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Strain-dependent dynamic re-alignment of collagen fibers in
skeletal muscle extracellular matrix

Ross P. Wohlgemuth?®, Sathvik Sriram@, Kyle E. Henricson?, Daryl T. Dinh2, Sarah E.
Brashear?, Lucas R. Smithab*

aDepartment of Neurobiology, Physiology, & Behavior, University of California Davis, United
States

bDepartment of Physical Medicine and Rehabilitation, University of California Davis, United States

Abstract

Collagen fiber architecture within the skeletal muscle extracellular matrix (ECM) is significant

to passive muscle mechanics. While it is thought that collagen fibers re-orient themselves in
response to changes in muscle length, this has not been dynamically visualized and quantified
within a muscle. The goal of this study was to measure changes in collagen alignment across

a range of muscle lengths and compare the corresponding alignment to muscle mechanics. We
hypothesized that collagen fibers dynamically increase alignment in response to muscle stretching,
and this change in alignment is related to passive muscle stiffness. Further, we hypothesized

that digesting collagen fibers with collagenase would reduce the re-alignment response to muscle
stretching. Using DBA/2J and D2. madx mice, we isolated extensor digitorum longus (EDL), soleus,
and diaphragm muscles for collagenase or sham treatment and decellularization to isolate intact

or collagenase-digested decellularized muscles (DCMs). These DCMs were mechanically tested
and imaged using second harmonic generation microscopy to measure collagen alignment across
a range of strains. We found that collagen alignment increased in a strain-dependent fashion, but
collagenase did not significantly affect the strain-dependent change in alignment. We also saw
that the collagen fibers in the diaphragm epimysium (surface ECM) and perimysium (deep ECM)
started at different angles, but still re-oriented in the same direction in response to stretching.
These robust changes in collagen alignment were weakly related to passive DCM stiffness.
Overall, we demonstrated that the architecture of muscle ECM is dynamic in response to strain
and is related to passive muscle mechanics.
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Statement of significance

Our study presents a unique visualization and quantification of strain-induced changes in muscle
collagen fiber alignment as they relate to passive mechanics. Using dynamic imaging of collagen
in skeletal muscle we demonstrate that as skeletal muscle is stretched, collagen fibers re-orient
themselves along the axis of stretch and increase their alignment. The degree of alignment and the
increase in alignment are each weakly related to passive muscle stiffness. Collagenase treatments
further demonstrate that the basis for muscle Extracellular matrix stiffness is dependent on factors
beyond collagen crosslinking and alignment. Together the study contributes to the knowledge of
the structure-function relationships of muscle extracellular matrix to tissue stiffness relevant to
conditions of fibrosis and aberrant stiffness.

Keywords

Skeletal muscle; Extracellular matrix; Collagen architecture; Second harmonic generation; Muscle

mechanics

1. Introduction

Skeletal muscle is a dynamic tissue that undergoes changes in length which affect its
passive and active mechanical properties [1,2]. While the structural basis for the active
length-tension relationship is well understood, the structural basis for the passive length-
tension relationship is largely empirical. It is evident that both intracellular and extracellular
components of the muscle determine the passive tension as muscle is strained [3-6],
although the mechanical contribution of each component varies. Typically, in mammalian
muscle the intracellular contribution to passive mechanics ranges from 25 to 60 %, while
the extracellular proportion ranges from 40 to 75 % [7-11]. At the protein level, the primary
passive load bearer of the myofibers is titin [4,7,12], while in the extracellular matrix
(ECM) it is collagen [5,13]. Although titin and collagen exhibit non-linear mechanical
properties, higher orders of muscle tissue i.e. whole muscle and fascicles vs. bundles and
single myofibers, exhibit increasing non-linear passive mechanical properties [5,6,14]. This
suggests that components of the ECM, which are more abundant in higher orders of muscle
tissue, are important to the non-linear passive mechanical properties of skeletal muscle.
Since passive muscle mechanical properties affect the range of motion over which muscles
can produce active force, elucidating the structural basis of the passive length-tension
relationship would be beneficial to understanding the mechanisms behind diseases that

are characterized by reduced muscle range of motion, such as cerebral palsy or muscular
dystrophies [15,16].

Collagen fibrils exhibit a typical pattern of mechanical behavior [17-23], such that when
collagen fibrils are strained they experience deformation on the meso— and microscales.

As collagen fibrils are strained from slack length they alter their coarse alignment and
undergo stretching to remove their crimped pattern [17,20,21]. Further strain leads to sliding
and stretching of the collagen molecules themselves before intermolecular bonds between
collagen molecules are broken from supramaximal stresses [17,22,23]. While in normal
muscle function collagen fibers are not undergoing mechanical failure, there is evidence
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that changes in collagen fiber alignment and straightness occur within the collagen matrix
as muscle changes length [24-29]. Similarly, the collagen fibers within tendon, which are
mechanically connected to the muscle ECM [30], reduce their crimp upon loading and
become more aligned [31-34]. Because increases in collagen alignment and straightness are
related to increases in collagen fibril stress, the architecture of the muscle collagen matrix is
anticipated to influence muscle viscoelastic properties.

Interestingly, there is variation in the alignment of collagen fibers between healthy and
fibrotic muscles, and a higher degree of alignment is correlated to increased passive muscle
stiffness [35-37]. Taken altogether, it would seem likely that as muscle lengthens the
collagen matrix deforms in part by changes in collagen fiber alignment and straightness.
Thus, we hypothesized that collagen fibers dynamically re-align in skeletal muscle in
response to increased strain. Additionally, we hypothesized that the increase in collagen
alignment is related to the increase in ECM-based passive stiffness at higher strains.

We tested this hypothesis by collecting hindlimb and diaphragm muscles from DBA/2J
(wildtype) and D2.mdx mice, a model of Duchenne muscular dystrophy exhibiting more
severe fibrosis than other genetic backgrounds [10,35,36,38]. We performed a collagenase
or sham treatment on matched left and right muscles (or strips of diaphragm muscle) to

see if collagenase treatment would blunt any dynamic changes in collagen architecture that
occurred in response to tissue strain. Our method of imaging unfixed decellularized muscles
across length scales was implemented to measure dynamic collagen architecture across
strains. Our study provides a unique visualization and quantification of strain-dependent
changes in collagen architecture that occur in skeletal muscle.

2. Materials & methods

2.1. Ethical approval

All experiments involving animals were approved by the University of California, Davis
Institutional Animal Care and Use Committee under IACUC protocol #22579.

