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a tendon-specific increase in elastic modulus 

Jeremy D. Eekhoff a, Heiko Steenbock b, Ian M. Berke a, Jürgen Brinckmann b,c, 
Hiromi Yanagisawa d, Jessica E. Wagenseil e, Spencer P. Lake a,e,f,* 

a Department of Biomedical Engineering, Washington University in St. Louis, USA 
b Institute of Virology and Cell Biology, University of Lübeck, Germany 
c Department of Dermatology, University of Lübeck, Germany 
d Life Science Center for Survival Dynamics, Tsukuba Advanced Research Alliance, University of Tsukuba, Japan 
e Department of Mechanical Engineering and Materials Science, Washington University in St. Louis, USA 
f Department of Orthopaedic Surgery, Washington University in St. Louis, USA   

A R T I C L E  I N F O   

Keywords: 
Fibulin-5 
Elastic fiber 
Tendon 
Orthopaedic 
Musculoskeletal 
Biomechanics 

A B S T R A C T   

Elastic fiber assembly is coordinated in part by fibulin-5, a matricellular protein. When fibulin-5 is not available 
to guide elastogenesis, elastin forms into disconnected globules instead of the dense elastic fiber core found in 
healthy tissues. Despite the growing evidence for a significant role of elastic fibers in tendon mechanics and the 
clinical relevance to cutis laxa, a human disease which can be caused by a mutation in the gene encoding fibulin- 
5, it is unknown how malformed elastic fibers affect tendon function. Therefore, this study investigated the 
effects of dysregulated elastic fiber assembly in tendons from fibulin-5 knockout mice in comparison to wild-type 
controls. Due to evidence for a more prominent role of elastic fibers in tendons with higher functional demands, 
both the energy-storing Achilles tendon and the more positional tibialis anterior tendon were evaluated. The 
linear modulus of knockout Achilles tendons was increased compared to controls, yet there was no discernible 
change in mechanical properties of the tibialis anterior tendon across genotypes. Transmission electron micro
scopy confirmed the presence of malformed elastic fibers in knockout tendons while no other changes to tendon 
composition or structure were found. The mechanism behind the increase in linear modulus in fibulin-5 knockout 
Achilles tendons may be greater collagen engagement due to decreased regulation of strain-induced structural 
reorganization. These findings support the theory of a significant, functionally distinct role of elastic fibers in 
tendon mechanics.   

1. Introduction 

Fibulin-5 is a key matricellular protein involved in the assembly of 
elastic fibers, a structural component of the extracellular matrix (ECM) 
of many tissues (Papke and Yanagisawa, 2014; Yanagisawa and Davis, 
2010). Elastic fibers are composed of a scaffold of fibrillin-rich micro
fibrils with dense, highly cross-linked elastin located within the scaffold 
to impart mechanical elasticity and fatigue resistance (Baldwin et al., 
2013; Gosline et al., 2002). While the precise details of the actions of 
fibulin-5 have yet to be fully understood, proposed roles for the protein 
include regulating the coacervation of tropoelastin, activation of lysyl 
oxidase-like 1, and deposition of tropoelastin onto the microfibrillar 
scaffold (Katsuta et al., 2008; Liu et al., 2004; Freeman et al., 2005). In 

humans, mutations in the gene for fibulin-5 can cause a form of cutis 
laxa, a disease characterized by loose skin and other pathologies 
including joint laxity, which is indicative of compromised mechanical 
properties of joint tissues including tendons and ligaments (Sakati et al., 
1983; Hu et al., 2006; Berk et al., 2012). Therefore, the pathology of 
cutis laxa highlights the importance of properly formed elastic fibers in 
maintaining the mechanics of connective soft tissue. 

Fibulin-5 knockout (Fbln5−/−) mice have been used as a model of 
cutis laxa and more generally to explore the effects of malformed elastic 
fibers (Yanagisawa et al., 2002; Nakamura et al., 2002). Without 
fibulin-5 to guide elastogenesis, disconnected elastin globules have been 
observed to take the place of properly formed elastic fibers in the 
vasculature and skin of this murine model (Yanagisawa et al., 2002; 

* Corresponding author. Department of Biomedical Engineering, Washington University in St. Louis, USA. 
E-mail address: lake.s@wustl.edu (S.P. Lake).  

Contents lists available at ScienceDirect 

Journal of the Mechanical Behavior of Biomedical Materials 

journal homepage: http://www.elsevier.com/locate/jmbbm 

https://doi.org/10.1016/j.jmbbm.2020.104134 
Received 28 August 2020; Received in revised form 29 September 2020; Accepted 4 October 2020   

mailto:lake.s@wustl.edu
www.sciencedirect.com/science/journal/17516161
https://http://www.elsevier.com/locate/jmbbm
https://doi.org/10.1016/j.jmbbm.2020.104134
https://doi.org/10.1016/j.jmbbm.2020.104134
https://doi.org/10.1016/j.jmbbm.2020.104134
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jmbbm.2020.104134&domain=pdf


Journal of the Mechanical Behavior of Biomedical Materials 113 (2021) 104134

2

Nakamura et al., 2002; Choi et al., 2009). Similarly, disconnected mal
formed elastic fibers have been seen in tissue biopsies from cutis laxa 
patients (Marchase et al., 1980; Holbrook and Byers, 1982). Notable 
phenotypes of the Fbln5−/− mouse mirror those of cutis laxa and include 
loose skin, tortuous aortae, emphysema, and pelvic organ prolapse 
(Yanagisawa et al., 2002; Nakamura et al., 2002; Drewes et al., 2007). 
However, despite the described joint laxity in patients with cutis laxa, 
there have yet to be any published studies investigating how dysregu
lated elastic fiber assembly may affect tendons or ligaments using the 
Fbln5−/− model. 

