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Biochemical and mechanical environment cooperatively
regulate skeletal muscle regeneration
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ABSTRACT During forelimb regeneration in the newt
Notophthalmus viridescens, the dynamic expression of a
transitional matrix rich in hyaluronic acid, tenascin-C, and
fibronectin controls muscle cell behavior in vivo and in
vitro. However, the influence of extracellular matrix
(ECM) remodeling on tissue stiffness and the cellular
response to mechanical variations during regeneration
was unknown. By measuring the transverse stiffness of
tissues in situ, we found undifferentiated regenerative
blastemas were less stiff than differentiated stump muscle
(13.3�1.6 vs. 16.6�1.2 kPa). To directly determine how
ECM and stiffness combine to affect skeletal muscle
fragmentation, migration, and fusion, we coated silicone-
based substrates ranging from 2 to 100 kPa with matrices
representative of transitional (tenascin-C and fibronectin)
and differentiated environments (laminin and Matrigel).
Using live-cell imaging, we found softer tenascin-C-coated
substrates significantly enhanced migration and fragmen-
tation of primary newt muscle cells. In contrast, stiffer
substrates coated with laminin, Matrigel, or fibronectin
increased differentiation while suppressing migration and
fragmentation. These data support our in vivo observa-
tions that a transitional matrix of reduced stiffness regu-
lates muscle plasticity and progenitor cell recruitment into
the regenerative blastema. These new findings will enable
the determination of how biochemical and mechanical
cues from the ECM control genetic pathways that drive
regeneration.—Calve, S., Simon, H.-G. Biochemical and
mechanical environment cooperatively regulate skeletal
muscle regeneration. FASEB J. 26, 2538–2545 (2012).
www.fasebj.org
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Appendage regeneration in newts is characterized
by an immediate and dramatic remodeling of all
tissues proximal to the site of tissue loss. Within the
first week after amputation, the collagen and
laminin-based extracellular matrix (ECM) that pre-
dominates in differentiated, homeostatic tissue is
replaced with a transitional ECM rich in fibronectin

(FN), hyaluronic acid (HA), and tenascin-C (TN)
(1– 4). Embedded in this transitional matrix, stem-
like progenitor cells are activated and over the
following 2 weeks form a regeneration blastema that
subsequently restores the lost structure. While the
source of blastema cells and the relative contribution
of skeletal muscle have been the focus of several
studies (5–7), the mechanisms by which progenitor
cells are recruited from the stump remain unclear.

Recent work from our laboratory has demon-
strated that distinct ECM components can control
muscle cell proliferation, migration, fragmentation,
and fusion, providing new insights into the instruc-
tive function of the changing matrix environment in
progenitor cell recruitment and blastema growth (4).
The ECM can differentially control cellular behavior
through specific binding of matrices to cell mem-
brane localized receptors (e.g., integrins) and medi-
ation of growth factor availability (8, 9). An addi-
tional variable linked to the ECM is how composition
affects the material properties of biological tissues. A
critical role of the ECM is to contribute to tissue
structural integrity, and the significant remodeling of
the macromolecular composition of the regenerating
limb likely alters the local stiffness. Therefore, the
deposition of a mechanically different transitional
matrix during the early stages of regeneration alters
both the biological and mechanical environment,
and we hypothesize that these two properties coop-
eratively influence the recruitment of muscle progen-
itor cells into the blastema.

Indeed, recent studies have illustrated how subtle
changes in stiffness can influence cellular behavior and
differentiation (10) and attempts have been made to
create physiologically relevant systems in vitro to deter-
mine the regulatory pathways underlying skeletal muscle
behavior (11–16). However, these previous studies consid-
ered ECM composition and stiffness as independent and
invariant factors, whereas in vivo these two properties are
intimately intertwined. Here we show for the first time
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how changes in both ECM composition and substrate
stiffness combine to control skeletal muscle regeneration.