2.2. Animal handling and dissection

DBA/2J (wildtype) and D2.B10-Dmdmadx/J (D2.mdx) mice were cared for in the UC Davis
Teaching and Research Animal Care Services facility. Mice were housed on a 12:12 light-
dark cycle and provided ad libitum access to food and water. Mice were between 47 and 51
weeks of age at sacrifice (wildtype male A/= 3, wildtype female M= 4; D2.mdx male N
=6, D2.mdx female N =4). We refer to this age group of mice as middle-aged, although
the D2.max mouse and other models of DMD have shortened lifespans [39-42]. Mice were
anesthetized with 2.5 % Isoflurane gas in 1 L/min oxygen. Soleus and extensor digitorum
longus (EDL) were collected from the hindlimbs while the mice were under anesthesia.
After hindlimb muscles were obtained, cervical dislocation was done while mice were still
under anesthesia. Following cervical dislocation, the liver and diaphragm were collected.
Soleus, EDL, and diaphragm muscles were placed in a bath of oxygenated Ringer’s
solution (Sodium Chloride, Potassium Chloride, Calcium Chloride dihydrate, Potassium
Phosphate Monobasic, Magnesium Sulfate, 4-(2-Hydroxyethyl)piperazine-1-ethanesulfonic
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acid (HEPES), Glucose) while the liver was flash frozen in liquid nitrogen and stored at =70
°C.

2.3. Measurement of optimum length

Soleus, EDL, and diaphragm muscles were prepared for passive mechanical testing as
previously described [10,35,36]. Briefly, 7-0 sutures were cinched at the muscle-tendon
junctions of the soleus and EDL muscles. Six strips of diaphragm muscle cut along the
myofiber angle were tied with 7-0 suture at the central tendon and ribs. Suture loops were
attached to the 300C-LR-Dual-Mode motor arm and force transducer (Aurora Scientific)
in a bath of 28 °C oxygenated Ringer’s solution. The optimum length for isometric force
contraction (Lo) was calculated using a series of twitches as the muscle was incrementally
stretched using the 701C stimulator (Aurora Scientific). The muscle length at which the
most force was produced from contraction was set as the Lo length. This length was
measured with calipers between the sutures at either muscle-tendon junction. Physiological
cross-sectional area (PCSA) was calculated using the muscle length (Lm), mass (m), ratio
of fiber length to Lo (Lf/Lo) and standard density of muscle (o = 1.06 g/cm3; PCSA

= miLo*(Lf/Lo)*p) [43]. Following measurement of Lo, soleus, EDL, and two strips of
diaphragm muscle were sequestered for collagenase/sham and decellularization treatments
while the remaining four strips of diaphragm muscle underwent passive mechanical testing
before and after a collagenase/sham treatment.

2.4. Collagenase and decellularization protocols

Muscle collagenase digestion and decellularization were performed and validated in
previous reports [10,11]. Both left and right EDL and soleus muscles received a collagenase
or sham treatment and a subsequent decellularization treatment. Of the six diaphragm strips
isolated, two strips received either a collagenase or sham treatment with a subsequent
decellularization treatment. Of the remaining four diaphragm strips, two strips were pinned
at slack length and two were pinned at 112.5 % of Lo (12.5 % strain). Each pair of strips
underwent either a collagenase or sham treatment prior to subsequent mechanical testing.
Collagenase or sham digestion was performed on EDL, soleus, and diaphragm muscles.

To make the stock collagenase solution, type Il collagenase (Gibco, Carlsbad, CA) was
added to 1 ml of Hank’s Balanced Salt Solution with calcium, magnesium, and no phenol
red (Gibco, Carlsbad, CA) and mixed. Type Il collagenase cleaves the bond between a
neutral amino acid (X) and glycine in the sequence Pro-X-Gly-Pro, which occurs at a

high frequency within collagen molecules, specifically within the backbone. Cleaving these
bonds structurally compromises collagen molecules, reducing their mechanical properties.
Collagenase stock solution was then diluted, stored, and applied to muscles as previously
described [10]. Following collagenase or sham treatment, muscles were then decellularized
in line with previous descriptions [10,11].

2.5. Passive mechanical testing

Passive mechanical testing was carried out in a similar manner to previous studies
[10,35,36,44-46]. Decellularized EDL, soleus, and diaphragm muscles were placed in a
bath of Ringer’s solution prior to passive mechanical testing. Suture loops on decellularized
muscles (DCMs) were placed on the 300C-LR-Dual-Mode motor arm and force transducer
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(Aurora Scientific) in a bath of 28 °C Ringer’s solution and were set to a length of

85 % Lo (15 % strain). DCMs underwent a passive mechanical protocol that included
preconditioning and held stretch steps. The preconditioning steps occurred before each
held stretch step and consisted of lengthening the DCM by 5 % Lo at a rate of 1 Hz

for 5 s. The held stretch steps consisted of lengthening the DCM by 5 % Lo at a rate

of 1 Lo/s beyond the current length and held at this length for 120 s. Preconditioning

and held stretch steps were continued up to 95, 100, 105, 110, and 115 % of Lo (-10

%, =5 %, 0 %, 5 %, 10 %, and 15 % strain). The stiffness (Young’s modulus) was
calculated as the slope of the quadratic fit of nominal stress (passive tensile force per
PCSA) and strain values. Dynamic stiffness was the slope of the fit with the maximum
nominal stress values over the held stretch steps while elastic stiffness was the slope of
the fit with the nominal stress values measured at the end of the 120 second held stretch
step. Elastic index was calculated as the ratio between elastic and dynamic stiffness at
each strain. DCM samples that mechanically failed prior to 10 % strain were not used for
comparisons of passive mechanics. DCM samples that exhibited an elastic index greater
than 1 were removed from comparisons involving elastic index. DCM samples were placed
in storage solution (125 mM K-propionate, 20 mM Imidazole, 5 mM Ethylene Glycol-
bis(B-aminoethyl ether)-N,N,N’,N’-tetraacetic acid (EGTA), 2 mM Magnesium Chloride
Hexahydrate, 2 mM Adenosine-5-triphosphate Disodium Salt in 50 % glycerol; pH=7.00)
[47] until used for second harmonic generation imaging.

Intact strips of diaphragm muscle underwent similar mechanical testing protocols before and
after collagenase or sham digestion. However, the starting length for these protocols was
100 % Lo, and the preconditioning and held stretch steps for intact muscles covered 2.5

% increments from 102.5 % to 105, 107.5, 110, and 112.5 % of Lo (2.5 %, 5 %, 7.5 %,

10 %, 12.5 % strain). Following collagenase or sham treatment, diaphragm muscles were
mechanically tested from 100 % Lo (0 % strain) in 2.5 % increments up to 120 % of Lo (20
% strain). Stiffness and elastic index were measured similar to the DCM samples.

