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Abstract

Skeletal muscle relies upon regeneration to maintain homeostasis and repair injury. This process
involves the recruitment of the tissue’s resident stem cell, the muscle progenitor cell, and

a subsequent proliferative response by newly generated myoblasts, which must then align

and fuse to generate new muscle fibers. During regeneration, cells rely on environmental

input for direction. Extracellular matrix (ECM) represents a crucial component of a cell’s
microenvironment that aids in guiding muscle regeneration. We hypothesized that ECM extracted
from skeletal muscle would provide muscle progenitor cells and myoblasts with an ideal substrate
for growth and differentiation ex vivo. To test this hypothesis, we developed a method to extract
ECM from the large thigh muscles of adult rats and present it to cells as a surface coating.
Myogenic cells cultured on ECM extract experienced enhanced proliferation and differentiation
relative to standard growth surfaces. As the methodology can be applied to any size muscle,

these results demonstrate that bioactive ECM can be readily obtained from skeletal muscle and
used to develop biomaterials that enhance muscle regeneration. Furthermore, the model system
demonstrated here can be applied to the study of interactions between the ECM of a particular
tissue and a cell population of interest.
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Appendix. Supplementary material

Skeletal muscle ECM extract enhances the proliferation of myoblasts and human primary MPCs. C2C12 myoblasts and human MPCs
were seeded onto uncoated, collagen I-coated, or skeletal muscle ECM-coated surfaces and maintained in growth medium for 48 and
54 h, respectively. Phase-contrast images were then obtained from the areas of lowest and highest cell density for each experimental
group. Note that myoblast and MPC density appears to be greater and the cells appear to be more organized when cultured on
ECM-coated surfaces relative to both uncoated and collagen-coated surfaces. Supplementary data associated with this article can be
found in the online version at doi:10.1016/j.biomaterials.2008.12.069.
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Introduction

Extracellular matrix (ECM) is a term used to represent the complex network of biomolecules
occupying the space between cells, tissues, and organs. The contribution of ECM to the
structural and mechanical integrity of tissues and organs is well recognized. Additional roles
for ECM including the regulation of cellular processes such as proliferation, migration,

and differentiation have also been described, and the appreciation of the contribution of
ECM to the control of these processes continues to grow. ECM can exert control over cells
in several ways. It can provide cells with signals directly through the binding of several
classes of membrane proteins to ECM [1]. ECM can also serve as a reservoir for growth
factors that become embedded within the matrix and available to local cells [2]. Finally, the
previous two types of interactions between cells and ECM can serve as the context in which
additional cellular and soluble signals are received and processed, allowing ECM to also
have a more indirect or moderating influence on cellular behavior. While many components
of ECM are shared between tissues and organs, each has a unique composition tailored to

its specific physiologic and mechanical requirements and to the particular types of cells

that reside within. It follows that the interaction between unique combinations of cells and
ECM molecules within each tissue and organ plays a crucial role in its development and
maintenance, as well as its regeneration and repair following injury.

Skeletal muscle tissue relies heavily upon ECM for organization, structural support, and
mechanical function [3]. ECM of the epimysium, perimysium, and endomysium, in addition
to the basement membrane, establishes the hierarchial organization of skeletal muscle by
enveloping the entire muscle, muscle fascicles, and muscle fibers, respectively [4]. For
skeletal muscle to function properly, interaction between myofibers and ECM molecules
within the basement membrane is crucial. The importance of ECM to proper skeletal
muscle function is illustrated by Duchenne’s muscular dystrophy and other congenital
forms of muscular dystrophy, which result from mutations in genes encoding the molecular
components involved in coupling the cytoskeleton to the ECM [5].