MATERIALS AND METHODS

Immunohistochemistry

Adult red spotted newts (Notophthalmus viridescens) were pro-
vided by either Charles Sullivan Company (Nashville, TN, USA)
or Connecticut Valley Biological Supply Company (Southamp-
ton, MA, USA). Before surgery, newts were anesthetized with
0.1% ethyl 3-aminobenzoate methanesulfonate salt (Sigma, St.
Louis, MO, USA) in 0.04% Instant Ocean (Aquarium Systems,
Blacksburg, VA, USA). Forelimbs were amputated proximal to
the elbow, and animals recovered in 0.25% sulfamerazine so-
dium salt (Sigma) in 0.04% Instant Ocean. Newts were reanes-
thetized before regenerating limbs were harvested for immuno-
histochemistry, as described previously (4). Briefly, 16-�m-thick
cryosections were collected, fixed in 4% paraformaldehyde
(Sigma) for 5 min, rinsed in PBS (Fisher, Pittsburgh, PA, USA),
permeabilized with 0.1% Triton X-100 (Amersham Life Science,
Arlington Heights, IL, USA) in PBS for 1 min, and then rinsed
with PBS. Sections were blocked for 30 min [blocking buffer:
20% goat serum (Invitrogen, Carlsbad, CA, USA), 0.2% BSA
(Sigma), 50 mM ammonium chloride (Sigma), 25 mM glycine
(Fisher), 25 mM lysine (Sigma), and 0.02% sodium azide
(Sigma) in PBS]. Primary antibodies against TN (1:400,
AB19013; Millipore, Billerica, MA, USA) and myosin heavy
chain [1:2000; Developmental Studies Hybridoma Bank
(DSHB), Iowa City, IA, USA; MF20 ascites] were applied for 1 h,
and sections were rinsed with PBS. Slides were blocked again for
5 min before being stained with AF488 anti-rabbit (Invitrogen,
Carlsbad, CA, USA), AF546 anti-mouse (Invitrogen), and DAPI
(to identify nuclei; Roche, Mannheim, Germany) for 30 min
and then were rinsed with PBS and mounted with Fluoro-Gel
(Electron Microscopy Sciences, Hatfield, PA, USA).

For thick-section confocal microscopy, we utilized our
previously established method (17). Regenerating forelimbs,
at 7 days postamputation (dpa), were cryosectioned at 50 �m,
fixed in 4% PFA for 10 min, permeabilized with 0.5% Triton
X-100 for 30 min, and incubated in blocking buffer for 30
min. Sections were incubated for 24 h at 4°C in 10% goat
serum and 0.2% BSA in PBS with the following primary
detection agents: mouse anti-chick Pax7 IgG1 (1:800; DSHB);
mouse anti-human laminin IgG2a (1:800, 2E8; DSHB);
mouse anti-human FN IgG1 (1:300, F0791, Sigma); rabbit
anti-chick TN (1:300); biotinylated HA binding protein (1:
300, 385911; Calbiochem, La Jolla, CA, USA). Slides were
rinsed with PBS 3 � 10 min and placed in blocking buffer for
5–10 min before staining with the following secondary detec-
tion reagents for 24 h at 4°C: AF488 anti-mouse IgG (Invitro-
gen), AF546 streptavidin (Invitrogen), AF546 IgG1 (Invitro-
gen), DyLight 649 anti-rabbit (Pierce, Rockford, IL, USA),
and DAPI (1:1000, Roche). Confocal microscopy was per-
formed on a Zeiss LSM 510 META equipped with 405,
Argon/2, HeNe1, and HeNe2 lasers (Carl Zeiss, Thornwood,
NY, USA). Confocal z-stacks were processed using both ZEN
(Carl Zeiss) and Image-Pro Plus 3D constructor (MediaCyber-
netics, Bethesda, MD, USA).

