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Mutations in the �7 integrin gene cause congenital
myopathy characterized by delayed developmental
milestones and impaired mobility. Previous studies in
dystrophic mice suggest the �7�1 integrin may be
critical for muscle repair. To investigate the role that
�7�1 integrin plays in muscle regeneration, cardio-
toxin was used to induce damage in the tibialis ante-
rior muscle of �7 integrin-null mice. Unlike wild-type
muscle, which responded rapidly to repair damaged
myofibers , �7 integrin-deficient muscle exhibited
defective regeneration. Analysis of Pax7 and MyoD
expression revealed a profound delay in satellite
cell activation after cardiotoxin treatment in �7 in-
tegrin-null animals when compared with wild type.
We have recently demonstrated that the muscle of
�7 integrin-null mice exhibits reduced laminin-�2
expression. To test the hypothesis that loss of lami-
nin contributes to the defective muscle regenera-
tion phenotype observed in �7 integrin-null mice ,
mouse laminin-111 (�1, �1, �1) protein was in-
jected into the tibialis anterior muscle 3 days before
cardiotoxin-induced injury. The injected laminin-
111 protein infiltrated the entire muscle and re-
stored myogenic repair and muscle regeneration in
�7 integrin-null muscle to wild-type levels. Our data
demonstrate a critical role for a laminin-rich micro-
environment in muscle repair and suggest laminin-
111 protein may serve as an unexpected and novel
therapeutic agent for patients with congenital my-
opathies. (Am J Pathol 2009, 174:256–264; DOI:
10.2353/ajpath.2009.080522)

The �7�1 integrin is a major laminin receptor expressed
in skeletal, cardiac, and vascular smooth muscle.1 At

least six isoforms of the �7 integrin are produced by
developmentally regulated RNA splicing in skeletal mus-
cle. The cytoplasmic isoforms of the �7 integrin are des-
ignated �7A, �7B, and �7C, whereas the extracellular
isoforms are designated �7X1 and �7X2.2–5 Whereas the
�7 integrin cytoplasmic variants differ in their potential for
signal transduction, the extracellular isoforms have differ-
ent binding affinities for various laminin isoforms.4,6 Pa-
tients with mutations in the �7 integrin gene exhibit
myopathy characterized by delayed developmental
milestones and impaired mobility.7 Although mutations in
the �7 integrin gene that lead to �7 congenital myopathy
are rare, to date there is no treatment or cure for these
patients. Mice that lack the �7 integrin also develop
myopathy and vascular defects.8–11

Several studies indicate the �7�1 integrin is a major
modifier of disease progression in various muscular dystro-
phies. Increased �7 integrin expression is observed in the
skeletal muscle of patients with Duchenne muscular dystro-
phy and in dystrophin-deficient mdx mice.1,3 Transgenic
overexpression of the �7 integrin in skeletal muscle has
been demonstrated to alleviate muscle disease and im-
prove the survival of a severely dystrophic mouse model of
Duchenne muscular dystrophy.12–14 Finally, loss of the �7
integrin in �-sarcoglycan-deficient or mdx mice results in
severe muscle pathology and reduced survival.15–17

Laminin is a heterotrimeric protein composed of �, �,
and � chains, which, along with collagen IV, nidogen/
entactin, agrin, biglycan, and perlecan, forms the basal
lamina that surrounds muscle fibers.18–22 To date 5�, 3�,
and 3� laminin chains have been identified that form 16
distinct laminin heterotrimers.23 Laminin-211 (�2, �1, �1)
and laminin-221 (�2, �2, �1) are the predominant laminin
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isoforms expressed in adult skeletal muscle that serve to
anchor myofibers to the basal lamina via the �7�1 inte-
grin and the dystrophin glycoprotein complexes.20 These
attachments promote muscle cell integrity and survi-
val.24,25 Mutations in the laminin-�2 gene result in con-
genital muscular dystrophy type 1A (MDC1A). Both
MDC1A patients and laminin-�2-deficient mice have dra-
matically reduced levels of �7 integrin, which may con-
tribute to the severe muscle pathology.3,25 In addition,
laminin-�2 expression is decreased in �7 integrin-null
muscle.17 These data suggest common pathways regu-
late the expression of �7 integrin and laminin-�2.