In addition to its physical and mechanical roles, skeletal muscle ECM is required for

the cellular maintenance of tissue homeostasis. Skeletal muscle tissue is maintained and
repaired through regeneration. When skeletal muscle becomes damaged through usage

or injury, a regenerative response is initiated to repair the tissue and restore or enhance
muscle function. The resident stem/progenitor cell within skeletal muscle, known as the
satellite cell or muscle progenitor cell (MPC), initiates this regenerative response [6,7].
MPCs reside within the basement membrane at the periphery of myofibers and are recruited
to proliferate in response to the need for muscle regeneration [8-10]. Proliferation of

MPCs generates myoblasts that undergo several rounds of division before fusing to form
myofibers, which comprise the basic cellular unit of skeletal muscle. During skeletal muscle
regeneration, ECM molecules play a key role in the proliferation of MPCs and myoblasts
as well as the subsequent stages of differentiation required to form new myofibers [11-17].
The study of skeletal muscle ECM regulation of MPC and myablast behavior presents a
significant challenge. /n vivo, it is difficult to isolate the effects of ECM from those of other
environmental components. For ex vivo studies, it is possible to study the role of one or
more purified ECM proteins, to use commercially available products to approximate tissue
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ECM, or to use cultured cells to produce ECM [18-23]. However, in all cases, it is unlikely
that the material used represents the specific combination of ECM molecules that exists
within skeletal muscle tissue.

To address these challenges, we have developed a method to extract ECM from skeletal
muscle tissue. Skeletal muscle ECM extract can be applied as a surface coating, and MPCs
or myoblasts can then be seeded onto ECM extract-coated surfaces to study the influence of
skeletal muscle ECM on the regenerative capacity of myogenic cells. We hypothesized that
two aspects of skeletal muscle regeneration, (1) the proliferation of MPCs and myaoblasts
and (2) their differentiation into myotubes, would be significantly enhanced by the presence
of a skeletal muscle ECM-derived substrate. The goal of this study was to develop a

model system whereby skeletal muscle ECM-derived coatings could be utilized to test the
interaction of skeletal muscle matrix and MPCs and myoblasts, and to investigate the effect
of this microenvironment on several aspects of progenitor cell behavior.

Materials and methods

2.1. Animals

Tissue and primary cells were obtained from adult Fisher 344/Brown Norway F1 rats. All
animal procedures were conducted under a protocol approved by the Wake Forest University
Animal Care and Use Committee.

2.2. Extraction of skeletal muscle ECM

To obtain skeletal muscle ECM, tissue was harvested from the quadriceps and hamstring
muscle groups of 4-7 month-old rats. The tissue was frozen at —80 °C and then thinly sliced
(<500 pum) using a razor blade at —20 °C. Tissue slices were decellularized through exposure
to a series of solutions at 4 °C with continuous agitation at a ratio of 1 L solution to 40

g of starting material. The number of solution changes performed for each step is given in
parentheses. First, the tissue was washed in ultrapure water for 2 days (3 changes on day 1;
2 changes on day 2). Next, tissue was exposed to 0.05% trypsin with EDTA for 1 h. Trypsin
was neutralized with DMEM + 10% FBS overnight. The decellularization process continued
with 5 days of exposure to 1% Triton X-100 (1 change per day) and was completed with 2
days of rinsing in ultrapure water (1 change per day) and 1 day of rinsing in PBS.

To extract ECM from the decellularized tissue, slices were cut into small pieces and washed
with ultrapure water for 1 h. The solution was then drained, and the tissue pieces were
frozen for 1 day at —80 °C prior to lyophilization. The tissue pieces were lyophilized
(Freeze-Dry Systems, Labconco, Kansas City, MO) and processed in a micro-grinder for
15 min while frozen under liquid nitrogen. The powdered product was then dissolved in 2

m urea with shaking for 3 days at 4 °C. Insoluble material was removed via centrifugation
for 20 min at 6000 rpm in an ultra centrifuge. The supernatant was filtered through a 40

um mesh into dialysis tubing. The soluble ECM was dialyzed against ultrapure water for
2-3 days. The solution was frozen in 50 mL conical tubes at —80 °C overnight and then
lyophilized until dry to obtain the final ECM extract. Yield was measured by weighing
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the starting material as wet tissue and the final lyophilized product in pre-weighed 50 mL
conical tubes.