Mechanical characterization of newt forelimbs

The transverse stiffness of newt tissues was determined in situ as
described previously (18). Once mid- to late-stage blastemas
formed (�3 wk postamputation), newts were anesthetized, and
the skin along the dorsal forelimb was carefully removed, taking
care to keep the specimens hydrated. The material properties of

the muscle that runs along the dorsal side of the humerus
(anconeus humeralis lateralis), and the adjacent blastema were
determined, measuring the force generated by the controlled
displacement of a cylindrical punch (radius 0.19 mm). Since the
thickness of the tissues was significantly larger than the punch
radius, the following equations could be used to calculate
average stress and average strain (19).

� �
P

�r2

� �
�

r

where P � force, r � radius, and � � displacement.
Measurements of each tissue were performed in triplicate, and

the initial modulus was calculated at ε � 0.5 (n�8 forelimbs).

Generation of substrates of physiologically relevant
stiffness

Multiwell polystyrene dishes (24- or 48-wells; Greiner BioOne,
Monroe, NC, USA) were coated with Sylgard 527 (Dow
Corning, Midland, MI, USA), a dielectric gel composed of
polydimethylsiloxane (PDMS), or silicone. Substrates of phys-
iologically relevant stiffness ranging from 2 to 100 kPa were
created by varying the ratio of the 2 components of Sylgard
527, A and B, based on the following equation (18):

y � 136.7 exp��2.72 �A

B ��
where y � desired stiffness (kPa).

After coating with a 1-mm-thick PDMS layer, dishes were left
uncovered overnight to offgas, then covered and left undis-
turbed for �2 wk to cure at room temperature. Before function-
alizing with different matrix components, PDMS-coated dishes
were sterilized with 70% ethanol, rinsed with PBS, and left to dry
in a laminar flow cabinet. Individual wells were coated by passive
adsorption with TN (2 �g/cm2; Millipore CC065), FN (2
�g/cm2; Millipore FC010), laminin (2 �g/cm2; Millipore
CC095), or growth factor reduced Matrigel (100 �g/ml; BD
Biosciences, Bedford, MA, USA) diluted in serum-free newt
MEM [0.8� MEM (10370, Invitrogen) and 1� Pen/Strep/
Fungizone (Fisher)], at 25°C, 2% CO2. After �1 h incubation,
ECM solutions were aspirated off, and the dishes were gently
rinsed with PBS to remove excess ECM and kept hydrated until
plated with cells.

Cell culture

Primary cultures of newt myoblasts were generated from
myofiber cultures using previously described methods (4, 20).
Mononucleate progenitor cells were expanded under subcon-
fluent conditions in a high-serum growth medium [GM; 0.8�
MEM, 10% FBS (SV30014.03; Fisher), 2 mM l-glutamine
(Fisher), 1� Pen/Strep/Fungizone, and 25 mM insulin
(Sigma)] at 25°C, 2.0% CO2.

In vitro cell migration assay

Subconfluent myoblasts were trypsinized (0.25% trypsin;
Fisher), resuspended in GM, and plated onto PDMS-ECM-
coated multiwell plates at 2.5 � 103 cells/cm2. Cells were
imaged at 25°C, 2% CO2 every hour for 24 h using a Leica
DMI6000 microscope equipped with an environmental cham-
ber. The total travel distance of cells was determined by
manually tracking individual cells using Image-Pro Analyzer
(MediaCybernetics). The migration assay was repeated in
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quadruplicate using 4 independently isolated primary newt
myoblast cell lines. The overall influence of various PDMS-
ECM combinations on cell migration was consistent; however,
the magnitude in total distance traveled varied between
experiments. Therefore, each data set was normalized to the
average distance traveled on 100-kPa PDMS before being
pooled (n�130 cells for each matrix-stiffness combination).