The regenerative capacity of skeletal muscle is depen-
dent on satellite cells, a pool of myogenic cells located in
close proximity to the myofiber under the basal lamina.
These cells are quiescent in healthy uninjured muscle,
but are rapidly activated in response to muscle damage,
exercise, or disease. On activation, satellite cells prolif-
erate and differentiate along a myogenic developmental
pathway to repair damaged muscle.26–29 Several lines of
evidence suggest the �7�1 integrin may modify disease
progression by regulating myogenic cell function. MyoD
transactivates �7 integrin gene expression in vitro, which
would increase �7 integrin levels in myoblasts.30 Myo-
blast cell lines derived from satellite cells express high
levels of �7 integrin.3 The �7�1 integrin associates with
muscle-specific �1-integrin binding protein (MIBP),
which regulates laminin deposition in myoblasts.31 The
�7�1 integrin may regulate satellite cell transition into
myofibers.32,33 Finally, enhanced expression of the �7
integrin in dystrophic skeletal muscle promotes satellite
cell proliferation and activation.14

To test the hypothesis that the �7�1 integrin is impor-
tant for skeletal muscle regeneration, we subjected �7
integrin-deficient muscle to cardiotoxin-induced dam-
age. Our studies demonstrate for the first time that loss of
the �7 integrin results in defective muscle regeneration in
response to injury. Injection of laminin-111 (�1, �1, �1)
into �7 integrin-null muscle before cardiotoxin treatment
restored muscle regeneration to wild-type levels. Results
from this study indicate a critical role for the �7�1 integrin
and laminin in muscle repair and suggest direct muscle
injections of laminin may serve as an exciting novel ther-
apy for patients with �7-integrin congenital myopathy and
other muscle diseases.

Materials and Methods

Animals

Wild-type (C57BL/6), �7 integrin-null (C57BL/6 back-
ground), and Nestin-GFP mice (C57BL/6 background)
were euthanized in accordance with protocols approved
by the University of Nevada and University of Washington
Institutional Animal Care and Use Committee.

Histology

Tibialis anterior (TA) muscles were embedded in OCT
(Tissue-Tek; Sakura Finetek-USA Inc., Torrance, CA) and

10-�m cryosections were cut (�50 �m apart) using a
CM1850 cryostat (Leica, Wetzlar, Germany) and placed
on Surgipath microscope slides (Surgipath Medical In-
dustries, Richmond, IL). Tissue sections were stained
with hematoxylin and eosin (H&E) as previously de-
scribed.17 Central myonuclei in regenerating muscles
were counted at �630 magnification by bright-field mi-
croscopy. The number of central nuclei per muscle fiber
was determined by counting a minimum of 1000 muscle
fibers per animal. At least five animals from each geno-
type were analyzed. In addition the cross-sectional area
was examined in a minimum of 5000 muscle fibers per
group per time point. Results are reported as the average
fiber cross-sectional area.

Immunofluorescence

TA muscles were embedded in Tissue-Tek OCT com-
pound. Sections were cut at 10 �m using a Leica
CM1850 cryostat and placed onto Surgipath microscope
slides. Laminin-�2 chain was detected with a 1:500 dilu-
tion of rabbit anti-laminin-�2 (2G) polyclonal antibody (a
kind gift from Peter Yurchenco, Department of Pathology,
Robert Wood Johnson Medical School, Piscataway, NJ).
The laminin-�1 chain was detected with a rat anti-lami-
nin-�1 monoclonal antibody (MAB1903; Chemicon Inter-
national, Temecula, CA). Primary rabbit antibodies were
detected with a 1:500 dilution of fluorescein isothiocya-
nate-conjugated anti-rabbit secondary antibody and the
rat monoclonal antibody was detected with 1:500 dilution
of fluorescein isothiocyanate-conjugated anti-rat second-
ary antibody. In all immunofluorescence experiments,
secondary only antibody controls were included to test
for specificity.