Moreover, the growing amount of literature on the role of elastic 
fibers in tendon mechanics further establishes the need to ascertain how 
malformed elastic fibers resulting from fibulin-5 deficiency affect 
tendon function (Hill et al., 2020). Research using elastase to degrade 
elastin in human palmaris tendon and supraspinatus tendon, porcine 
medial collateral ligament, and rat tail tendon fascicles has demon
strated that the loss of elastin in otherwise healthy tendon alters the 
mechanical properties, although the precise roles and mechanisms of 
elastic fibers in tendon and ligament remain unclear due to some con
flicting results (Henninger et al., 2013, 2015; Millesi et al., 1995; Fang 
and Lake, 2016; Grant et al., 2015). While enzyme-based approaches can 
provide useful insights, such studies can be subject to limitations 
including proteolytic non-specificity and limited enzyme penetration. 
Elastinopathic murine models represent one alternate approach to 
overcome such limitations and target specific components of elastic fi
bers; our recent work demonstrated that tendons from elastin hap
loinsufficient mice had increased stiffness compared to wild-type 
controls (Eekhoff et al., 2017). 

In addition, the relative importance of elastic fibers in tendon is 
likely to vary according to the specific function of each particular 
tendon. For example, the greater elastin content in the equine superficial 
digital flexor tendon (SDFT) compared to the common digital extensor 
tendon (CDET) seems likely to contribute to greater extensibility and 
fatigue resistance of the SDFT (Godinho et al., 2017; Thorpe et al., 2012, 
2017). These mechanical differences, in turn, are uniquely suited to the 
functional requirement of the SDFT to store and release mechanical 
energy and withstand frequent high strain loading during the gait cycle 
(Alexander, 1991; Thorpe et al., 2015). Tendons with similar functions 
in other species, such as the Achilles tendon in humans or in mice, are 
expected to have similar relationships between ECM composition, me
chanical properties, and functional requirements. 

Elastic fibers have been theorized to contribute to tendon mechanics 
by acting as linking components between adjacent bundles of collagen 
(Henninger et al., 2013; Eekhoff et al., 2017). In this capacity, they may 
regulate structural reorganization mechanisms (e.g., collagen sliding 
and rotation) when tendons are loaded (Fang and Lake, 2015). Addi
tionally, elastic fibers appear to have distinct roles depending on their 
location within the tendon. Elastic fibers within collagen fascicles are 
sparse and strongly aligned with the collagen, while elastic fibers be
tween fascicles in the interfascicular matrix form a more dense, 
mesh-like network (Godinho et al., 2017; Pang et al., 2017; Grant et al., 
2013). In larger tendons with a distinct fascicular structure it is difficult 
to distinguish the differential contribution of fascicular and inter
fascicular elastic fibers, necessitating simpler models to isolate the ef
fects of each. Due to its small size, murine tendon structurally resembles 
a single fascicle from a larger tendon and does not contain inter
fascicular matrix, making it an ideal model to isolate and evaluate how 
elastic fibers function within tendon fascicles (Lee and Elliott, 2019a). 

Therefore, the objective of this study was to determine how fibulin-5 
deficiency affects functionally distinct tendons in the Fbln5−/− model. 
We investigated two tendons from the murine hindlimb: the Achilles 
tendon (AT), which is cyclically loaded to high strains and stores me
chanical energy, and the tibialis anterior tendon (TBAT), which expe
riences lower magnitude strain and helps to stabilize the joint. Informed 
by our prior work with elastin haploinsufficient mice and the different 
functional requirements of the AT and TBAT, we hypothesized that the 

tendons from Fbln5−/− mice would have a greater elastic modulus 
compared to controls due to structurally unsound elastic fibers, and that 
the effect would be greater in the AT compared to the TBAT. 

2. Methods 

2.1. Sample acquisition and preparation 

Achilles tendons (ATs) and tibialis anterior tendons (TBATs) were 
harvested from male fibulin-5 knockout (Fbln5−/−) and wild-type 
(Fbln5+/+) mice between four and five months of age after euthaniza
tion (Budatha et al., 2011). Tendons appointed for mechanical testing 
and compositional analysis were wrapped in phosphate buffered saline 
(PBS)-soaked gauze and stored at −20 ◦C until further use, while ten
dons utilized for two-photon microscopy or transmission electron mi
croscopy were immediately processed following euthanization and 
tissue collection, as described below. All experiments were performed 
with approval from the Institutional Animal Care and Use Committee. 

2.2. Compositional analysis 

Desmosine, a cross-link specific to elastin, and hydroxyproline, a 
post-translationally modified amino acid which is largely specific to 
collagen, were quantified in ATs and TBATs using amino-acid based 
biochemical assays in triplicate on a single 96-well plate to reduce plate- 
to-plate variability (n = 6/group) (Stoilov et al., 2018). Tendon dry 
weight was measured after lyophilizing the samples for 24 h. Next, the 
samples were hydrolyzed in 6 N HCl at 100 ◦C for 48 h. Following hy
drolysis, HCl was evaporated off and the samples were rehydrated in 
ultrapure water to a final concentration of 5 μg of sample dry weight per 
microliter of water. 