In vitro myotube fragmentation/fusion assay

Primary newt myoblasts were cultured to confluence in GM and
induced to fuse into multinucleate myotubes by switching to
low-serum differentiation medium [DM; 0.8�, 1% FBS, 0.4 mM
l-glutamine, 1� Pen/Strep/Fungizone, and 2.5 mM insulin].
After incubation in DM for �1 wk, myotubes were trypsinized,
filtered through a 40-�m mesh to remove mononucleate cells,
reconstituted in GM, and plated at low density on PDMS-ECM-
coated wells. Myotubes were imaged at 25°C, 2% CO2 every hour
for 136 h. Positive fragmentation events were defined as the
generation of a cellular fragment from a multinucleate myotube
that visibly contained nuclei and was viable for at least 5 h.
Percentage fusion was calculated by scoring the number of cells
that visibly fused, via evidence of cytoplasmic mixing, and then
dividing by the total number of myotubes.

Statistical analyses

Two-way ANOVA and Bonferroni’s post hoc test were used to
assess the effects of PDMS stiffness and ECM coating on
myoblast migration using Prism (GraphPad Software, La
Jolla, CA, USA).

RESULTS

Limb amputation in newts induces dramatic changes in
the organization of the ECM surrounding skeletal muscle
(Fig. 1). In the musculoskeletal system of the normal
forelimb, at 0 dpa, the transitional matrix component TN
(green) was restricted to the tendons, myotendinous
junctions, and periosteum (Fig. 1A). By 7 dpa, we de-
tected TN underneath the wound epithelium and at the
distal-most end of the retracted skeletal muscle (red, Fig.
1B). At the early bud stage (�3 wk postamputation), TN
surrounded skeletal muscle myofibers and was expressed
throughout the regenerating limb blastema, composed of
progenitor cells recruited from the stump tissue (Fig. 1C,
D). On tissue redifferentiation and return to homeostasis,
TN became down-regulated in areas of new muscle for-
mation and stayed restricted to the myotendinous junc-
tions and periosteum (Fig. 1E, F).

To assess the spatial distribution of the transitional
matrix in context with individual cells at higher resolu-
tion, we imaged 50-�m-thick sections of 7-dpa regener-
ating forelimbs utilizing a technique previously devel-
oped in our laboratory (17). In the intact musculature,
HA (red) and FN (data not shown) were restricted to
the interstitial space between myofibers (outlined by
laminin in white, Fig. 2A). TN (green) was exclusively
detected at the myotendinous junctions on the extra-
cellular side of the basal lamina (Fig. 2A). Satellite
cells were tightly surrounded by the laminin-rich
basal lamina (arrowheads, Fig. 2A, B). In contrast,
within areas where regenerative processes have been
activated, we could demonstrate a significant enrich-

ment of HA, TN, and FN in the interstitial space (Fig.
2C, F). While the up-regulation of FN within the basal
laminar space was less dramatic, the expression of
this HA, TN, and FN-rich transitional matrix ex-
tended across the basal lamina and could be detected
at the satellite cell-myofiber interface (arrowheads,
Fig. 2C–F). To confirm the spatial identity of satellite
cells, sections were stained with Pax7, a transcription
factor expressed in undifferentiated myogenic pro-
genitors (21). Three-dimensional imaging revealed
Pax7� mononuclear cells (red) tightly surrounded by
laminin (white) and bound to the adjacent myofiber
(arrowheads, Fig. 2G, H). In damaged muscles close
to the amputation plane, TN (green) was highly
up-regulated throughout, also infiltrating the basal
lamina surrounding Pax7� satellite cells (arrow-
heads, Fig. 2I, J). These data indicate that the tran-
sitional matrix directly interacts with myofibers and
satellite cells in regenerating tissues.

To test if ECM reorganization changes the material
properties within the regenerating limb, we deter-
mined the stiffness of skeletal muscle and the blastema
in situ. We focused on the anconeus humeralis lateralis
(AHL), a large muscle most superficial on the dorsal
side of the stylopod (Fig. 3A). Upon amputation prox-
imal to the elbow, the AHL remains largely intact,
potentially contributing directly to the blastema that
forms immediately distal to this region. Figure 3B shows
the stress-strain response of the AHL and blastema