For mouse monoclonal antibodies, endogenous mouse
immunoglobulin was blocked with a mouse-on-mouse
(MOM) kit (Vector Laboratories, Burlingame, CA). MyoD
and Pax7 were detected using 5 �g/ml of anti-MyoD
(Stratagene, La Jolla, CA) and 5 �g/ml of anti-Pax7 (De-
velopmental Studies Hybridoma Bank, Iowa City, IA).
eMyHC was detected as previously described.17 A
1-�g/ml concentration of tetramethylrhodamine-conju-
gated wheat germ agglutinin (WGA) (Molecular Probes,
Eugene, OR) was used to define muscle fibers. To exam-
ine immune response, cytotoxic T cells were detected
with fluorescein isothiocyanate-labeled rat anti-mouse
CD8a (BD Pharmingen, San Diego, CA) and macro-
phages were detected with fluorescein isothiocyanate-
conjugated anti-mouse F4/80 (Bioscience, San Diego,
CA) at 1:1000. Immunofluorescence was performed on
10-�m sections from TA muscle from 5-week-old wild-
type and �7�/� male mice. Images were captured at
�630 magnification. Fluorescence was observed with an
Axioskop 2 Plus fluorescent microscope (Zeiss, Thorn-
wood, NY) and images were captured with a Zeiss Axio-
Cam HRc digital camera and Axiovision 4.1 software.
Images for each experiment were captured with the same
exposure time. Multiple adjacent sections were analyzed
within 20 random, nonoverlapping microscopic fields per
animal at �630 magnification.
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Single myofibers were isolated from the extensor digi-
torum longus muscles of 10-week-old nestin-GFP trans-
genic mice after collagenase digestion and cultured
individually in Matrigel-coated wells as previously de-
scribed.34,35 Adherent single myofibers were fixed in 4%
paraformaldehyde and incubated with 1:1000 dilution of
anti-�7 integrin rat monoclonal antibody (CA5.5) (Sierra
BioSource, Morgan Hill, CA). The anti-�7 integrin rat an-
tibody was detected with rhodamine-labeled anti-rat sec-
ondary antibody. Both GFP and rhodamine fluorescence
were detected using an inverted fluorescent microscope
(Eclipse, TE2000-S; Nikon, Tokyo, Japan) and images
were acquired with a CoolSNAPES monochrome charge-
coupled device camera controlled by MetaVue Imaging
System (Universal Imaging Corporation, Sunnyvale, CA).

Evan’s Blue Dye (EBD) Assay

Mice were injected intraperitoneally with 50 �l of a 10-
mg/ml solution of sterile EBD solution per 10 g of body
weight. After 3 hours, the TA muscle was harvested and
flash-frozen in liquid nitrogen. Ten-�m cryosections were
placed on microscope slides and fixed in 4% paraformal-
dehyde. Muscle fibers were outlined by incubating tissue
sections with Oregon Green-488-conjugated WGA (2 �g/
ml, Molecular Probes). A minimum of 1000 fibers per
animal were counted to determine the percentage of
muscle fibers positive for EBD. At least four animals from
each genotype were analyzed. Images were captured
and counted at �630 magnification.

Cardiotoxin-Induced Muscle Injury

Mice were anesthetized with avertin (0.25 �l/g of body
weight). Using previously described methods,36 100 �l of
a 10-�mol/L cardiotoxin solution (C3987; Sigma, St.
Louis, MO) in phosphate-buffered saline (PBS) was in-
jected using an insulin syringe into the left TA muscles of
5-week-old male wild-type and �7�/� mice. The right TA
muscles were injected with 100 �l of PBS and used as
controls. The mice were euthanized and muscles har-
vested at 4, 7, 10, and 28 days after cardiotoxin injection
for analysis.

Laminin-111 Injections

Natural mouse laminin-111 (�1, �1, �1) purified from
Engelbreth-Holm-Swarm mouse sarcoma cells (Invitro-
gen, Carlsbad, CA) at 100 nmol/L in PBS was injected
using an insulin syringe without exposing the muscle into
the left TA muscles of anesthetized wild-type and �7�/�

mice 3 days before cardiotoxin injection. The right TA
muscles were injected with 100 �l of PBS and served as
controls. The muscles were harvested at 0, 4, 7, 10 and
28 days after cardiotoxin injection for analysis.

Statistical Analysis

All averaged data are reported as the mean � SD. Com-
parisons between multiple groups were performed by

one-way analysis of variance for parametric data or by
Kruskal-Wallis one-way analysis of variance on ranks for
nonparametric data using SigmaStat 1.0 software (Jandel
Corp., San Rafael, CA). P � 0.05 was considered statis-
tically significant.

Results

The �7 Integrin Is Expressed in Quiescent
Satellite Cells

To determine whether the �7 integrin is expressed in
satellite cells in vivo, isolated myofibers from nestin-GFP
transgenic mice were subjected to immunofluorescence
using an anti-�7 integrin antibody (Figure 1A). Nestin-
GFP is specifically expressed in quiescent satellite
cells.37 All nestin-GFP-positive cells on the myofiber were
positive for the �7 integrin (Figure 1A). These data indi-
cate that quiescent satellite cells express the �7 integrin.