Desmosine quantity was determined using a competitive enzyme- 
linked immunosorbent assay (Stoilov et al., 2018). A 96-well plate was 
coated for 30 min with desmosine-ovalbumin conjugate in 50 mM car
bonate/bicarbonate buffer (pH 9.6), and then blocked for 15 min using 
blocking buffer. After washing the wells with wash solution (KPL 
506300), the hydrolyzed samples or an elastin standard were added to 
each well with desmosine antibody in blocking solution (KPL 506100) 
for 60 min, followed by an additional wash. Then, peroxidase-labeled 
antirabbit IgG in blocking solution was added as the secondary anti
body for 60 min. After a final wash, a peroxidase substrate was added to 
induce a colorimetric change. Absorbance was measured at 650 nm at 
20 min after the addition of the peroxidase substrate. A standard curve 
was produced using the same procedure on purified bovine elastin, 
which contains 3.4 ng of desmosine per microgram of elastin (Stoilov 
et al., 2018). No assumptions were made regarding desmosine to elastin 
ratio in the tendon samples, due to the potential for altered cross-linking 
capabilities in the Fbln5−/− tissue. 

Hydroxyproline content was measured using a colorimetric 
chloramine-T based assay (Stoilov et al., 2018). Sample hydrolysates 
were oxidized with 15.8 mg/mL Chloramine-T in n-propanol and citrate 
acetate buffer (pH 6.5) and subsequently reacted with Erlich’s solution 
(190 mg/mL p-dimethylaminobenzaldehyde in n-propanol and 
perchloric acid) to induce a colorimetric change. Absorbance at 550 nm 
was measured after heating to 65 ◦C for 30 min. Pure hydroxyproline 
was used for the standard curve, and hydroxyproline values were con
verted to collagen by assuming collagen was made up of 13.5% hy
droxyproline in both the standard and in the samples (Stoilov et al., 
2018). This assumption was made because previous data shows that 
fibulin-5 does not disrupt collagen synthesis, which includes hydroxyl
ation of proline residues within the collagen α-chains (Yanagisawa et al., 
2009). 

In separate samples, collagen cross-links were measured using amino 
acid analysis (n = 5–6/group) (Dunham et al., 2020). Due to the small 
size of the murine TBATs, tendons from paired limbs were pooled 
together for analysis, while ATs were large enough to be analyzed 
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individually. Samples were reduced by 25 mg/mL sodium borohydride 
sodium biphosphate buffer (pH 7.4) to stabilize acid-labile collagen 
cross-links, followed by hydrolysis in 6 N HCl at 110 ◦C for 24 h. The 
hydrolyzates were precleared by solid phase extraction to remove the 
majority of non-crosslinked amino acids. Dried eluates were redissolved 
in sodium citrate loading buffer (pH 2.2) and analyzed on an amino acid 
analyzer using a three-buffer gradient system and post column ninhy
drin derivatization. The column was eluted for 5 min (flow rate 15 ml/h) 
with sodium citrate buffer (pH 4.25), then for 40 min with sodium cit
rate buffer (pH 5.35) and then for 20 min with sodium citrate/borate 
buffer (pH 8.6) at 80 ◦C. Retention times of individual cross-links were 
established with authentic cross-link compounds. Quantitation was 
based on ninhydrin generated leucine equivalence factors (dihydrox
ylysinonorleucine [DHLNL] and hydroxylysinonorleucine [HLNL] =

1.8; hydroxylysyl pyridinoline [HP] and lysyl pyridinoline [LP] = 1.7). 
(Avery et al., 2009). 

2.3. Two-photon microscopy 

To increase light penetration and, correspondingly, imaging depth, 
ATs and TBATs were optically cleared using a method adapted from the 
SeeDB technique (Ke et al., 2013). Freshly harvested whole tendons (n 
= 4/group) were incubated in 1% Triton-X in 0.1X PBS for one hour to 
lyse the cells and reduce intracellular autofluorescence, and subse
quently were incubated in 0.1X PBS for one hour to wash the Triton-X 
from the samples. Then, tendons were incubated in serially increasing 
fructose solutions in 0.1X PBS with the addition of 0.5% thioglycerol to 
prevent glycation. For the serial incubation, samples were incubated for 
2 h in 30% (wt/vol) fructose, 2 h in 60% (wt/vol) fructose, and then 
moved to 90% (wt/vol) fructose for between 16 and 24 h before being 
imaged. 

Cleared ATs and TBATs were imaged using a two-photon microscope 
(Olympus FV1000MPE), where the fluorescent signal was collected at 
25X (XLPLN25XWMP2, NA 1.05). Collagen signal was acquired using 
second-harmonic generation (excitation 840 nm; emission 420–460 nm) 
and elastin signal was acquired using two-photon excited auto
fluorescence (excitation 840 nm; emission 495–540 nm). Image stacks 
were taken at 1024 × 1024 resolution with a z-step size of 1 μm through 
the full depth of the midsubstance of the tendon (300–400 μm). 

Elastic fibers were segmented from the background autofluorescent 
signal. After initial noise reduction using a cubic Gaussian smoothing 
kernel with a standard deviation of 0.5 voxels, the background signal 
was isolated by performing a 7 × 7 × 7 voxel median filter on the image 
stack, effectively removing all elastic fibers from the image. The back
ground was subtracted from the original image stack, and the resultant 
stack was binarized using an intensity threshold equal to eight times the 
seventy-fifth percentile of the intensity of all voxels in the resultant 
image stack. This threshold accounts for variation in overall intensity 
between images and was effective in preliminary testing. Then all ob
jects smaller than 100 voxels were deleted from the binarized image to 
remove residual noise. Lastly, the binary mask was applied to the orig
inal image to isolate the elastic fibers. The volume of elastin was 
determined from the binary mask and normalized to collagen volume 
determined from the second-harmonic generation image. 