Figure 1. Stump tissue proximal to amputation plane under-
goes significant remodeling during limb regeneration. A) TN
(green), a main component of the transitional matrix up-
regulated during regeneration, was only expressed in discrete
regions in the normal limb. B–D) Soon after amputation, TN
expression was enriched within the stump, surrounding the
skeletal muscle (MF20, red), and distributed throughout the
regenerative blastema that forms distal to the amputation
plane (dotted line). E, F) TN became down-regulated in both
the stump and the newly forming limb as the tissues begin to
differentiate. Blue indicates DAPI. Scale bar � 400 �m.
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from the same regenerating forelimb, illustrating the
consistency of the method and the different material
response of these two tissues. The blastema stiffened up
around ε � 2, whereas the muscle showed a more

gradual stiffening response. However, calculation of
the initial moduli of the tissues around a more physio-
logically relevant strain field (ε�0.5), revealed a re-
duced stiffness of 13.3 � 1.6 kPa for the blastema as
compared to the previously reported 16.6 � 1.2 kPa for
the adjacent muscle (18), which is a substantial, but not
statistically significant, difference (P�0.07; Fig. 3C).
These results suggest that the deposition of the transi-
tional matrix modulates the local tissue properties and
creates a proximodistal stiffness gradient from high in
the stump to low in the blastema.

Our testing apparatus only measured the bulk material
properties of the forelimb and did not have the resolution
to determine the local network stiffness that cells encoun-
ter in vivo. To directly assess how subtle variations in the
mechanical environment may influence muscle cell be-
havior, we characterized silicone-based PDMS substrates
with stiffness tunable in the physiological range. Sub-
strates of 2, 15, 35, and 100 kPa were generated, as
described previously (18), to resemble the stiffness of
liver, skeletal muscle, arteries, and skin, respectively (10).
PDMS was coated with matrices indicative of either the
transitional (TN and FN) or differentiated (laminin and
Matrigel) extracellular environment. Matrigel is rich in
laminin and type IV collagen, components of the basal
lamina, and known to enhance muscle differentiation (4).
To ensure only a thin layer of ECM was adsorbed onto the
PDMS, matrices were diluted to concentrations that did not
support gelation, incubated for at least 1 h to allow for
passive absorption, and then rinsed to remove excess ECM.

Figure 2. Composition of the local ECM dramatically changes
around myofibers proximal to the amputation plane. A–D)
Confocal images of intact and damaged areas of the same
cross-section from a 7-dpa regenerating forelimb. A, B) Within
intact muscle, TN (green) is exclusively detected in the myoten-
dinous junctions (top left) and HA (red) is restricted to the
interstitial space. A satellite cell (arrowhead) can be seen on the
periphery of a myofiber, separated from the interstitial matrix by
the basal lamina (laminin, white). C, D) Within damaged
regions of the regenerating stump, TN and HA were up-
regulated throughout the enlarged interstitial space and found
directly interacting with myofibers and satellite cells. Notably,
the transitional matrix has infiltrated the space between the
satellite cell and the adjacent myofiber (arrowhead), potentially
to facilitate cellular deadhesion and recruitment to the regen-
erative blastema. E, F) FN (green) was also expressed around
satellite cells in regenerating muscles (arrowhead). G–J) Three-
dimensional reconstruction reveals how the TN-rich transitional
matrix directly interacts with myofibers and satellite cells. G, H)
Pax7� satellite cells (arrowheads, red) were confined by the
laminin-rich basal lamina (white), with TN (green) only ex-
pressed in the tendons (left). I, J) In damaged skeletal muscle,
TN infiltrated the basal lamina and fully surrounded the Pax7�

cell (arrowhead). Blue indicates DAPI. View: �63. Rendered as
a 3-dimensional image using Image-Pro Analyzer (MediaCyber-
netics). Scale bars � 20 �m.