2.6. Second harmonic generation imaging for collagen architecture

Second harmonic generation (SHG) microscopy was performed at the Advanced Imaging
Facility in the UC Davis School of Veterinary Medicine using a Leica TCS SP8 fit with a
Mai Tai deep see laser. A 25x water immersion objective was used with a multiphoton laser.
Briefly, decellularized muscles (DCMs) were removed from storage solution and placed in
a bath of phosphate buffered saline (PBS) at room temperature. Using the previously tied
sutures on each DCM, looped sutures were placed around hooks in an apparatus similar to
that used in the mechanical testing protocols. DCMs were set to —15 % strain in line with the
mechanical testing protocol. Each sample was imaged in a single location along the muscle
belly using the multiphoton laser tuned to 848 nm for an image stack size of at least 50

pum with a slice thickness of 1 um. During image analysis, we noticed that the architecture
of the diaphragm epimysium was noticeably different from the perimysium, prompting

us to analyze the layers separately. Since the majority of image stacks included the top
surface of the muscle, we were able to compare the epimysium and perimysium in most
diaphragm DCMs. However, we found that none of our images for the WT collagenase-
treated diaphragm DCMs included signal from the epimysial layer, so only the perimysial
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architecture for this group was measured. Following collection of the first image stack,
DCMs were passively strained in 5 % increments from —15 % to 15 % and imaged in the
same location for each sample length (Fig. 1). Following imaging, DCMs were washed in
PBS and then flash frozen in liquid nitrogen. DCMs that mechanically failed or had sutures
slip off the muscle belly were either retied and/or analyzed only until the corresponding
length at failure. Custom MATLAB scripts and processing in ImageJ were used to analyze
collagen fiber diameter, area fraction, and alignment in the images stacks as previously
described [35,36,48]. Intrinsic alignment index was calculated as the alignment of collagen
fibers relative to the mean collagen fiber angle. Axial alignment index was calculated as the
alignment of collagen fibers relative to the axis of strain (or angle of strain), which was set
to 90° for all SHG images. Axial deviation angle was calculated as the absolute value of the
difference between the mean collagen angle and angle of strain. Collagen fiber diameter and
area fraction data for each muscle were averaged over the image stacks across the range of
strains.

2.7. Hydroxyproline and collagen solubility assay

Total collagen content and cross-linking were measured in EDL, soleus, and diaphragm
DCMs as well as the liver using the hydroxyproline and collagen solubility assay as
described in other studies [10,35,36,46,51]. Briefly, flash frozen samples were powdered,
weighed, and placed in PBS for mixing and centrifugation. After removing the supernatant
samples were dissolved in acetic acid with pepsin overnight. The following day the soluble
(non-cross-linked) and insoluble (cross-linked) fractions were separated and boiled in 6 M
HCI overnight. The resulting lysates were aliquoted and sequentially added to solutions
containing chloramine T and Erlich’s reagent. After a 30-min incubation at 58 °C, samples
were cooled, centrifuged, and then plated in duplicate for measurement of absorbance at
558 nm. Total collagen content and cross-linking were back calculated using a standard
curve and reported as collagen content per powdered mass in pg/mg and percent insoluble
collagen.

2.8. Statistical analysis

Statistics were performed in GraphPad Prism (version 10.2.3). Sex-based differences were
investigated for primary outcomes, but significant differences were not found. Thus, data
from both sexes were pooled to increase statistical power. A mixed effects analysis was
run in place of an analysis of variance (ANOVA) in cases where some of the mechanical
testing data was missing due to mechanical failure in at least one muscle sample. Three-
way ANOVAs or mixed effect analyses were run on stress—strain data across genotype,
treatment, and strain, and were used on stiffness data for non-decellularized diaphragm
strips across strain, genotype, and treatment. Sidak’s multiple comparisons tests and
Tukey’s multiple comparisons tests were used to identify pairwise significant differences
where appropriate. Two-way ANOVAS or mixed effect analyses were run on stiffness
and elastic index data across genotype and treatment with post-hoc Fisher’s LSD tests

or Sidak’s multiple comparisons tests where appropriate. Two-way ANOVAs were used
for hydroxyproline, collagen solubility, and collagen fiber size/area data for EDL, soleus,
and diaphragm muscles across genotype and treatment with post-hoc Sidak’s multiple
comparisons tests or Fisher’s least square differences (LSD) tests where appropriate. A
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two-way ANOVA was also performed on the collagen fiber diameter data for sham-digested
WT and D2.mdx diaphragm epimysium and perimysium by genotype and ECM layer.
Post-hoc Sidak’s multiple comparisons tests were run to identify pairwise differences by
ECM layer. T-tests were performed on liver hydroxyproline and collagen solubility data.
Simple linear regressions were performed between continuous data sets where relationships
were hypothesized. Three-way ANOVAs or mixed effect analyses were run on collagen
alignment data across strain, genotype, and treatment with post-hoc Tukey or Sidak’s
multiple comparisons tests. A two-way ANOVA was run on the diaphragm epimysium
alignment data across genotype and strain with post-hoc Sidak’s multiple comparisons tests.
Two-way ANOVAs were run on muscle mass and muscle length data across genotype

and treatment with post-hoc Sidak multiple comparisons tests or Fisher’s LSD tests as
appropriate.

3. Results

3.1. Decellularized muscle mechanics

Although we expected the D2.mdx decellularized muscles (DCMs) to have higher passive
mechanical properties than wildtype (WT) DCMs, we found the WT muscle mechanics
were either similar or greater than that of the D2.mdx DCMs. Across all diaphragm,

EDL, and soleus DCMs elastic stress increased with strain and decreased with collagenase
treatment (Fig. 2A-C). Additionally, the WT diaphragm DCMs had significantly higher
elastic stress than the D2.madx diaphragm DCMs (Fig. 2A). Elastic stiffness, the slope of

the stress strain curve at 15 % strain, was significantly decreased with collagenase treatment
across all DCMs tested (Fig. 2D-F). While there was no genotype difference in elastic
stiffness in EDL or soleus DCMs, the WT diaphragm DCM exhibited higher elastic stiffness
than D2.madx diaphragm DCM (Fig. 2D). This was paralleled by increased stiffness of
intact WT diaphragms compared to D2./max (Fig. 3A). Elastic index, the ratio of elastic

to dynamic stiffness at 15 % strain, was reduced in the D2.mdx and collagenase-treated
diaphragm DCMs compared to the respective WT and sham-treated diaphragm DCMs (Fig.
2G). Collagenase-digested WT EDL DCMs were less elastic than corresponding sham
DCMs (Fig. 2H). Also, collagenase-treated WT soleus DCMs were more elastic than
collagenase-treated D2. mdx soleus DCMs, and collagenase digestion reduced the elastic
index of D2.madx soleus DCMs (Fig. 21). Dynamic stress and stiffness results demonstrated
similar trends as elastic mechanics and are not reported in the figures. Overall, wildtype
DCMs were as stiff or stiffer than D2.madx DCMs, and collagenase treatment consistently
reduced the stiffness and elastic index of DCMs across all muscles.