�7 Integrin-Null Mice Exhibit Decreased
Membrane Integrity and Delayed Muscle Repair

To examine if the �7�1 integrin is required for muscle
repair, the TA muscles from wild-type and �7�/� mice
were subjected to cardiotoxin injury and examined 4, 10,
and 28 days later (Figure 1B). Four days after cardiotoxin
injury, wild-type TA muscle appeared healthy and this
appearance persisted for 28 days. In contrast, �7�/�

muscle exhibited large white regions of damaged muscle

Figure 1. Loss of the �7 integrin results in defective muscle repair after
cardiotoxin injury. A: Single myofibers isolated from nestin-GFP transgenic
mice were used to identify satellite cells. All nestin-GFP satellite cells ex-
pressed the �7 integrin. The arrowheads indicate satellite cells on isolated
muscle fibers, which are positive for nestin-GFP and a7 integrin. B: Wild-type
muscle rapidly recovered after cardiotoxin-induced injury. In contrast �7
integrin-deficient muscle exhibited profound and prolonged muscle damage
after injury. C: EBD uptake reveals that cardiotoxin-induced injury results in
reduced sarcolemmal integrity in �7 integrin-null muscle compared with wild
type (*P � 0.05).
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at 4 and 10 days after injury. At 28 days, regions of
muscle damage were still evident in �7�/� muscle. These
data suggest loss of the �7 integrin in skeletal muscle
results in a profound delay in muscle regeneration.

To examine membrane integrity after cardiotoxin dam-
age, wild-type and �7�/� mice were injected with EBD.
EBD uptake was absent in both groups before cardio-
toxin injection (Figure 1C). At day 4 after injury, 8.5% of
wild-type and 66% of �7�/� myofibers were EBD-posi-
tive. After 10 days, less than 4% of wild-type myofibers
were positive for EBD uptake, whereas 40% of �7�/�

myofibers were EBD-positive. At 28 days after cardiotoxin
injection, 17% of �7�/� muscle fibers were still EBD-
positive, whereas EBD was not observed in wild-type
muscle. These results indicate loss of the �7 integrin
results in increased membrane fragility after cardiotoxin
treatment.

Muscle Repair Is Delayed in �7 Integrin-Null
Mice

H&E staining was used to examine muscle pathology
after cardiotoxin injury (Figure 2A). Four days after car-
diotoxin injury, wild-type muscle exhibited mononuclear
cell infiltrate and myofibers containing centrally located
nuclei (Figure 2A). By day 10, wild-type muscle exhibited
little mononuclear infiltrate, and most myofibers con-
tained centrally located nuclei. By 28 days in wild-type
muscle, most myofibers contained centrally located nu-
clei, and little mononuclear cell infiltrate was evident in
wild-type muscle. In contrast, 4 days after cardiotoxin-
induced damage, �7�/� muscle exhibited extensive
mononuclear cell infiltrate and hypotrophic muscle fibers
that persisted to 10 and 28 days after cardiotoxin injury
(Figure 2A).

To quantify muscle repair, the percentage of myofibers
with centrally located nuclei was determined (Figure 2B).
In wild-type mice, 81.8% of muscle fibers contained cen-
trally located nuclei 4 days after cardiotoxin injury. In
contrast only 28.1% of muscle fibers in �7�/� muscle
were positive for centrally located nuclei (P � 0.05). By
10 and 28 days 95.5% and 97.5% of muscle fibers,
respectively, in wild-type mice exhibited centrally located
nuclei. By days 10 and 28, 82% and 95.5% of muscle
fibers in �7�/� muscle, respectively, exhibited centrally
located nuclei. These results indicate loss of the �7 inte-
grin results in delayed muscle regeneration.

Embryonic myosin heavy chain (eMyHC) is transiently
expressed after muscle repair and used as a marker for
recent muscle regeneration. At day 0 there was an ab-
sence of eMyHC in both wild-type and �7�/� mice (Fig-
ure 2C). At 4 and 10 days after cardiotoxin treatment,
expression of eMyHC was detected in more than 99% of
wild-type muscle fibers (Figure 2C). In sharp contrast,
only 2.2% and 9.9% of �7�/� muscle fibers expressed
eMyHC at 4 and 10 days, respectively (Figure 2C). By
day 28, only 11.3% of �7�/� myofibers were eMyHC-
positive, whereas 18.5% of wild-type muscle was
eMyHC-positive. These results confirm that loss of the �7
integrin results in defective muscle repair.