2.3. Coating with ECM

For use as a coating material, ECM extract was solubilized in a minimal volume of 0.1%
acetic acid. Protein concentration was determined by the Lowry method and adjusted to

the desired level by dilution. Coating solution was applied to the substrate surface for

48 h in a humidified 37 °C incubator. For consistency across experiments carried out on
different-sized surfaces, 0.33 mL of coating solution was used per 1 cm? surface area. When
used as a control, rat tail type | collagen (BD Biosciences, San Jose, CA) was also diluted in
0.1% acetic acid and applied under the same conditions as the ECM solution. All uncoated
surfaces were covered in 0.1% acetic acid during the coating period as a control. The coating
solution was removed and the surface was washed twice with PBS prior to cell seeding. For
treatment of coated surfaces with collagenase, 0.1% collagenase type I11 (BD Biosciences)
in HBSS was applied for 60-90 min in a 37 °C incubator prior to an additional PBS wash
and subsequent cell seeding.

2.4. Contact angle measurement

The static, advanced contact angle of a drop of deionized water on coated and uncoated
surfaces was measured using a CAM 100 contact angle meter and software (KSV
Instruments, Helsinki, Finland) to measure the angle formed by the surface of interest
and the tangent to the drop at the surface. Uncoated surfaces were exposed to the coating
solution solvent (0.1% acetic acid) during the coating process.

2.5. Primary cell isolation and culture

Rat MPCs were obtained from quadriceps and gastrocnemius muscles using previously
described myofiber explant culture methodology [24-26]. Rat MPC growth medium
consisted of DMEM + 10% FBS + 1% penicillin/streptomycin (P/S). Human MPCs were
similarly obtained from a small skeletal muscle biopsy and expanded in SkKGM2 (Lonza,
Walkersville, MD). Differentiation medium consisted of DMEM/F12 + 2% horse serum +
1% P/S.

2.6. Myoblast culture

C,C12 murine myoblasts were propagated in DMEM + 10% FBS + 1% P/S [27].
Differentiation medium consisted of DMEM/F12 + 2% horse serum + 1% P/S.

2.7. Cell proliferation assay

Cell numbers were measured using MTS assay reagents according to the manufacturer’s
instructions (Promega, Madison, WI). The MTS assay utilizes a colorometric reaction to
measure cellular dehydrogenase activity as an indicator of the number of live, metabolically
active cells present. The conditions used for each cell type were optimized to allow 2-4
population doublings without allowing the cells to reach confluence over the course of the
experiment as over-confluence can skew assay results. Assays were carried out in 96-well
plates, and plates were read using an ELX-500 UV plate reader (Bio-Tek, Winooski, VT).
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2.8. Western blot analysis

Standard Western blotting procedures were employed. Briefly, cell lysates were harvested in
the presence of protease and phosphatase inhibitors. Protein content was quantified by the
Bradford method. Equal amounts of protein from each sample were loaded into the wells

of 10% SDS-polyacrylamide gels and resolved by electrophoresis. Protein was transferred
to a PVDF membrane. Membranes were blocked with 5% BSA in TBS + 0.05% Tween

+ 0.025% sodium azide (blocking solution) for 2 h at room temperature. Primary antibody
was applied overnight in blocking solution at 4 °C. Membranes were washed and secondary
antibody was applied for 35-40 min at room temperature. Membranes were washed and
imaged. Images were obtained with the LAS 300 imaging system, and MultiGauge v3.0 was
used to quantify the signals by densitometry (both FujiFilm Life Science, Stamford, CT).

A biotinylated protein ladder was used for molecular weight measurement (Cell Signaling
Tech., Danvers, MA, #7727 with #7075 for detection).

2.9. Antibodies

All antibodies used are listed as antigen (vendor: clone or product #): phospho-Erk1/2
(Cell Signaling Tech., #9101); Erk1/2 (Cell Signaling Tech., #9102); MyoD (Santa Cruz
Biotechnology, Santa Cruz, CA: 5.8A); myogenin (Santa Cruz, F5D), myosin heavy chain
(University of lowa Hybridoma facility, lowa City, IA: MF20); a-tubulin (Santa Cruz,
B-5-1-2); HRP-conjugated anti-mouse IgG (Cell Signaling Tech., #7076); HRP-conjugated
anti-rabbit 1gG (Cell Signaling Tech., #7074).

2.10. Collagen assay

2.11.