3.2. Effects of passive tension on collagenase digestion

Based on previous studies we expected passive tension to blunt the effectiveness of
collagenase digestion on intact diaphragm muscle strips [52-54]. In line with this
hypothesis, we found that collagenase digestion reduced stress and stiffness in slack
diaphragm strips to a greater degree than in strained diaphragm strips (Fig. 3B and C).
However, we also observed that simply holding the diaphragm strips at strain during a sham
treatment reduced their stress and stiffness (Fig. 3B and C). We also observed an effect of
genotype on the reduction in stress of slack diaphragm strips following a sham treatment
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(Fig. 3C). Overall, we find that while holding a muscle at strain will hinder the ability of
collagenase to reduce stiffness, the act of holding the muscle at strain leads to a reduction in
stiffness and stress independent of collagenase treatment.

3.3. Collagen content and cross-linking in decellularized muscles and intact liver

In D2.madx muscles, there is often an increase in collagen content and cross-linking
compared to WT [10,35,36,38]. However, we did not observe a significant difference in
collagen content between WT and D2.madx DCMs, but we did observe an increase in liver
collagen content in the D2.max mice compared to WT (Fig. 4A). We also found that
D2.madlx diaphragm DCMs had higher percentages of insoluble (cross-linked) collagen than
WT diaphragm DCMs (Fig. 4B). Interestingly, there was no effect of collagenase treatment
on collagen content or cross-linking in any DCM tested (Fig. 4A and B). Neither collagen
content nor percent of insoluble collagen were significantly correlated to elastic stiffness
across muscles (Fig. 4C and D). Nevertheless, a smaller amount of collagen content was
significantly correlated to a lower elastic index in the EDL, sham muscles, and across all
groups (Fig. 4E). Altogether, D2.mdx diaphragm DCMs had a higher degree of cross-linked
collagen than WT, but neither collagen content nor cross-linking were correlated to elastic
stiffness.

3.4. Collagen fiber size and area

Using SHG imaging we were able to calculate collagen fiber architectural properties
including collagen fiber size and area fraction. (Fig. 5A,D). We found no significant
differences in EDL or soleus collagen fiber diameter by genotype or collagenase treatment
(Fig. 5B). However, we did observe that D2.mdx collagen fibers within the soleus DCM
occupied a greater area than in the WT DCM (Fig. 5C). After examining the SHG images
for all the diaphragm DCMs, we observed that the collagen fiber architecture at the surface
(epimysium) and within the muscle belly (perimysium) were remarkably different (Fig.
5D). Thus, for images of the diaphragm DCMs that contained SHG signal from the surface
(epimysium) in addition to signal within the muscle belly (perimysium), we analyzed the
architecture of each layer separately (Figs. 5D, 7A). We found that collagen fibers within
the sham-digested epimysium were larger than those in the perimysium layer (Fig. 5E).
We also saw that collagenase digestion reduced the diameter of collagen fibers within the
D2.madx epimysium (Fig. 5E). Lastly, we observed a robust increase in the collagen fiber
area fraction within the D2.madx diaphragm perimysium compared to WT (Fig. 5F). These
data show that the D2./madx muscle ECM tends to have greater area occupied by collagen
fibers, and the epimysium of the diaphragm has larger collagen fibers than the perimysium.

3.5. Strain-dependent dynamic re-alignment of collagen fibers

By imaging the decellularized muscles over a range of strains, we were able to demonstrate
the strain-dependent changes in collagen fiber alignment in WT and D2./mdx DCMs (Fig.
1). In EDL and soleus DCMs, we did not observe differences in collagen fiber alignment
by genotype or collagenase treatment (Fig. 6A—G). However, we found robust increases in
collagen fiber intrinsic and axial alignment in both EDL and soleus DCMs with increasing
muscle strain (Fig. 6B and C, E and F). Both intrinsic alignment index (collagen alignment
relative to the mean collagen angle) and axial alignment index (collagen alignment relative
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to the angle/axis of strain) increased with strain in EDL and soleus DCMs (Fig. B-C,

E-F). However, we did not observe a strain-dependent change in axial deviation angle, the
difference between the mean collagen angle and axis of strain, in EDL or soleus DCMs (Fig.
D,G). Thus, in the limb decellularized muscles collagen fibers became more collectively
aligned and oriented along the axis of strain with increasing strain. However, the angular
deviation between the collagen fibers and the axis of strain did not significantly change as
the DCM was strained.

As previously mentioned, the collagen architecture of the decellularized diaphragm
epimysium and perimysium were remarkably different, so they were analyzed separately
(Fig. 7A). While we did not observe the epimysium in any image stacks from the WT
collagenase digested diaphragm DCMs, we did see that the epimysial collagen fibers
increased their intrinsic and axial alignment with strain, and the WT diaphragm DCM

had higher alignment across strains compared to the D2.madx diaphragm DCM (Fig. 7B

and C). Further, we observed that as diaphragm DCMs were strained, epimysial collagen
fibers changed their angle to be closer to the axis of strain (Fig. 7D). This effect was most
pronounced in the D2.madx diaphragm DCM, which had a significant reduction in axial
deviation angle at 15 % strain compared to —15 % (Fig. 7D). We found that the perimysial
collagen fibers within the WT diaphragm DCM linearly increased intrinsic alignment with
increasing muscle strain, while the other diaphragm DCMs displayed less consistent changes
in alignment with strain (Fig. 7E), although this difference was less pronounced in the axial
alignment of collagen fibers (Fig. 7F). Perimysial collagen fibers also tended to reduce their
axial deviation angle with increased DCM strain (Fig. 7G).

Since at low strain the collagen fibers in the epimysium started at a greater axial deviation
angle compared to the fibers in the perimysium, we predicted that with increasing strain
epimysial collagen fibers would exhibit a greater change in collagen angle in response to
strain compared to perimysial collagen. Thus, we calculated the change in collagen angle
from the lowest to the highest strain (strain delta angle) in epimysium and perimysium

to observe whether epimysial collagen fibers changed their mean angle during strain to a
greater degree than perimysial collagen fibers. (Fig. 7H). In line with this prediction, we
observed that the WT and D2.mdx epimysial collagen fibers experienced a greater change

in mean collagen angle across the range of strains than their respective perimysial collagen
fibers (Fig. 71). Additionally, we expected that the difference in mean angle between the
epimysial and perimysial collagen fibers (Epi-Peri delta collagen angle) would become
smaller with increasing strain due to concomitant re-alignment of the collagen in both layers
towards the axis of strain (Fig. 7J). Evidently, we observed that the difference in mean

angle between decellularized diaphragm epimysium and perimysium significantly decreased
with increasing strain, showing that the two layers of the ECM tend to re-align in the same
direction as the muscle was strained (Fig. 7K). Overall, we found that as the muscle ECM

is strained collagen fibers dynamically re-align along the axis of strain regardless of their
initial orientation.
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3.6. Mechanical significance of collagen fiber alignment