Figure 3. In situ indentation testing revealed forelimb skeletal
muscle and blastema tissues differ in their material response.
A) Forelimbs were amputated proximal to the elbow (dotted
line). At midbud blastema stage, the stiffness of the anconeus
humeralis lateralis and the adjacent regenerating blastema
was measured in triplicate (asterisks; schematic adapted from
ref. 48). B) Stress-strain response of the blastema differed
from that of the skeletal muscle, stiffening up at ε � 2. C)
Measurement of the initial moduli indicated that the undif-
ferentiated blastemas were less stiff (13.3�1.6 kPa) than the
differentiated anconeus humeralis lateralis (16.6�1.2 kPa).
Error bars � se; n � 8; P � 0.07.
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Primary newt myoblasts demonstrated differential mi-
gratory behavior as a function of substrate stiffness and
coating (Fig. 4). Regardless of stiffness, myoblasts covered
a significantly greater distance in 24 h on TN than on the
other ECMs (P�0.0001; Fig. 4A), consistent with our
previous results (4). When the data for each ECM were
normalized to 100 kPa to account for overall cell motility
differences between the four replicate runs, we found that
the distance traveled on TN-coated PDMS decreased
significantly as stiffness increased from 2 to 100 kPa
(P�0.01) with cells on Matrigel following a similar trend
(Fig. 4B). In contrast, myoblasts plated on FN and laminin
migrated the farthest on substrates with a stiffness compa-
rable to muscle. Two-way ANOVA revealed significance
for both ECM coating (P�0.001) and PDMS stiffness

(P�0.005). In sum, these results indicate that a TN-rich
environment with reduced stiffness enhances myoblast mi-
gration.

To investigate whether ECM and stiffness combine to
provide integrated cues that control skeletal muscle
plasticity, differentiated, multinucleate myotubes were
followed using time-lapse microscopy over a 5-day pe-
riod. When plated on TN-coated 15 kPa PDMS, myo-
tubes preferentially fragmented into viable cells,
whereas little to no viable fragmentation occurred on
FN, laminin, or Matrigel-coated PDMS (Fig. 5A). In
contrast, under the same culture conditions, FN,
laminin, and Matrigel enhanced cell fusion (Fig. 5B).
Of note, FN and laminin substrates of 15-35 kPa
induced higher fusion rates overall, whereas 2-kPa

Figure 4. Myoblast migratory response to changes in stiffness is dependent on ECM coating. A) Pooled raw data from 4 separate
experiments document overall enhancement of myoblast migration on TN and laminin, irrespective of substrate stiffness. Two-way
ANOVA revealed a significant influence of ECM coating on migration (P�0.0001), and myoblasts traveled significantly farther on TN
as compared to all other ECM-stiffness combinations, except laminin-coated 15-kPa PDMS. B) Normalized myoblast migration on
PDMS coated with TN or Matrigel inversely correlated with increased substrate stiffness. However, cell migration on FN- and
laminin-coated PDMS was enhanced on 15-kPa substrates (stiffness similar to newt skeletal muscle; Fig. 3). Two-way ANOVA revealed
significance for matrix/stiffness cooperation (P�0.005), ECM coating (P�0.001), and PDMS stiffness (P�0.005). Significance of
PDMS stiffness on distance traveled for each ECM coating was calculated using Bonferroni’s post hoc test. Primary newt myoblasts were
imaged for 24 h. Error bars � se, n � 130 cells/PDMS-ECM combination. *P � 0.05; **P � 0.01.

Figure 5. ECM and substrate stiffness combine to control the differentiation state of skeletal muscle cells. A) Primary newt
myotubes preferentially fragmented into viable cells on PDMS-TN substrates of 15 kPa, whereas little to no fragmentation was
supported by the other PDMS-ECM combinations tested. B) Under the same culture conditions, myotube fusion was inhibited
on PDMS-TN substrates, but was enhanced on FN, laminin and Matrigel, particularly on 15- and 35-kPa PDMS. Myotubes were
imaged for 136 h; n � 44 myotubes/PDMS-ECM combination.
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PDMS revealed the lowest fusion potential. These re-
sults demonstrate that the ECM composition and sub-
strate stiffness cooperatively control whether myotubes
go toward a dedifferentiation (i.e., fragmentation) or
differentiation (i.e., fusion) pathway.