Collagen content as a percentage of total protein content was determined using the
Sircol collagen assay kit according to the manufacturer’s instructions (Biocolor Ltd.,
Newtownabbey, United Kingdom).

Myotube formation assay

Standard immunofluorescence staining procedures were employed. Briefly, cells were fixed
in 4% paraformaldehyde for 10 min and permeabilized with 0.1% Triton-X 100 for 5

min. Cells were blocked with 10% goat serum for 30 min. Primary antibody (anti-MyHC,
MF20) was applied in 3% goat serum for 1 h. Secondary antibody (goat anti-mouse Alexa
Fluor 594; Invitrogen, Carlsbad, CA) was applied in 3% goat serum for 45 min. Cells

were mounted with Vectashield containing DAPI (Vector Laboratories, Burlingame, CA)
and imaged on an Axio Imager (Carl Zeiss Microlmaging, Thornwood, NY). All steps were
done at room temperature with 3 PBS washes between steps when necessary.

To quantify the number of myotubes per field, images from 6 random fields of each surface
treatment group (ECM or uncoated) were obtained and the number of MyHC-positive
myotubes was counted. Additionally, the number of nuclei for each myotube counted was
recorded. The average number of myotubes as well as the average number and percentage
of myotubes comprised of 1, >1, or >2 nuclei could then be determined for each surface
treatment. For the ECM treatment group, 3 different extracts were used and 6 fields from
each extract were analyzed.
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2.12. Silver staining

For silver staining of ECM proteins, 20 ug of protein from three independent ECM
extractions was loaded into the wells of an 8% SDS-polyacrylamide gel and resolved by
electrophoresis. The gel was silver stained using Silver Stain Plus reagents according to
manufacturer’s instructions (Bio-Rad, Hercules, CA). High range and low range Silver Stain
SDS-PAGE Standards were used for molecular weight standards (Bio-Rad).

2.13. Statistical analysis

Data are presented as mean + SEM. To determine statistical significance between
experimental groups, Student’s £tests were employed. The threshold for significance was
set at p<0.05.

3. Results

3.1.

Extraction of skeletal muscle ECM

Skeletal muscle tissue was processed into thin slices (<500 um) prior to decellularization.
By processing the tissue into thin sections, surface area was increased and removal of
cellular material made more efficient. Decellularization was confirmed with H&E and
DAPI staining (Fig. 1A-D) as evidenced by the lack of cell bodies and punctate nuclei,
respectively. ECM was then extracted and freeze dried as described.

To confirm the consistency of the extraction method, ECM extract was resolved on an
SDS-PAGE gel and visualized by silver stain. Silver staining demonstrated the presence of
several high molecular weight proteins and the consistency of the banding pattern between
three independent extracts of skeletal muscle ECM from 3 to 5 animals each (Fig. 1E). The
collagen content of the ECM extract was found to be 72 +9%. This finding is consistent
with our expectations for skeletal muscle ECM, the abundance of high molecular weight
proteins in the polyacrylamide gel, and the extraction method used, which preferentially
yields insoluble ECM molecules.

To verify that ECM extract could be used as a coating material, it was applied to tissue
culture treated surfaces at a concentration of 0.2 mg/mL. Coated surfaces were compared
to uncoated and collagen I-coated surfaces by measuring the contact angle of deionized
water on each surface. The contact angle of ECM extract-coated surfaces was 55.9 + 2.7°.
This was significantly less than the contact angle of an uncoated surface (68.1 + 2.1) and
similar to the contact angle of a collagen I-coated surface (56.1 + 3.3). The reduction

in contact angle following the application of an ECM extract coating indicates that a
coating is deposited on the surface that renders it more hydrophilic. Together, these results
demonstrate that dense skeletal muscle tissue can be effectively decellularized, its ECM can
be consistently extracted to yield both collagen and non-collagen proteins, and the ECM
extract can be applied as a surface coating.