Lastly, we compared the relationship between dynamic collagen alignment and DCM elastic
stiffness. We found that collagen alignment in the EDL and soleus muscles, as well as
diaphragm perimysial and epimysial alignment were correlated to increased elastic stiffness
(Fig. 8A-C). However, we did not find significant correlations between these parameters

for any individual muscle group or genotype. However, we did not observe a significant
correlation between the change in alignment and elastic stiffness (Fig. 8D—F). In parallel
with alignment index, strain alignment index was significantly correlated to stiffness in

the EDL, soleus, and diaphragm (Fig. 8G-I). In addition to stiffness, we investigated
correlations between elastic index and collagen alignment, and found that the alignment
index and strain alignment index were correlated to elastic index in all DCMs tested (Fig.
9A-C, G-I). We also observed that delta collagen alignment index was associated with
elastic index in sham EDL and soleus DCMs, but not in the diaphragm (Fig. 9D-F). In short,
we found that collagen fiber alignment was weakly related to DCM mechanical properties.

4. Discussion

4.1. Middle-aged dystrophic diaphragm ECM is less stiff than WT

In general, dystrophic muscles from the D2.max mouse tend to be stiffer than WT muscles
[10,35,36]. Previous reports have demonstrated that changes across multiple aspects of

the muscle collagen matrix including collagen content, cross-linking, fiber density, and
alignment are correlated to increased stiffness in dystrophic muscle [10,35-38,55]. Further,
the D2.madx diaphragm tends to be stiffer than its WT counterpart and compared to limb
muscles in the D2.madx mouse [10,36]. However, most studies that have investigated the
skeletal muscle pathology of D2.madx mice assessed the phenotype in young and adult

mice (~8-35 weeks old) rather than middle-aged mice (>47 weeks old). Surprisingly, our
data show that the middle-aged D2.mdx diaphragm DCM had approximately one-quarter

of the elastic stiffness of the matched WT, and the intact middle-aged D2.mdx diaphragm
was about half as stiff than the WT (Figs. 2D, 3A). We would expect a drop in ECM
stiffness to be related to a decrease in collagen content, crosslinks, and alignment. While
we found that the D2.madx diaphragm had more cross-links and perimysial collagen fiber
area than the WT diaphragm (Fig. 4A and B, Fig. 5F), the dystrophic diaphragm had
reduced collagen alignment, particularly in the epimysium, compared to the WT (Fig. 7B
and C). However, we did not observe a strong relationship between epimysial alignment and
stiffness that would explain the genotype-based difference in stiffness between diaphragms
(Fig. 8B,E). Since the collagen architecture of the WT and D2.mdx diaphragms did not
fully explain the difference in stiffness, we infer that age-related changes to the ECM such
as proteoglycan content, composition of various collagens, and types of cross-links may be
larger contributors to the lower stiffness of the D2./madx diaphragm ECM. Previous reports
support a general increase in the synthesis of ECM components within muscle during aging
including collagens 1, 4, and 6; small-leucine rich proteoglycans (SLRPSs) decorin, biglycan,
lumican, and asporin; and other components associated with the ECM including fibrillin-1,
laminins, and integrins [56,57]. While collagen has an important load-bearing role in muscle
ECM, other matrix components contribute to mechanical properties. Glycosaminoglycan
(GAG) chains on proteoglycans can contribute to hydrostatic pressure within the ECM,
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which can regulate mechanical properties [58,59]. The function of SLRPs is also important
to the proper formation and organization of the collagen matrix [60-62]. Thus, the content
and functions of proteoglycans are integral to the regulation of ECM mechanical properties.
Minor components like fibrillin-1, laminin, and integrins form microfibril networks [63]

or contribute to the stability of the muscle-matrix connection at the sarcolemma [64,65].
Collagen cross-links are robustly increased with aging [66,67], specifically advanced
glycation end-products (AGE) [68-70], although we did not see a clear relationship between
cross-link content and elastic stiffness. While there is a plethora of ECM components

that increase in content with aging, determining how each would individually alter muscle
stiffness is more difficult. Also, it is possible that since the D2.madx diaphragm is thicker
than the WT, that differences in the mass of the diaphragm strips underpredict the in vivo
passive mechanical properties of the D2.madx diaphragm compared to WT. In any case, these
findings of decreased ECM stiffness in dystrophic muscle compared to WT are surprising
and warrant future investigation to determine their structural basis.

4.2. Strain-mediated resistance to collagenase digestion

Previous studies suggest that collagen fibers under higher tension are more resistant

to enzymatic degradation by collagenase [52-54]. We tested this concept in muscle by
measuring the elastic stiffness of diaphragm strips before and after a sham or collagenase
treatment while at slack length or 12.5 % strain. As expected, we found that the collagenase-
associated reduction in stiffness was blunted by holding a muscle under tension (Fig.

3B). We also observed that holding a muscle at tension lowered stiffness regardless of
collagenase treatment (Fig. 3B). Because the sham or collagenase treatment was an hour
long, it is possible that stress-relaxation effects that occurred over the course of the 1-h
treatment were not reversed by the time post-treatment mechanical testing began. Based

on this assumption, when muscles were held at a slack length for one hour, they did not
experience stress relaxation and exhibited comparable mechanical properties to what was
measured prior to the 1-h treatment. However, the muscles that were held at tension for
one hour lost about half or more of their previous stiffness due to the stress-relaxation

of collagen and elastic elements in the muscle that was not undone before post-treatment
mechanical testing. Interestingly, the collagenase treatment did not reduce the stiffness of
muscles held at tension while it severely reduced the stiffness of muscles held at slack
length. Put together, even if the collagen matrix underwent extensive stress-relaxation during
the 1-h treatment under tension, the collagen matrix was still resistant to the effects of

the collagenase compared to the muscles digested at slack length. While quantifying the
degree of stress-relaxation in isolated skeletal muscles is outside the scope of this study,
we anticipate this could be achieved by holding muscles at strain for different time periods
from several minutes to an hour and then measuring their passive mechanical properties
immediately after and several minutes following the held strain. Some studies have already
looked at stress-relaxation in muscle and could be used as a guide for future research
[71,72]. Further investigation is needed to elucidate the impact of stress-relaxation on
muscle stiffness following a held strain, and the proportionality between the degree of
muscle strain and level of collagenase resistance.
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4.3. Increased collagen content in D2.mdx liver

While it is well documented that the muscles in the D2.max mouse exhibit progressive
fibrosis that is more severe than other genetic backgrounds [38,73], it is not known if other
organs become fibrotic in the mouse. There is evidence that the DBA/2J background has
increased transforming growth factor-g (TGF ) signaling due to genetic variants in latent
TGFg-binding-protein 4 (LTBP4) which could lead to upregulated expression of pro-fibrotic
transcriptional pathways [74,75]. While we did not test another genetic background of

mice in this study, we performed the hydroxyproline and collagen solubility assay on liver
tissue from WT and D2.mdx mice to see if collagen content and cross-links were altered
across genotypes. We found that there was more collagen in the D2.max liver than in

the WT, but no difference in cross-linking (Fig. 4D). Compared to typical total collagen
values in other mice, we find that collagen content in the DBA/2J mice is 6-25 fold higher
than mice on other genetic backgrounds [76—78]. This would suggest that the DBA/2J
background has an exponentially more severe pro-fibrotic transcriptional program than
other genetic backgrounds. While the hydroxyproline assay is performed similarly between
studies, differences in protocols could lead to altered collagen content measurements. Future
study could elucidate what other factors lead to this massive increase in liver collagen
content in DBA/2J mice.