DISCUSSION

What sets regeneration apart from tissue formation dur-
ing embryogenesis is that new structures have to be built
in context of preexisting differentiated tissues. Therefore,
the highly organized tissues remaining in the stump after
amputation undergo significant remodeling to create an
environment amenable for regeneration. ECM-degrading
matrix metalloproteases (MMPs) have a critical role in the
breakdown of the musculoskeletal connective tissues, and
experimental inhibition of MMPs results in scar formation
at the amputation plane at the expense of regenerative
growth (22). During this remodeling process, the collagen-
rich matrix typical for differentiated tissues is temporarily
replaced by a transitional ECM rich in HA, TN, and FN that,
in combination with soluble factors expressed by the wound
epithelium, creates an environment largely resembling that
of the developing limb, albeit on a larger scale (23).

We previously demonstrated an instructive role of
ECM remodeling for progenitor cell recruitment dur-
ing regeneration, promoting muscle fragmentation,
proliferation, and migration (4, 17). Here we hypothe-
sized that progenitor cell recruitment will also be
influenced by variations in the mechanical environ-
ment due to changes in the structural organization of
regenerating tissue. By measuring the transverse stiff-
ness of a midbud regenerating limb, we indeed found
the regenerating blastema to be less stiff than muscle in
the stump, suggesting that the infiltrating matrix gen-
erates a gradient in material properties along the
proximal-distal axis (Figs. 1 and 3).

Our data for the transverse stiffness of skeletal muscle
(15–61 kPa) are in line with published values (24–27);
however, the difference between blastema and muscle did
not meet statistical significance. This may be attributed to
the punch radius of our indenter being much larger than
individual cells and unable to resolve the mechanical
properties of individual tissue components. The mechan-
ical properties of native ECM networks, on the scale at
which cells sense the local environment, have only been
characterized for a few systems, but it is clear that the
pericellular matrix does not necessarily have the same
material response as the bulk tissue (28–30). Therefore,
when the macromolecular architectural differences be-
tween differentiated muscle and undifferentiated regen-
erative blastema are taken into account, there is likely a
greater difference in the stiffness cells encounter than
what we could experimentally determine.

The ECM surrounding individual myofibers is highly
organized, composed of a mesh-like basal lamina of laminin
and cross-linked type IV collagen that is structurally more
rigid than the myofiber it envelops (31–33). An external
network of type I and III collagen fibrils are connected to the
basal lamina, facilitating the transfer of muscle-generated
force through tendon to bone (34). The tightly packed

myofibers are embedded in an interstitial network of HA,
FN, and various proteoglycans (35, 36).

In contrast, the ECM of the regenerating limb is more
loosely packed. There is considerable edema proximal to
the amputation plane, lowering the cellular density as
compared to intact differentiated tissues (37). The in-
crease in hydration and decrease in density are most likely
due to the up-regulation of HA (Fig. 2), an anionic linear
glycosaminoglycan with a large hydrodynamic volume
(38, 39). TN, a large hexameric glycoprotein typically
restricted to areas of high mechanical loading such as
tendons and myotendinous junctions (40), was also sub-
stantially up-regulated within regenerating muscle (Figs. 1
and 2). In injured muscle, TN up-regulation is thought to
play a role in decreasing cellular adhesion to prevent
further injury (41). These disparate functions may be
partially attributed to the significant extensibility and
flexibility of the TN molecule. Molecular flexibility can be
characterized by fitting experimental force-displacement
data with the worm-like chain model (42), which results in
persistence length (Lp) values of 0.42 nm and 4.5 nm for
TN and HA, respectively, where a larger Lp correlates with
a stiffer chain (43, 44). Notably, Lp 	 14 nm for the type
I collagen triple helix indicates that at the molecular level
this component of the differentiated matrix is inherently
stiffer than TN and HA (45). Considering the microme-
chanical data presented above, it is apparent that during
regeneration, the ECM surrounding skeletal muscle prox-
imal to the amputation site shifts from a highly ordered
and rigid microenvironment to a loosely packed and
flexible transitional ECM of reduced stiffness.