2.4. Transmission electron microscopy 

Transmission electron microscopy (TEM) was used to visualize the 
nanostructure of elastic fibers within the tendons (n = 2/group). Freshly 
harvested whole ATs and TBATs were fixed in 2.5% glutaraldehyde and 
2% paraformaldehyde overnight at 4 ◦C and post-fixed in 1.25% osmium 
tetroxide. After fixation, samples were stained en bloc using 2% tannic 
acid and 4% aqueous uranyl acetate, dehydrated, and embedded in 
resin. Ultra-thin sections (100 nm) were taken in both the transverse and 
longitudinal directions from each sample and counterstained using 
uranyl acetate and lead citrate. Sections were surveyed using a 

transmission electron microscope (JEOL JEM-1400) to locate and ac
quire images of elastic fibers. A minimum of 19 images were taken from 
the midsubstance each sample at various magnifications and examined 
to assess elastic fiber structure. Of these, five images of transverse sec
tions from each sample were chosen at random to measure collagen 
fibril diameters (Eekhoff et al., 2017). Images were manually thresh
olded and subjected to a watershed operation to isolate individual fibril 
cross-sections, and then an ellipse was fit to each fibril cross-section. The 
minor diameter of the fit ellipse was taken to be the fibril diameter. 

2.5. Mechanical testing and quantitative polarized light imaging 

Tensile testing was performed to determine mechanical properties of 
Fbln5+/+ and Fbln5−/− ATs and TBATs (n = 11–14/group). Prior to 
mechanical testing, the cross-sectional area (CSA) of the tendon samples 
was measured using a non-contact laser-scanning device. Tendons were 
then clamped into custom aluminum fixtures. To enhance gripping of 
the samples and provide sufficient gauge length, ATs were kept attached 
to the calcaneus, where the calcaneus was clamped directly and the free 
tendon end was clamped between pieces of sandpaper. The TBATs were 
removed from the medial cuneiform and clamped between pieces of 
sandpaper on both tendon ends. Verhoeff’s stain was used to apply two 
lines perpendicular to the long axis of the tendons at approximately one 
third and two thirds distance along the gauge length to enable optical 
strain tracking. Subsequently, the fixtures with the clamped tendons 
were loaded into a mechanical loading device and submerged in PBS to 
maintain hydration. A pre-load of 0.1 N was applied and then samples 
were subjected to ten cycles to 3% clamp strain at 1 Hz to precondition 
the tissue. Following preconditioning, tendons were ramped to 5% 
clamp strain at a rate of 15% strain per second and held for five minutes 
before returning to the initial gauge length to evaluate stress relaxation. 
Lastly, tendons were subjected to triangular waveforms to 2%, 4%, and 
8% clamp strain at 1% per second, which approximately correspond to 
the toe, transition, and linear regions of the loading curve. One minute 
of rest at the initial gauge length between each portion of the test was 
included to allow for partial tissue recovery. A custom quantitative 
polarized light imaging (QPLI) system was used to capture video of the 
entirety of the test to measure fiber alignment (York et al., 2014). 

Tissue strain was determined by tracking the corners of the two stain 
lines within the video captured using the QPLI system, where the co
ordinates were used to calculate two-dimensional Lagrangian strain 
(Fang and Lake, 2015). Tissue stress was defined as the measured force 
divided by the initial CSA. Peak and equilibrium stress values were 
extracted from the stress relaxation data, where the equilibrium stress 
was taken as the average stress over the last 0.2 s of the stress relaxation 
test. Percent relaxation calculated as the percent difference between 
peak and equilibrium stresses. Hysteresis, or the percent energy lost 
during unloading, was calculated from the loading and unloading 
force-displacement curves to 2%, 4%, and 8% clamp strain. In addition, 
bilinear curve fitting was performed on the stress-strain loading curve to 
8% clamp strain to determine toe modulus, linear modulus, and the 
stress and strain at the transition point (Lake et al., 2009). 

Quantitative collagen alignment was determined using data 
collected using the QPLI system (Eekhoff et al., 2017; York et al., 2014). 
A region of interest was created between the two stain lines on each 
tendon surface; all pixels within the region of interest were analyzed for 
each frame of the video. Two independent measures were taken from 
these data: the average degree of polarization (AVG DoLP) and the 
standard deviation of the angle of polarization (STD AoP), which 
correspond to the strength of collagen alignment and (inversely) to the 
uniformity of collagen alignment within the sample, respectively. The 
AVG DoLP and STD AoP values immediately preceding stress relaxation 
(pre-SR), at the onset of stress relaxation (peak), at the end of stress 
relaxation (equilibrium), immediately following stress relaxation 
(post-SR), immediately preceding the ramp to 8% clamp strain (zero), at 
the calculated transition strain during the ramp to 8% clamp strain 
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(transition), and at double the calculated transition strain during the 
ramp to 8% clamp strain (linear) were extracted to make comparisons 
between genotypes. 