4.4, Dynamic collagen fiber architecture in epimysium and perimysium

It has long been hypothesized that the muscle collagen matrix responds to changes in
muscle length with changes in fibril orientation [24-26,28,29]. While there have been many
studies that show a difference in fibrillar collagen alignment in muscles under different
strains, few if any have performed imaging on the same muscle across a range of strains.
Our study is unique in that we performed SHG microscopy on DCMs across a range

of strains to visualize and quantify changes in collagen fiber alignment as muscles are
stretched. We found that collagen fibers increased their intrinsic and axial alignment with
increasing muscle strain (Fig. 6B and C, E and F; 7B-G). It is understood that collagen
fibrils /n vitro change their orientation in response to loading [17,79-81], thus, as muscle
lengthens /n vivo the collagen fibers within the ECM incur a tensile load that leads them

to increase their alignment along the axis of load or strain. Given the collagenase treatment
robustly reduced the stiffness of all muscles tested, we expected the collagen fibers to incur
less load and change their alignment to a lesser degree. Surprisingly, we did not observe

an effect of collagenase on the re-alignment of collagen fibers during muscle stretching
(Figs. 6B-G, 7B-G). From this finding, we interpret that although digesting collagen fibers
with collagenase reduces their mechanical properties, the collagen fibers still alter their
orientation in response to a change in muscle length.

Another interesting finding was the difference between the epimysium and perimysium
architecture within the diaphragm. While we did not detect a difference in collagen
organization in the limb muscles between the surface and inner muscle belly, the diaphragm
clearly displayed architectural differences such that the collagen fibers at the surface were
thicker and oriented farther away from the muscle long axis, while the perimysial collagen
fibers were thinner and oriented more parallel to the direction of muscle fibers (Fig. 5D and
E; Fig. 6C and D, F and G; Fig. 7C and D, F and G, I). While the perimysial collagen did
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not exhibit large changes in the mean collagen angle as the diaphragm strip was strained,
we found that the epimysial collagen had much larger changes in mean collagen angle
towards the axis of strain as the DCM incurred more strain (Fig. 7D,G,1). Interestingly, we
observed that the D2./mdx and collagenase-digested diaphragm perimysium did not exhibit
clear strain-dependent increases in collagen alignment (Fig. 7E, and F). This may be due to
a compromise in loading between epimysial and perimysial collagen fibers in the D2.madx
muscles or with collagenase digestion. The WT epimysium had a much higher degree of
intrinsic and axial collagen alignment than the D2./madx (Fig. 7B and C). One potential
explanation for this difference could be changes in collagen fiber crimp between WT and
D2.mdx that could lower the measured alignment in the dystrophic epimysium, however, we
did not measure collagen crimp in this study. Taken with the observation that the difference
in mean collagen angle between the diaphragm perimysium and epimysium decreased with
increasing muscle strain (Fig. 7K), and the strain-dependent increase in axial collagen
alignment in most of the DCMs tested (Figs. 6C,F; 7C), we conclude that collagen fibers
tend to re-align along the axis of stretch regardless of their initial orientation.

4.5. Biomechanical implications of dynamic collagen re-alignment

The muscle ECM is regionally organized such that muscle strain induces changes in
collagen fiber angle and straightness depending on the initial orientation of collagen and
direction of tensile loading [24,26,58,82]. Based on the mechanical properties of collagen
fibrils /n vitro, changes in collagen fiber angle should correspond to smaller changes in
passive mechanics compared to changes in collagen fiber straightness [17]. This appears

to be the case in the endomysium, which contains a fibrous layer of collagens that are
oriented circumferentially around the muscle fibers [26,29]. Endomysial collagen fibers
primarily alter their fiber angle rather than their straightness in response to changes in
muscle length [25,26]. In parallel, the endomysium does not seem to exhibit significant
mechanical properties on the level of the whole muscle compared to the perimysium and
epimysium, which exhibit changes in collagen fiber angle and straightness in response

to muscle strain [24,25,28]. However, in our study we did observe weak, but significant,
relationships between measures of collagen alignment and mechanical properties. This could
be due to a smaller portion of collagen-based mechanics coming from the alignment of
fibers and more coming from the molecular sliding that was not measured in this study.
Much of the non-linearity of collagen tensile mechanics is due to intermolecular sliding
within fibrils [17,22], which could explain how a large increase in passive DCM mechanics
was not highly correlated to alignment alone. However, intermolecular sliding in collagen
fibrils occurs following the re-alignment of collagen, so a higher starting alignment of the
muscle collagen matrix could potentially prime fibers for molecular sliding to occur at a
lower strain. For this reason, it is important to continue studying the significance behind
collagen fiber organization in skeletal muscle to fully understand how disease remodels the
ECM in a way that alters mechanical properties. Further, given the regional differences in
collagen architecture throughout the muscle, it is worth investigating how muscle resident
cells respond to changes in collagen angle and collagen straightness, as those architectural
properties are altered in disease.
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Limitations

Our study was limited in the time separation of the mechanical testing and SHG imaging
techniques. At the time of this study, the available SHG microscope was not compatible with
concurrent mechanical testing due to space limitations on the microscope stage. However,
future studies should consider technical strategies to combine muscle mechanics with SHG.
Other imaging modalities are also compatible with concurrent muscle mechanical testing,
including confocal and widefield fluorescence and brightfield imaging, however, SHG is
unique in that no fixatives or additional stains or fluorophores are necessary to visualize
collagen. While we did not originally intend to image the diaphragm epimysium for
comparison of epimysial and perimysial architecture, we were able to make this comparison
due to the signal from the epimysium in the majority of our image set. However, we found
that none of our SHG images from the collagenase treated WT diaphragm DCMs contained
signal from the epimysium. Because of this, we did not report epimysial architecture data
from this group, limiting the breadth of our analysis. We elected to use DCMs for the
majority of this study in order to expand the depth to which we could penetrate the sample
for SHG imaging, and to more closely connect changes in collagen architecture to ECM
mechanics. We acknowledge that the mechanical properties of DCMs are different from
whole muscle, and that our decellularization protocol may induce some swelling of the
sample [83]. However, our decellularization technique was free of detergents and promotes
high conservation of ECM components and organization [10,11,83]. Finally, our metric

for collagen alignment index does not distinguish between collagen angular alignment

and collagen straightness. However, we still showed robust patterns of increased collagen
alignment with muscle strain, and we reported results on the mean collagen angle in the
diaphragm, where there were visible changes in collagen angle between the epimysium and
perimysium.