3.2. Proliferation of myogenic cells on muscle ECM coating

To demonstrate the biologic activity of skeletal muscle ECM extract, myogenic cells were
cultured on tissue culture surfaces coated with ECM extract for comparison with culture
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on uncoated and collagen I-coated surfaces. When murine C,C1, myoblasts were cultured
on tissue culture surfaces coated with increasing concentrations of skeletal muscle ECM
extract, the level of proliferation increased (Fig. 2A and Supplementary Fig. 1). Significant
increases in proliferation were detected as coating concentration increased to 0.2 mg/mL.
Above this concentration, proliferation was no longer significantly enhanced. At every
coating concentration tested, the levels of C,C1, cell proliferation observed on skeletal
muscle ECM extract-coated surfaces were significantly greater than those observed for
cells grown on either uncoated tissue culture plastic or collagen I-coated surfaces. When
coated surfaces were treated with collagenase prior to the addition of cells, the proliferation-
enhancing effect of the ECM extract coatings was significantly reduced, indicating an
important but not exclusive role for collagen molecules in mediating the proliferation
enhancement of skeletal muscle ECM extract.

To further characterize the proliferation of cells grown on ECM extract-coated and uncoated
surfaces, C,Cqo cell lysates obtained on days -1, +1, and +3 (relative to the induction

of differentiation on day 0) were assayed for the expression and phosphorylation of
extracellular signal-regulated kinases 1 and 2 (Erk1/2). Erk1/2 are members of the mitogen
activated protein kinase (MAPK) family, which become activated through a cascade of
phosphorylation initiated at the cell surface [28]. Erk1/2 signaling is known to play a role

in the proliferation of skeletal muscle MPCs and myoblasts and has also been implicated in
myogenic differentiation [29-31]. Western analysis revealed that higher levels of phospho-
Erk1/2 were present in cells cultured in the presence of muscle ECM on days +1 and +3, as
the cells continued to grow and differentiate.

To verify that the effect of skeletal muscle ECM extract on cellular proliferation extended
beyond the C,C1, myoblast line, the proliferation of primary MPCs was also measured.
MPCs are believed to represent a primitive cell within the myogenic lineage, and their
proliferation and commitment to differentiation would be required to generate myoblasts
similar to C,C1 cells [10]. When primary MPCs obtained from rat or human skeletal
muscle tissue were cultured on skeletal muscle ECM extract-coated surfaces, their
proliferation was also significantly enhanced over that observed on uncoated and collagen |
coated surfaces (Fig. 2B and Supplementary Fig. 1). Together these results demonstrate that
the proliferation of the progenitor cell population (MPCs) as well as the main proliferative
cell population (myoblasts) within skeletal muscle tissue is significantly enhanced by
providing the cells with a substrate for growth derived from skeletal muscle ECM.

These results also indicate that the major component of this material is collagen; however,
the proliferation-enhancing effect of skeletal muscle ECM extract is significantly greater
than that of a collagen | coating. Furthermore, collagenase treatment does not completely
abolish the effect, even when carried out for 90 min (data not shown). Thus, when ECM
extract is used to coat surfaces prior to cell seeding, it deposits both collagen and non-
collagen molecules that provide myogenic cells with an environment that enhances their
proliferation ex vivo.

Biomaterials. Author manuscript; available in PMC 2023 January 19.
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3.3. Myogenic differentiation on muscle ECM coating

To determine if growth on a skeletal muscle ECM extract-coated surface influences the
differentiation of myoblasts, C,Cq2 cells were cultured on ECM extract-coated and uncoated
surfaces for 7 days (days —3 to +3). For the first 3 days (days -3 to —1), cells were grown in
proliferation medium in parallel to the experiments described above. After reaching 80-90%
confluency, cells were transferred to a low serum medium known to facilitate differentiation
and the formation of myotubes in confluent and near confluent cultures of C,Cq, cells. The
switch to differentiation medium marked day 0, with the days that followed referred to as +
days. To monitor the differentiation of the cells grown on ECM extract-coated and uncoated
surfaces, cell lysates obtained on days -1, +1, and +3 were assayed for several progressive
indicators of myogenic differentiation, including MyoD, myogenin, and myosin heavy chain
(MyHC). MyoD and myogenin are members of a family of transcription factors involved in
myogenic differentiation, with MyoD expression preceding myogenin expression [32—-35].
The final stage of myogenic differentiation that is achieved in two-dimensional culture is the
fusion of cells into multinucleated myotubes expressing MyHC.