2.6. Data analysis 

Two-photon microscopy image stacks and transmission electron 
images were assessed qualitatively for the amount and quality of elastic 
fibers visible within the midsubstance of the tendon. A statistical com
parison was not made for collagen fibril diameters due to low sample 
size, but the distributions were qualitatively compared between geno
types and between tendons. All compositional and mechanical data were 
analyzed using a two-way analysis of variance (ANOVA), where the two 
factors were genotype (i.e., Fbln5−/− vs. Fbln5+/+) and tendon type (i.e., 
AT vs. TBAT). QPLI data were analyzed using two-way repeated mea
sures ANOVA with factors of genotype and test region and with 
Greenhouse-Geisser corrections to account for lack of sphericity in the 
data. Bonferroni post-hoc tests were performed to determine the sig
nificance of differences between individual means; p-values less than 
0.05 were considered significant and p-values less than 0.10 were 
considered to be trending towards significance. 

3. Results 

3.1. Compositional analysis 

Biochemical analysis demonstrated subtle differences between the 
AT and TBAT and no differences between genotypes (Fig. 1). Collagen 
content was 18% greater in ATs compared to TBATs (p = 0.001). 
Similarly, desmosine content was 16% greater in ATs, although this 
effect did not reach statistical significance (p = 0.054). The ratio be
tween desmosine and collagen was similar for all tendons analyzed. 

Likewise, collagen cross-linking was unaffected by genotype, but the 
TBAT was more heavily cross-linked than the AT (Fig. 2). The amount of 
the mature cross-link HP was 53% greater in TBATs compared to ATs 
(Fig. 2(a)), while LP content was below detectable levels (not shown). 
Immature cross-links were more similar across tendon types, with 25% 
more DHLNL in the TBAT (Fig. 2(b)) and no significant difference in 
HLNL (Fig. 2(c)). 

3.2. Two-photon microscopy 

Optical clearing with fructose enabled deep two-photon imaging. 
Collagen appeared normal in each sample: densely packed and highly 
aligned fibers with regions of periodic crimp were visible throughout the 
tendons (Fig. 3). No differences in collagen structure were noted be
tween genotypes or between tendon types. In Fbln5+/+ ATs and TBATs, 
elastic fibers were long, thin, and sparsely distributed (Fig. 3(a,c)). 
Single elastic fibers could often be seen spanning across the entire field 
of view (509 μm). Some branching of elastic fibers was observed, 
although most fibers appeared disconnected from other fibers. Within 
Fbln5+/+ samples, elastic fibers appeared to be more numerous in ATs 
compared to TBATs (Fig. 3(e and f)). Conversely, no distinct elastic fi
bers were discernible in Fbln5−/− ATs and TBATs, indicating a lack of 

distinct autofluorescent signal from elastin in these tissues (Fig. 3(b,d)). 
Analysis of elastin volume from segmented images demonstrated a sig
nificant effect of genotype (Fig. 3(g)). While this measure of elastin 
volume was greater in Fbln5+/+ ATs compared to TBATs, the tendon- 
type comparison did not reach statistical significance. 

3.3. Transmission electron microscopy 

Elastic fibers were located and imaged in both ATs and TBATs using 
TEM (Fig. 4). A total of 232 images were acquired from the eight samples 
prepared for TEM. The elastic fiber components discernible from the 
images were microfibrils (~10–12 nm diameter cylinders) and elastin 
(dark amorphous staining within bundles of microfibrils). In Fbln5+/+

samples, groups of small, distinct microfibrils formed a scaffold for 
elastin, which was generally located within the center of the group of 
microfibrils (e.g., Fig. 4(a,n)). Organized, connected elastin was present 
with most groups of microfibrils in both Fbln5+/+ ATs and TBATs. Still, 
there were also groups of microfibrils where no elastin was present (e.g., 
Fig. 4(i and j)); these structures are often referred to as oxytalan fibers 
(Montes, 1996; Caldini et al., 1990). Elastic and oxytalan fibers were 
sparsely dispersed throughout the whole tendon, and no obvious 
regional differences in fiber density were noted within the sections. 
Some elastic and oxytalan fibers were present directly adjacent to cells 
(e.g., Fig. 4(e and f)), while others were far from any cell and situated 
between collagen fibrils (e.g., Fig. 4(a and b)). While the cross-sections 
of most fibers were roughly circular, others appeared to have elongated 
or irregularly shaped cross-sections (e.g., Fig. 4(e,g)). On average, 
elastic fibers in ATs appeared to contain more elastin than those in 
TBATs, although there was a range of visible elastin content in both 
tendons. Most elastic fibers were aligned with the dominant direction of 
the collagen fibrils, although some fibers were seen at a slight angle from 
the dominant collagen orientation (e.g., Fig. 4(o)). 

The structure of the fibrillin microfibrils appeared unaltered in 
Fbln5−/− ATs and TBATs (e.g., Fig. 4(c and d)). However, there was a 
clear lack of organized elastin. In the majority of images, no elastin 
could be identified. Where elastin was present, it appeared to be glob
ular and disconnected (e.g., Fig. 4(p,q)). No elastic fibers with an 
organized and connected elastin core were observed in either Fbln5−/−

ATs or TBATs. Outside of elastin organization, no obvious qualitative 
differences in collagen fibrils, cells, or overall structure were noted in 
tendons from Fbln5−/− mice compared to Fbln5+/+ controls. Quantifi
cation of fibril diameters showed that ATs contained larger fibrils 
compared to TBATs, yet there was no noticeable effect of genotype on 
collagen fibril distribution for either tendon (Fig. 5). 