6. Conclusions

Through integration of whole muscle mechanical testing and SHG microscopy this is

the first study to robustly demonstrate dynamic re-alignment of perimysial collagen with
muscle strain. The relationship between strain and collagen alignment was even more
profound in the epimysium of the diaphragm with its distinct architecture. There were
significant relationships between muscle tissue stiffness with both axial and intrinsic
collagen alignment, and the change in intrinsic alignment as decellularized muscles
incurred strain. However, these relationships were weak, implicating other factors of ECM
architecture as determinants of stiffness. This was highlighted by the surprising result that
the highly fibrotic D2.max diaphragm was significantly less stiff than the WT. Further,
collagenase treatment of DCMs dramatically reduced stiffness, although less so when

the tissue was under strain. Despite the change in stiffness, collagenase did not produce
discernable changes in visualization of collagen fibers and their alignment. Together these
results show that the muscle ECM undergoes dynamic changes in collagen architecture in
response to strain, but collagen alignment alone does not completely explain the impact of
ECM architecture on matrix stiffness.
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Fig. 1.
Schematic of dynamic second harmonic generation (SHG) imaging technique. SHG

microscopy was performed on decellularized muscles across a range of strains that
matched the mechanical testing protocol. Collagen fibers within the decellularized muscles
upconverted two incident infrared (IR) photons to one photon of their second harmonic
(half the wavelength). Collagen fibers visibly increased their alignment as the muscle was
strained. Highly aligned collagen fibers exhibit more intense SHG signal [49,50]. Figure
created with BioRender.com.

Acta Biomater. Author manuscript; available in PMC 2025 February 07.


https://www.biorender.com/

1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Wohlgemuth et al. Page 22

Diaphragm EDL c Soleus

>

€€, ##, * seee, #HiH sece,
300 150 200 WT Sh
am
é: 200 100 150 T WT Collagenase
< I -= D2.mdx Sham
2 . 100-] - !
£ 1004 50 ¥ /../' -~ D2.mdx Collagenase
S I 1 501 iA |
% o iR, ]l ... __’L__J;___,;
ﬁ e T . - 1 i | I 0_.”_r—~*¢::3%ﬂeﬁi ...... O— b—a...

T T T T T T T T T T T T T T 50 T T T T T T T
15% -10% -5% 0% 5% 10% 15% 15% -10% -5% 0% 5% 10% 15% 15% -10% 5% 0% 5% 10% 15%
Strain (%) Strain (%) Strain (%)

E F

1500 1500

O

K%k

i
o
4

s

3*

3

1000 1000

1000

500+ 500

Elastic Stiffness 10% (kPa)

o

=]
o o
L)
(!

|
o

)

Kk %k
] H
# 1.0

1.0 s |

0 |_|
2 —
£ 0.8+ b 0.8 08 ¥ . _' |
= :
A

o064 |~ 0.6 06 [zl
° o
£ []
© 0.4 Ala 0.4+ 0.4+
8
8
i 0.2 0.2 0.2

0.0 0.0 0.0

Fig. 2.

DCM mechanics for diaphragm, EDL and soleus muscles. (A-C) Diaphragm, EDL, and
soleus DCMs had higher elastic stress with increasing strain and lower elastic stress after
collagenase treatment. WT diaphragm DCMs had higher elastic stress than D2.madx DCMs.
(D-F) Collagenase treatment reduced DCM stiffness. WT diaphragm DCMs were stiffer
than D2.madx diaphragm DCMs. (G-1) Collagenase reduced elastic index in DCMs. WT
diaphragm and EDL DCMs were more elastic than D2.madx counterparts. Data represented
by mean £ SD. Flat bars represent significant main effects while brackets represent pairwise
differences by post-hoc tests. Significance by strain: ¢ =p < 0.01, ¢ =p < 0.0001,
significance by collagenase treatment: # p< 0.05, # p< 0.01, ## =p < 0.001, ### p<
0.0001; significance by genotype: *p < 0.05, ***p < 0.001.
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Fig. 3.

M?Jscle mechanics of intact diaphragm strips in response to strain and collagenase
treatments. (A) Elastic stiffness of WT diaphragm strips was higher than D2.mdXx. (B-

C) Holding muscles at strain for 1-hour reduced their elastic stiffness and stress, and
collagenase reduced elastic stiffness and stress of muscles. However, muscles held at strain
exhibited resistance to collagenase-mediated digestion. D2.max muscles maintain less stress
after a sham digestion than WT. Data represented by mean + SD. Pairwise differences
indicated by brackets. Significance by genotype: ***p < 0.001, ****p < 0.0001; significance
by strain: ee p<0.01, eee p<0.001; significance by collagenase treatment: ## p< 0.001, ###
p<0.0001.
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Fig. 4.

Cgllagen content and cross-linking in DCMs and liver. (A) Collagenase treatment did not
affect the collagen content in WT and D2.mdx EDL, soleus, or diaphragm DCMs. Liver
collagen content was higher in D2.max mice than WT mice. (B) Percent of insoluble (cross-
linked) collagen was higher in the D2.mdx diaphragm DCMs than WT. (C-D) There were
no significant correlations between collagen content or cross-linking with elastic stiffness.
(E) There were significant negative correlations between collagen content and elastic index.
Data represented by mean * SD. Significant main effects represented by flat bars. Brackets
represent significant pairwise differences. Significance by genotype: *p < 0.05.
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Fig. 5.

Cgllagen fiber diameter and area. (A) Representative SHG images of WT and D2.madx
EDL and soleus muscles with or without collagenase treatment. (B) Collagen fiber diameter
was not significantly different by genotype or collagenase treatment in EDL and soleus
muscles. (C) Collagen fiber area was significantly higher in D2./madx soleus muscles than
WT. (D) Representative SHG images of WT and D2.madx diaphragm DCMs with and
without collagenase treatment. (E) Collagen fiber diameter was significantly higher in
diaphragm epimysium than perimysium. Collagen fiber diameter in D2.max epimysium
was decreased with collagenase digestion. (F) Collagen fiber area was significantly higher
in D2.mdx diaphragm perimysium and WT. Scale bar=100 um. Data represented by mean *
SD. Significant pairwise differences by ECM layer: Tp < 0.05, ***p < 0.001; genotype: *p <
0.05, ***p< 0.001; and collagenase treatment: # p < 0.05.
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Fig. 6.