To decipher how the transitional matrix promotes
progenitor cell recruitment, we developed an in vitro
culture system that allows for the modulation of both
stiffness and matrix composition using physiologically
relevant PDMS-ECM combinations. This system enabled
the simulation of biological processes outside the com-
plex in vivo environment. For example: Pax7� satellite
cells within an uninjured muscle are surrounded by a
rigid basal lamina. If erroneously activated, our data
indicate that the stiff collagen- and laminin-rich ECM will
provide an effective negative feedback mechanism to limit
satellite cell migration and rapidly induce fusion (Fig. 6).
In a muscle with localized injury, such as generated
during exercise-induced overloading, the basal lamina is
partially disrupted and satellite cells are exposed to ECM
typically restricted to the interstitial space. Stimulated by
the local change in ECM composition, myoblasts will
rapidly migrate along the FN- and laminin-rich myofiber
surface (Fig. 4). However, we found that these combina-
tions of matrix type and stiffness also induce fusion,
leading to competing behaviors that may prevent acti-
vated satellite cells from migrating away from the local site
of injury. In contrast, after tissue damage with significant
myofiber death, the transitional matrix will infiltrate the
muscle tissue completely, resulting in an overall decrease
of tissue stiffness (Figs. 1–3). The TN-rich ECM is highly
conducive for cell fragmentation and migration while
inhibiting fusion, indicating that the softer transitional
matrix environment facilitates myoblast recruitment from
the stump to the blastema (Figs. 4–6). The expression of
FN around satellite cells was unexpected as our in vitro
data indicated this ECM promotes fusion (Fig. 5); how-

2543EXTRACELLULAR REGULATION OF MUSCLE REGENERATION



ever, the coexpression of TN and HA may mask or
override the prodifferentiation epitopes of FN. At later
stages of regeneration, the down-regulation of TN and
HA in areas of muscle differentiation (Fig. 1; ref. 4) may
be important to not only eliminate the biochemical
inhibition of fusion, but the decrease in hydration will
lead to an increase in local stiffness and bring cells in close
proximity, ultimately facilitating cell-cell communication
and differentiation.

Our observations that a stiff tissue environment pro-
motes muscle homeostasis may provide insight into why
gene- and cell-based therapies often fail to alleviate
fibrotic diseases in human skeletal muscle (46). Muscu-
lar dystrophy and sarcopenia are both characterized by
a pathological up-regulation of collagenous matrices
that increase the overall stiffness of the muscular ECM
(47). The stiffer fibrotic environment will stimulate
activated satellite cells to fuse rather than proliferate
and migrate, contributing to a positive feedback loop
that favors fibrosis over functional muscle restoration
(46). Therefore, it will be necessary to develop inte-
grated intervention strategies that allow both the induc-
tion of appropriate ECM remodeling and activation of
satellite cells to achieve functional repair.

Our data clearly demonstrate that variations in ECM

composition and substrate stiffness cooperate to control
cell behavior. These findings indicate that standard tissue
culture assays, which greatly deviate from the biomechani-
cal properties of most physiological systems, pose a sub-
stantial risk that certain cellular mechanisms may be
missed. What sets this study apart from related work
investigating the combined influence of stiffness and
matrix on cell behavior (11–16) is the consideration of
the dynamic in vivo situation. We characterized the mate-
rial properties of the regenerating system in vivo first,
comparing the variations in both ECM composition and
stiffness between homeostatic and injured regions. Then
we used this information to establish an in vitro environ-
ment to directly test and demonstrate how the biochem-
ical and mechanical properties of the changing matrix
combine to regulate the plasticity of skeletal muscle. With
this new knowledge, we can now create physiologically
relevant systems that will enable us to determine, under
defined conditions, the underpinning regulatory path-
ways that control the differentiation state of muscle dur-
ing regenerative processes.
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