3.4. Mechanical testing and quantitative polarized light imaging 

Tendon CSA was not affected by genotype but significantly differed 
between tendon type. The least squares mean of the CSA for the AT and 
TBAT was 0.232 mm2 and 0.093 mm2, respectively (data not shown). 

Both peak and equilibrium stresses during stress relaxation were 
22–23% greater in TBATs compared to ATs (p = 0.033 and p = 0.029, 
respectively), yet no significant genotype effect was observed (Fig. 6(b 
and c)). The mean percent relaxation was between 29 and 30% for all 

Fig. 1. (a) Collagen and (b) desmosine content were slightly lower in the TBAT compared to AT when normalized to dry weight, with no effect of genotype. (c) 
Desmosine to collagen ratio was unaffected by either tendon type or genotype. *p < 0.05. #p < 0.10. 
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groups and was unaffected by both genotype and tendon type (Fig. 6(d)). 
Hysteresis values were similar between Fbln5−/− and Fbln5+/+ ten

dons and generally increased with increasing strain, although some 
tendon type effects were noted (Fig. 6(e–h)). At 2% and 4% strain the 
TBATs experienced greater hysteresis than ATs, while at 8% ATs expe
rienced greater hysteresis than TBATs. This reversed effect at 8% strain 
is likely due to many of the AT samples nearing or surpassing the yield 
point at 8% strain, indicated by a noticeable inflection in the loading 
curve (Supplemental Fig. S1), while the TBATs showed no indication of 
yielding prior to 8% strain. Three out of thirteen Fbln5+/+ ATs and two 
out of eleven Fbln5−/− ATs failed at the enthesis before reaching 8% 
strain, and consequently these samples were excluded from analysis of 
hysteresis at 8% strain. No TBATs failed during mechanical testing. 

Bilinear fitting of the stress-strain curve to 8% clamp strain yielded a 
tendon-specific effect of genotype on linear modulus (Fig. 6(i–m), 
Fig. 7). While the toe modulus, transition strain, and transition stress 
were similar between each group, the mean linear modulus was 47% 
greater in Fbln5−/− ATs at 656 MPa compared to Fbln5+/+ ATs at 446 
MPa, but was unaffected by genotype in TBATs where the least squares 
mean of the linear modulus across both genotypes was 673 MPa 
(interaction effect p = 0.043). 

Collagen alignment metrics (i.e., AVG DoLP and STD AoP) were 
similar between genotypes throughout the test for both tendons (Fig. 8). 
However, while specific values were similar, the Fbln5−/− ATs experi
enced greater changes in alignment during stress relaxation compared to 
Fbln5+/+ ATs (Fig. 8(b and c)), as indicated by significant interaction 
effects between genotype and test region for both AVG DoLP and STD 
AoP (p = 0.027 and p = 0.045, respectively). These interaction effects 
were specific to ATs; TBATs had no significant interaction or genotype 
effects on alignment during stress relaxation (Fig. 8(d and e)). During 
the ramp to 8% strain, AVG DoLP generally increased and STD AoP 
generally decreased for both tendons with increasing strain, but no 
interaction or genotype effects were noted during this ramp (Fig. 8(f–j)). 

4. Discussion 

The key result from this study is that malformed elastic fibers in 

tendon caused a tendon-specific increase in linear modulus (Fig. 6(m)). 
In agreement with our hypothesis, the AT was affected to a greater 
extent than the TBAT; however, it was unexpected that the TBAT dis
played no effects of genotype on mechanical properties. The greater 
desmosine content in the AT may partially account for this tendon- 
specific effect, but the difference in desmosine quantity was small and 
unlikely to fully account for the data (Fig. 1(b)). Therefore, it appears 
that elastic fibers may play a more mechanical role in the AT compared 
to their contribution in the TBAT. This observation corresponds well 
with the functional requirements of the two tendons, where the AT is 
typically subjected to more high magnitude cyclic strain compared to 
the TBAT during in vivo use (Alexander, 1991). Moreover, many of the 
mechanical differences between Fbln5+/+ ATs and TBATs, such as a 
reduced linear modulus and lower hysteresis within the working range 
of the tendon, are similar to those seen between the equine SDFT and 
CDET (Batson et al., 2010; Thorpe et al., 2013). However, while the 
energy-storing murine AT had less collagen cross-linking than the po
sitional TBAT, previous studies have reported greater collagen 
cross-linking in the energy-storing equine and bovine SDFT compared to 
the positional CDET (Thorpe et al., 2010; Herod et al., 2016). Conse
quently, meaningful comparisons are possible between these structur
ally dissimilar models but still must be exercised with caution regarding 
the structural and compositional dissimilarities. Both models should be 
studied in concert; the murine tendon used in the current study reveals 
information regarding the role of fascicular elastic fibers, while larger 
tendons containing IFM are necessary to determine the distinct role of 
interfascicular elastic fibers in tendon. 

The increase in linear modulus of Fbln5−/− ATs was caused by a 
change in the structure of elastic fibers but not overall composition of 
the tendon. Desmosine, collagen, and immature and mature collagen 
cross-link content were all unaffected by genotype in this model (Figs. 1 
and 2). The structure of collagen, imaged with both two-photon mi
croscopy and transmission electron microscopy, appeared identical be
tween the Fbln5+/+ and Fbln5−/− tendons. In contrast, the elastic fiber 
structure was clearly disrupted. Disconnected elastin globules were 
found in close proximity to microfibrils in transmission electron mi
crographs of Fbln5−/− tendons, in place of the long, organized core of 

Fig. 2. (a) HP and (b) DHLNL content were greater in the TBAT compared to the AT with no effect of genotype. (c) HLNL was unaffected by either tendon type of 
genotype. *p < 0.05. 