St?ain—dependent collagen fiber re-alignment in EDL and soleus DCMs. (A) Representative
SHG image series across a range of strains for sham-treated EDL and soleus DCMs show
strain-dependent re-alignment of collagen fibers. Red arrows indicate direction and intensity
of strain. (B) Collagen fibers within EDL DCMs significantly increased their intrinsic
alignment with strain. (C) Axial alignment index, a measure of collagen fiber alignment
compared to the axis of strain, increased with strain in EDL DCMs. (D) Axial deviation
angle, the difference between the mean collagen angle and angle of strain (90°), did not
significantly change with strain in EDL DCMs. (E) Collagen fibers within soleus DCMs
significantly increased their intrinsic alignment with strain. (F) Axial alignment index of
collagen fibers within soleus DCMs increased with strain. (G) Axial deviation angle did not
change with strain in soleus DCMs. Scale bar=100 um. Data represented by mean + SEM.
Significant main effects represented by flat bars. Significant pairwise comparisons from
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post-hoc tests represented by symbols above data points. All pairwise comparisons by strain
are relative to —15 % strain. Significance by strain: € p<0.01, ¢#¢ p<0.001, ¢ p<0.0001.
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Fig. 7.

Strain- and layer-dependent dynamic changes in diaphragm DCM collagen fiber alignment.
(A) Representative SHG images series across a range of strains of shamtreated diaphragm
(DP) DCM epimysium and perimysium show dynamic changes in collagen alignment. Red
arrows indicate direction and intensity of strain. Perimysium and epimysium were analyzed
separately due to visibly different collagen architecture. (B-C) Collagen fiber intrinsic and
axial alignment increased with strain in epimysium of diaphragm DCMs. WT diaphragm
DCM epimysium collagen was more aligned than D2.mdx. (D) Epimysial axial deviation
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angle decreased with strain. D2./mdx epimysial axial deviation angle was significantly higher
than WT from —15 % to 0 % strain and decreased from —15 % to 15 %. (E-F) Diaphragm
perimysial collagen fibers changed their intrinsic and axial alignment with strain. WT
perimysial collagen significantly increased intrinsic alignment from =15 % to 15 % strain.
(G) Perimysium axial deviation angle decreased with strain. (H) Schematic for measurement
of strain delta angle (the difference between the mean collagen angle at —15 % and 15 %
strain). (I) The strain delta collagen angle was higher in the epimysium (EPI) compared

to perimysium (PERI) for sham treated diaphragm DCMs. (J) Schematic for measurement
of Epi-Peri delta angle (the difference between the mean collagen angle of epimysium and
perimysium at a given strain). (K) The Epi-Peri delta collagen angle decreased with strain.
Scale bar=100 um. Data represented by mean + SEM. Significant main effects represented
by flat bars. Significant post-hoc differences are represented by brackets or symbols above
data points. All pairwise comparisons by strain are relative to —15 % strain. Significance by
strain: €p < 0.05, ¢ p < 0.01, ®#¢ p < 0.001, #¢¢€ p < 0.0001; significance by genotype: *p <
0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001; significance by ECM layer: **p < 0.01.
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Relationships between collagen alignment and elastic stiffness in DCMs. (A-C) There were
significant weak positive correlations between collagen alignment and elastic stiffness at 15
% strain. (D-F) The delta in collagen alignment up to 15 % strain was not significantly
related to elastic stiffness. (G-I) Strain alignment index was significantly correlated to elastic

stiffness at 15 % strain.

Acta Biomater. Author manuscript; available in PMC 2025 February 07.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Wohlgemuth et al.

EDL
Soleus

Diaphragm
epimysium

Page 31

Diaphragm
perimysium

0 1.0 1.0
L]
o
= . g L » = =
3 0.8 ] 35 0.5 a
208 g8 L 208 208
% oo % 1
] 4 $ S
£ 06 2 2 R £ 06 £ 0.6
E ) B WT Sham EDL g ) E B
E o - WT Collagenase EDL g g
.%’ 0.4 e D2.mdx Sham EDL %’ 0.4 -%" 0.4
© S n o D2.mdx Collagenase EDL o o WT Sham Diaphragm
I o A « A .
£ WT Sham Soleus £ A £ A WT Collagenase Diaphragm
E02q___ WT Collagenase Soleus £ 0.24—— £020—nu Py
- All: J - All: 4 = AT A D2.madx Sham Diaphragm
p=0.0351 = D2.mdx Sham Soleus p=0.0078 p=10.0079 A D2.mdx Collagenase Diaphragm
R%= 0.0929 O D2.mdxC Soleus R2= 02425 R?=0.2793
0. T T T T 1 - T T T T 1 0. T T T T 1
0.0 0.2 04 0.6 08 1.0 0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
Elastic index 15% Elastic index 15% Elastic index 15%
. Sham: Sham SOL: 0.61 0.4
-6 p=0.0443 p=0.0470
R?=0.1522 R?=0.2531 L
= £} E B)
2 047 " < 4 : <
=3 R ¥ 04 X
) ., w2 ° T .24
T 0.2 " o n £ £ o 'y
: LY g 4 a
g . B o s,° E 02 3 Al: = N
< T - T T 1 S 5 p=0.1717 A
=3 = =
2 02—"08 . 06 0.8 1.0 s All & s R2-00706 * ,
2 42 g [pgoee gg,, ¢ G o U T T ]
2 o o = 0.04R?=0.0000 £ 0.2 0.4* 0.6 0.8 1.0
£ 8 £ o T T T 1 E A
£ - 0z 04 0.6 6.8 10 3
< 0.4+ i &
A A A
A =
e Elastic index 15% -0.2- Elastic index 15% 0.2 ElasticIndex15%
1.0 1.0 1.0
2 A
a
5 S Al
X 0.9 ] L
< < AMA_z
3 3 A =
T° T - A
& £ ad
g 0.8+ g A
c < A
2 2
G s E
K] k]
% 0.7 x
< — o u < 24 —
All: All: Sham:
p=0.0431 p=0.0106 p=0.0228
R?= 0.0860 R?=0.2619 R?= 0.3003
0. T T T T 1 0. T T T T 1 0. T T T T 1
0.0 0.2 04 0.6 08 1.0 0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0

Elastic index 156%

Fig. 9.

Elastic index 15%

Elastic index 15%

Relationships between collagen alignment and elastic index of DCMs. (A-C) Intrinsic
alignment index was significantly correlated to elastic index at 15 % strain in EDL, soleus,
and diaphragm DCMs. (D-F) Delta intrinsic alignment index up to 15 % strain correlated to
elastic index in sham EDL and soleus DCMs. (G-I) Axial alignment index was significantly
correlated with elastic index in all DCMs tested.
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