Western analysis revealed that the expression of phospho-Erk1/2 was enhanced and the
progression of myogenic transcription factor expression was accelerated in cells cultured

in the presence of muscle ECM (Fig. 3A). On day +3, MyoD expression was greater

in myoblasts cultured on uncoated surfaces; however, the expression of myogenin, a
transcription factor expressed during later stages of myogenic differentiation, was greater
in cells cultured on skeletal muscle ECM extract-coated surfaces. A more rapid progression
of transcription factor expression would be expected to result in a more rapid generation

of myotubes. The detection of greater levels of MyHC expression in cells cultured on

ECM extract-coated surface suggested that this was indeed the case. In addition to Western
blot analysis, myotube formation was assayed by immunofluorescent microscopy for the
expression of MyHC. On day +3, cultures were stained for MyHC and counterstained

with DAPI to compare the number of myotubes per field and the number of nuclei per
myotube between cells grown on ECM and those grown on uncoated dishes. As myotubes
continue to mature, they gain nuclei and grow in size. The total number of nuclei contained
within all myotubes of a field was not significantly different between cells grown on
ECM-coated and uncoated surfaces; however, their distribution was different. While cells
grown on uncoated surfaces displayed more small myotubes per field, cells cultured on
ECM formed fewer, larger myotubes with more nuclei/myotube. This result is indicative
of advanced differentiation into more mature myotubes by cells cultured on ECM-coated
surfaces. Together, these results demonstrate that the myogenic differentiation of myoblasts
grown on skeletal muscle ECM extract-coated surfaces proceeds faster and yields more
mature myotubes with more myosin heavy chain than cells grown on an uncoated surface.

4. Discussion

In the work presented here, skeletal muscle was used as a model tissue to test the hypothesis
that the ECM of a particular tissue would enhance the regenerative mechanisms utilized

by that tissue’s resident stem/progenitor cell population. We chose to use skeletal muscle
because it is a tissue with a well-defined progenitor cell population that relies heavily
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upon regeneration for both repair and maintenance. Furthermore, there is great interest

in engineering skeletal muscle ex vivo for the replacement and/or repair of damaged

or diseased tissue, resulting in a need for biomaterials that might better facilitate this
endeavor. Naturally-derived, tissue-specific ECM is an attractive biomaterial for use in tissue
engineering as it would seem to be well-suited to support the regeneration of the tissue
from which it is derived. In pursuing the use of such biomaterials, it would be beneficial to
have simple model systems in which hypotheses regarding the interplay between ECM and
stem/progenitor cells can be tested. Extracting ECM down to a powdered form that can be
solubilized and used to coat substrates prior to the seeding of stem/progenitor cells provides
a simple system in which cell-ECM interactions can be observed. In addition to its utility in
studying ECM as a biomaterial for potential use in tissue engineering applications, this type
of methodology can be used to compare the ECM from the same tissue source in different
states. For example, ECM can be extracted from diseased and healthy or young and old
tissues and its impact on the behavior of a given cell type can be compared.

Skeletal muscle is a dense tissue with abundant cellular material, making it difficult to
decellularize. However, acellular skeletal muscle matrices have been previously developed
and employed in the repair of abdominal wall and diaphragm defects [36—38]. These
matrices were generated from the same thin muscles for which they were intended to
replace using a protocol that relies on repeated water, sodium deoxycholate, and DNase
treatment to facilitate decellularization. When seeded with myablasts, the constructs proved
adequate to repair both types of defects. Furthermore, the tissue generated by the constructs
continued to mature over time frames as long as 9 months, thereby demonstrating the
utility of myoblast-seeded skeletal muscle ECM in tissue engineering [37]. Another way

in which acellular skeletal muscle has been used is in the creation of grafts that promote
and guide nerve regeneration [39,40]. Again, relatively small and thin muscles such as the
gracilis, abdominal muscles, and segments of soleus, adductor magnus, and biceps were
used to generate the scaffolds [41-44]. In most of these studies, the tissue was repeatedly
snap frozen in liquid nitrogen to lyse the water-containing cells. This simple method of
decellularization produces a conduit with architecture similar to that of peripheral nerves.
The use of detergent-based methods to facilitate complete removal of cellular material from
these scaffolds has shown additional benefits [45,46]. These grafts have been shown to be
effective at bridging nerve defects. They are especially effective when seeded with Schwann
cells, which can condition the muscle ECM scaffolding to better promote neurogenesis
[43,44]. While the aforementioned studies demonstrate the utility of skeletal muscle ECM
through its use as an acellular scaffold, our work is the first to extract skeletal muscle ECM
down to a form that facilitates the investigation of cell-ECM interactions in a simple, ex
vivo model system.

