# 101.2 6 50.8 129.4 6 96.3 443.8 6 131.7 485.3 6 141.6
Transition strain (%)# 4.75 6 3.00 4.19 6 2.62a 1.54 6 1.17 2.30 6 1.57a

Transition stress (MPa) 1.68 6 0.83 1.99 6 1.83a 1.21 6 0.83 1.07 6 0.81a

an¼ 9. Two-way ANOVA.
*genotype effect p< 0.05.
#tendon type effect p< 0.05. All interaction effects p> 0.05.
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was not greater than the change in SSTs. Moreover, there are a
number of other possible compensatory mechanisms which were
not investigated here. For example, similar to elastic fibers, lubri-
cin resides primarily in the IFM of tendons and facilitates sliding
between fascicles [54–56]. Moreover, crosslinking of collagen
and elastin are both mediated by the enzyme lysyl oxidase [57],
and therefore, HET tendons may have altered collagen crosslink-
ing which has been shown to influence mechanical properties
[58–60].

In addition to the AT-specific changes in collagen structure and
alignment from elastin haploinsufficiency, it is worth briefly
reviewing the mechanical differences between the SST and AT.
While studies using digital flexor and extensor tendons report a
higher linear modulus in positional tendons [61,62], the SST is
unique among positional tendons due to complex multiaxial load-
ing in vivo, and therefore, the results may not be directly compa-
rable. Previous reports are mixed on mechanical differences
between murine SSTs and ATs [63,64], yet our data showed that
ATs are stronger and take more time to relax than SSTs, which is
consistent with a previous report of tendons containing larger
fibrils exhibiting a greater linear modulus [61]. Further work into
tendon specific differences may incorporate a more standard posi-
tional tendon, such as the tibialis anterior tendon, along with the
SST and AT to determine the conservation of mechanical differ-
ences of functionally distinct tendons across species.

Although we did not find any major changes to the mechanical
properties or collagen alignment in HET tendons, this work only
investigated tissue from young, healthy mice. It is conceivable
that the effect of elastin haploinsufficiency may become greater
with advanced age or with a controlled exercise routine, poten-
tially leading to overuse injuries. In addition, thorough study of
the compensatory effects in developing HET mice may provide
insight in to the role of elastic fibers in tendon development.
Finally, evaluation of other mouse models with altered elastic
fibers (Fbn1þ/�, Fbln5�/�) could improve understanding of the
contributions of the specific components of elastic fibers. Thus,
continued research is necessary to more fully comprehend how
elastic fibers contribute to tendon function in health, in disease or
injury, and in development and aging.

To conclude, elastin haploinsufficiency caused an increase in
tendon stiffness in both tendon types and structural changes only
in the AT. The results presented here demonstrate a minor yet
statistically significant impact of elastic fibers on structure–
function relationships in tendon which differs between function-
ally distinct tendons.
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