Fig. 3. Label-free two-photon microscopy images of optically cleared tendon samples. (a–d) Representative maximum intensity projections over a depth of 80 μm 
showing collagen (red) and elastin (green) in murine tendon. Sparsely distributed and aligned elastic fibers were visible in Fbln5+/+ (a) ATs and (c) TBATs, while the 
elastin signal was absent in Fbln5−/− (b) ATs and (d) TBATS. Three-dimensional reconstructions of full-depth image stacks of a Fbln5+/+ (e) AT and (f) TBAT. (g) 
Elastin volume in segmented image stacks was greater in Fbln5+/+ tendons compared to Fbln5−/− tendons. *p < 0.05. 
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Fig. 4. Transverse and longitudinal transmission electron micrographs of Fbln5+/+ and Fbln5−/− ATs and TBATs. Elastic/oxytalan fibers are outlined with dashed 
yellow lines. Elastic fibers in Fbln5+/+ tendons contained an organized core of elastin, while elastic fibers in Fbln5−/− tendons demonstrated disconnected elastin 
globules. Some elastic fibers were located near cells as part of the pericellular matrix in both genotypes. Scale bar = 500 nm. 

Fig. 5. Distributions of collagen fibril diameters in (a) Fbln5+/+ and Fbln5−/− ATs and (b) Fbln5+/+ and Fbln5−/− TBATs. Distributions appeared similar between 
genotypes while ATs tendons tended to contain more larger diameter fibrils. Statistical comparisons between groups were not made due to small sample sizes. 
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elastin found in elastic fibers of Fbln5+/+ tendons (Fig. 4). Additionally, 
the two-photon excited autofluorescent signal from elastic fibers was 
indiscernible from the background noise (Fig. 3). This lack of signal was 
not a result of the absence of elastin, as indicated by the presence of 
elastin in compositional analysis and TEM. Rather, the elastin that was 
present in the Fbln5−/− tendons did not emit the same signal that was 
observed in Fbln5+/+ tendons because of its improper assembly. While 
our biochemistry data indicated no effect of genotype on desmosine 
content, isodesmosine or immature elastin cross-links could have been 
affected. Additionally, although equal desmosine content strongly sug
gests equal elastin content between genotypes, it is possible in theory 
that the ratio of desmosine to elastin was altered and consequently the 
elastin content would vary correspondingly. In summary, elastic fibers 

in Fbln5−/− tendons clearly demonstrated irregular structure which 
appears to have led to the corresponding increase in linear modulus in 
the AT. 

Results in the present study agree with our prior work in elastin 
haploinsufficient mice, which demonstrated a slight increase in linear 
stiffness of both ATs and supraspinatus tendons as a result of partial 
elastin deficiency (Eekhoff et al., 2017). The work with murine models 
can be contrasted by prior research which utilized elastase to degrade 
elastic fibers to determine the role in mechanical properties of tendon 
and ligament. Generally, these studies have reported decreased stresses 
in elastase treated tendon, resulting from either an elongated toe region 
or from a decreased modulus (Henninger et al., 2013; Fang and Lake, 
2016; Grant et al., 2015). The main contributor to the contrasting results 
between these studies is the different way in which elastic fibers are 
removed or rendered nonfunctional. In genetically modified murine 
models, elastic fibers are never formed properly and the tendon grows 
and develops in the absence of elastic fibers; conversely, elastase-treated 
tendon develops under standard conditions only to have the elastic fi
bers degraded during the experiment. In other words, murine models 
investigate the outcome of tendons developing without proper elastic 
fibers, while elastase experiments investigate the specific contribution of 
elastic fibers in otherwise normal tendon. The main advantage of ex
periments using elastase is the starting point with healthy tendon that 
contains a normal elastic fiber network. However, elastase can target 
proteins other than elastin which may confound the results of these 
experiments, and the approach can only be used for post-mortem testing. 
Murine models overcome the non-specificity of elastase treatments and 
could be used to investigate the effects of a disturbed elastic fiber 
network in in vivo studies, although the disadvantage is the difficulty in 
uncoupling potential compensatory mechanisms from the effects of 
altered elastic fibers. In this study, this concern was alleviated by con
firming the lack of differences in the collagen quantity and structure 
between genotypes, although it remains possible that other minor 
compensatory effects may have occurred. 

The greater change in collagen alignment experienced by Fbln5−/−

ATs during stress relaxation may be linked to the mechanisms causing 
the greater linear modulus of these tendons. If elastic fibers serve as 
linking components between adjacent bundles of collagen and regulate 
structural reorganization during loading, then the absence of fully 
functioning elastic fibers would increase strain-induced structural 
reorganization in tendon because a reduction in linking components 
would enable freer collagen movement. A similar effect on collagen 

Fig. 6. Mechanical properties of Fbln5+/+

and Fbln5−/− ATs and TBATs. (a) Represen
tative stress relaxation curve from a Fbln5+/ 

+ AT. (b) Peak and (c) equilibrium stress 
were greater in TBATs compared to ATs with 
no effect of genotype, while (d) percent 
relaxation was unaffected by either tendon 
type or genotype. (e) Representative loading 
and unloading curves to 2%, 4%, and 8% 
clamp stain from a Fbln5+/+ AT. Hysteresis 
at (f) 2% and (g) 4% strain was greater in 
TBATs compared to ATs, while hysteresis at 
(h) 8% strain was greater in ATs compared 
to TBATs. Hysteresis at all strain magnitudes 
was unaffected by genotype. (i) Transition 
strain, (j) transition stress, and (k) toe 
modulus were all unaffected by both geno
type and tendon type. (m) Fibulin-5 defi
ciency affected linear modulus of ATs 
differently than TBATs (interaction effect p 
= 0.043). Fbln5−/− ATs has a greater linear 
modulus compared to Fbln5+/+ ATs, while 
TBATs were unaffected by genotype. *p <

0.05.   