Here, we set out to extract ECM from skeletal muscle present in the large and thick upper
leg muscles of adult rats to study its effect on myogenic cells ex vivo and independent from
other environmental factors. To facilitate the decellularization of thick skeletal muscle, the
tissue was thinly sliced, thereby allowing complete decellularization without consequence to
the final product. This methodology can easily be applied to other solid tissues. Our results
demonstrate that the material extracted from skeletal muscle contains several high molecular
weight proteins, most of which are collagen molecules. While a thorough characterization
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of all proteins present within each isolate of skeletal muscle ECM was beyond the scope of
this work, collagen content analysis, silver staining of SDS-PAGE gels, and the consistency
of the biologic effects observed demonstrate that our ECM extraction method yielded a
consistent preparation. Additionally, the silver staining banding pattern is similar to that
obtained with a lyophilized form of urinary bladder matrix [47]. The extraction method is
not without weaknesses. While our enzymatic and detergent-based decellularization method
effectively decellularized the skeletal muscle tissue slices, this effect came at the expense

of the loss of some factors that normally exist within the ECM. For example, GAGs are

lost during decellularization protocols such as that employed here. As expected, when we
assayed our skeletal muscle ECM extract for the presence of GAGs, they were below the
limits of detection (data not shown). Thus, while the ECM extract used in these studies had
a desirable impact on the proliferation and differentiation of myogenic cells, it is possible
that these effects could be further enhanced with the development of a method that preserves
skeletal muscle ECM in a more native state.

Despite these weaknesses, our results demonstrate that the skeletal muscle ECM extract
obtained using our methodology can have profound effect on the ex vivo proliferation and
differentiation of myogenic cells. The extract can be used to coat tissue culture surfaces
using the same techniques commonly used to apply coatings of single purified ECM
proteins, such as collagen, laminin, or fibronectin as substrates for cell culture. True to

our hypothesis, when MPCs and myoblasts were cultured on skeletal muscle ECM-coated
surfaces, the number of cells produced was significantly greater than that of an uncoated

or collagen | coated surface. Furthermore, culture on skeletal muscle ECM extract-coated
surfaces also affected the differentiation of myoblasts into myotubes. Cells cultured on
ECM extract differentiated faster and generated more mature myotubes in comparison to
those cultured on an uncoated tissue culture treated surface. Similar results demonstrating
that surfaces coated with ECM molecules accelerate and enhance the proliferation and
differentiation of myogenic cells, including C,C1, myoblasts, have been obtained by others
[48,49]. Additionally, it has been shown that coating scaffolds composed of Poly-L-Lactic
Acid (PLLA), a synthetic material commonly used in tissue engineering, with single ECM
molecules like fibronectin and laminin or more complex mixtures of ECM molecules found
in commercially available gel products enhances myogenesis from satellite cellssyMPCs
and skeletal muscle myoblasts [50]. Our results suggest that skeletal muscle ECM extract
could provide an additional option for testing cell-biomaterial interactions or even for the
engineering skeletal muscle tissue on decellularized tissue scaffolds.

Perhaps most importantly, the work presented here demonstrates the utility of a relatively
simple model system for studying the influence of tissue-specific ECM on a cell population
of interest. Importantly, this experimental system allows the possibility for ECM to be
isolated as the independent variable, something that is nearly impossible to do in /n vivo
experiments where the effects of additional environmental variables cannot be effectively
separated from the unique effects of ECM. While such a system cannot provide a perfect
representation of a tissue’s native ECM and cannot recreate the same complex spatial
distribution of ECM that exists /n vivo, it provides a convenient and effective way to study
cell-ECM interactions and investigate hypotheses that might otherwise go untested due to
the technical difficulty associated with doing so.
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5. Conclusions

We have demonstrated that ECM molecules extracted from skeletal muscle positively
influence the proliferation and differentiation of the MPCs and myaoblasts responsible for
the regenerative maintenance of skeletal muscle tissue. These data suggest that the inclusion
of skeletal muscle specific ECM in tissue engineering strategies for the replacement and/or
repair of skeletal muscle might provide beneficial effects. The relatively simple and easily
modified experimental system employed in this study can be used in the future to gain
insight into how ECM obtained from skeletal muscle tissue in different states, such as
diseased vs. healthy or young vs. old, differs in content and in its effect on the regenerative
capacity of myogenic cells.
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Refer to Web version on PubMed Central for supplementary material.
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LM HM ECM1 ECM2 ECM3

Fig. 1.
The extraction of ECM protein from skeletal muscle tissue is selective and consistent.

Skeletal muscle tissue was stained with H & E (A, C) or DAPI (B, D). (A, B) Prior to
decellularization, cellular muscle fibers and abundant nuclei are visible. (C, D) Following
decellularization, soluble cellular material and nuclei are absent, while ECM remains. (E)
ECM was extracted from the skeletal muscle of three groups (2—-4 animals) of rats. ECM
proteins were resolved on an 8% polyacrylamide gel and visualized by silver staining.

Each of the three extracts (ECM1-3) contained several high molecular weight (>100 kDa)
proteins and exhibited nearly identical banding patterns. Note also the presence of abundant
low molecular weight proteins/peptides. LM and HM = high and low molecular weight
standards, respectively. Numbers indicate molecular weight of standards in kDa.
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ECM extract enhances the proliferation of myoblasts and primary MPCs in a concentration
dependent manner and is sensitive to collagenase. (A) Increasing concentrations of two
skeletal muscle ECM extracts were used to coat tissue culture surfaces. Some surfaces were
treated with type 111 collagenase (c-ase) for 60 min. C,Cq, myoblasts were seeded onto the
surfaces and allowed to proliferate for 48 h. Note the consistency in the results from two
independent ECM extracts. (B) Primary rat MPCs, human MPCs, or C,C1, myoblasts were
cultured on surfaces coated with 0.2 mg/mL skeletal muscle ECM extract, collagen type I,
or on uncoated wells and allowed to proliferate for 54 (human) or 72 h (rat). In all cases,
proliferation was quantified by MTS assay and normalized to growth on an uncoated surface
(basline). * indicates a statistically different (o < 0.05) result compared to collagen-coated
wells at the same concentration and for the same cell type. All results are statistically greater
than growth on an uncoated surface. Data are presented as the average of 8 replicates +

SEM.
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Fig. 3.

Cells grown on muscle ECM undergo enhanced Erk1/2 phosphorylation and myogenic
differentiation over the course of 7 days. (A) Lysates from C,Cy, cells grown on uncoated or
skeletal muscle ECM extract-coated dishes were assayed for expression of phosphorylated
Erk1/2 (p-Erk1/2) and markers of myogenic differentiation by Western analysis. Day
numbers indicate the day of culture relative to the addition of myogenic differentiation
medium on day 0. For densitometry in p-Erk1/2 blots, Erk1/2 values were normalized to
a-tubulin. p-Erk1/2 values were then normalized to the adjusted Erk1/2 values, and the
p-Erk1/2 values obtained from cells grown on uncoated dishes on day —1 were set to 1.00.
For densitometry in remaining blots, values were normalized to a-tubulin. Values obtained
from cells grown on uncoated dishes on the first day of their expression were set to 1.00.

All bands are of the expected molecular weight. A representative experiment is shown. (B)
C,C15 cells grown on uncoated or ECM-coated surfaces were assayed for the formation of
myotubes by immunofluorescence microscopy. The number of myotubes per field and nuclei
per myotube were compared between cells grown on uncoated and ECM-coated surfaces.

* indicates a statistically different (p < 0.05) result compared to uncoated wells. Data are
presented as average + SEM.
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