Fig. 7. Representative stress-strain loading curves of Fbln5+/+ and Fbln5−/− (a) 
ATs and (b) TBATs with corresponding bilinear curve fits. The larger linear 
modulus in the Fbln5−/− AT compared to the Fbln5+/+ AT can be seen as a 
greater slope in the stress-strain curve past the transition point where the 
bilinear fit lines intersect. 

J.D. Eekhoff et al.                                                                                                                                                                                                                              



Journal of the Mechanical Behavior of Biomedical Materials 113 (2021) 104134

8

alignment measured using QPLI was noted in elastin haploinsufficient 
ATs (Eekhoff et al., 2017). However, the effect on changes in alignment 
in Fbln5−/− ATs was subtle and was confined to the stress relaxation 
portion of the test, which does not correspond to the measured change in 
linear modulus. It is possible that the tendons did not fully recover their 
initial structure after stress relaxation, and therefore structural changes 
which occurred during stress relaxation affected later parts of the test 
(Lee and Elliott, 2019b). Furthermore, the collagen alignment mea
surement using QPLI is limited to measuring the degree and uniformity 
of alignment at a length scale resolved using the camera macro lens 
(~10 μm/superpixel) and does not measure sliding between collagen 
bundles, which does not change overall alignment, or smaller scale 
structural reorganization. Consequently, additional changes to 
strain-induced structural reorganization may have been missed during 
other parts of the test. Imaging at a higher resolution during mechanical 
testing with a modality that could directly visualize collagen movement 
(e.g., two-photon microscopy) could identify smaller-scale collagen 
sliding and reorganization in future experiments (Fang and Lake, 2015; 
Szczesny and Elliott, 2014). 

While an increase in linear modulus resulting from decreased 
integrity of a structural component of the ECM may seem counterintu
itive, this again is a result of the role of elastic fibers as a linking 
component in tendon. The total content of elastin in tendon is low and 
therefore does not directly bear significant load as an individual 
component apart from the greater network of ECM, but instead regulates 
how collagen as the main structural component reacts to load. Without 
organized elastic fibers to regulate lateral interactions between bundles, 
the collagen is able to engage more fully and cause the tendon as a whole 
to stiffen. Perhaps stiffer linking components, such as interweaving 
small diameter collagen fibrils, compensate in the absence of proper 
elastic fibers to create a more rigid tendon after crimp has been extin
guished in the toe region (Szczesny et al., 2017; Safa et al., 2019). 
Moreover, greater collagen engagement could possibly also result in 
greater accumulation of microdamage with repeated loading. This 
proposed phenomenon can be related to elastin-rich aortae, where the 
collagenous adventitia becomes more engaged when the elastic lamellae 
are disrupted, causing a decrease in compliance and distensibility 
(Yanagisawa and Wagenseil, 2019; Wagenseil et al., 2005; Le et al., 
2014; Bellini et al., 2017). Similar changes to mechanical properties 
were also seen in inflation-extension testing of elastase-treated murine 
vaginal wall (Akintunde et al., 2018). 

There are a number of limitations associated with this study. Fibulin- 
5 has secondary roles outside of elastic fiber assembly, such as regula
tion of matrix metalloproteinases (MMPs) (Tu et al., 2014; Budatha 
et al., 2013). While no changes to ECM structure or composition were 

observed other than disorganized elastic fibers, MMP dysregulation may 
have caused changes to less abundant matrix components, such as the 
minor collagens. Similarly, there may have been developmental 
compensation as an attempt to correct the functional limitations of 
malformed elastic fibers in the Fbln5−/− mice. However, no differences 
were detected in collagenous ECM of the tendon, suggesting any 
compensation effects were minimal compared to the effect of perturbed 
elastic fibers (Figs. 1(a) and 5). Finally, while the elastic fibers were 
severely malformed in Fbln5−/− tissue, they do still retain some function 
because the mice do not exhibit the same perinatal lethality as mice with 
systemic elastin knockout (Li et al., 1998). Therefore, the remaining 
capacity of the elastic fibers may have diminished or partially masked 
measured changes to mechanical properties. Future work could inves
tigate in what capacity the malformed elastic fibers are still able to 
maintain some function. 

Results of this study add to the growing collection of work demon
strating a significant role of elastic fibers in tendon mechanics. However, 
the bulk of work completed on this topic to date, current study included, 
are descriptive and are merely able to provide conjecture for how elastic 
fibers function within tendon. Further research incorporating more 
direct, mechanistic studies are necessary to elucidate the causes behind 
the observed altered mechanical properties in tendons with perturbed 
elastic fibers. This information ultimately could aid the maintenance or 
restoration of healthy tendon function in aging individuals and in pa
tients with cutis laxa or other elastinopathic conditions. 
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