Cardiotoxin Injury Results in Hypotrophic
Muscle Fibers in �7 Integrin-Null Mice

To determine if loss of the �7 integrin affected muscle
repair after injury, myofiber cross-sectional areas were
measured (Figure 2D). Regenerating muscle fibers in
wild-type mice were 31% larger than �7�/� muscle fibers
4 days after cardiotoxin injury (Figure 2D). At day 10,
regenerating wild-type myofibers were 45.1% larger
compared with �7�/� muscle fibers (Figure 2D). By day
28, wild-type muscle displayed muscle fiber size varia-
tion; however, this was in contrast to the �7�/� muscle,
which displayed small cross-sectional areas, with the
vast majority of fibers between 100 to 600 �m2. These
results indicate loss of the �7 integrin results in reduced
regenerative capacity resulting in hypotrophic muscle
fibers.

Figure 2. Muscle regeneration is defective in �7 integrin-null mice. A: Car-
diotoxin-induced injury resulted in pronounced and prolonged mononuclear
cell infiltrate in �7 integrin-null muscle compared with wild-type as detected
by H&E staining. B: Wild-type muscle treated with cardiotoxin contained
more centrally located nuclei compared with �7 integrin-null muscle (*P �
0.05). C: Wild-type muscle injured with cardiotoxin contained more eMyHC-
positive myofibers compared with �7 integrin-null muscle (*P � 0.001).
Myofibers were delineated with WGA. D: �7 integrin-null muscle treated
with cardiotoxin exhibited more hypotrophic myofibers compared with wild
type. For clarity in the lower cross-sectional ranges the inset graph shows
muscle cross-sectional areas from 0 to 19 �m. Scale bar � 20 �m.

Laminin-111 Therapy for �7 Integrin Myopathy 259
AJP January 2009, Vol. 174, No. 1



Myoblast Proliferation and Differentiation Are
Impaired in �7 Integrin-Deficient Muscle

Pax7 is expressed in both quiescent and activated
satellite cells, whereas MyoD is expressed in myo-
blasts.38–40 To examine if the developmental program
regulating muscle repair was affected by the loss of the
�7�1 integrin, we examined expression of Pax7 and
MyoD (Figure 3, A and B). Compared with wild-type
muscle, �7�/� mice exhibited twofold to threefold fewer
Pax7-positive cells compared with wild type at days 4
and 10 after cardiotoxin injury (Figure 3A). By day 28,
similar numbers of Pax7-positive cells were observed in
wild-type and �7�/� mice. Analysis of MyoD expression
showed �7�/� muscle contained 28- and 50-fold fewer
MyoD-positive myoblasts compared with wild-type mus-
cle at 4 and 10 days after cardiotoxin induced damage,
respectively (Figure 3B). By day 28 similar numbers of
MyoD-positive cells were observed in wild-type and
�7�/� mice. Together these results indicate loss of the
�7 integrin results in fewer activated satellite cells in
injured skeletal muscle and a delay in myogenic
differentiation.

Laminin Treatment Restores Sarcolemmal
Integrity in �7 Integrin-Null Mice

Recent studies have shown that the loss of the �7
integrin results in reduced laminin-�2 expression.17 To
explore whether reduced laminin deposition could ac-

count for the defective muscle regenerative phenotype
observed in �7 integrin-null mice, the TA muscle was
injected with 100 �l of a 100 nmol/L solution of laminin-
111 in PBS 3 days before cardiotoxin injury. Laminin-
111 protein was used because a highly purified protein
preparation of this laminin isoform was available from a
mouse Engelbreth-Holm-Swarm sarcoma cell line. This
would ensure minimal immunological response to the
exogenously delivered laminin protein. Laminin-111 is
not normally expressed in adult muscle, but studies
indicate that it is functionally similar to laminin-211.41,42

The injected laminin-111 was detected with anti-lami-
nin-�1-specific antibodies. Titration of laminin-111 in
cultured myofibers revealed increased toxicity at 200
nmol/L and higher concentrations (data not shown).

Surprisingly, the injected laminin-111 permeated the en-
tire TA muscle within 24 to 72 hours (Figure 4A and Sup-
plemental Figure S1 available at http://ajp.amjpathol.org)
and was maintained throughout the muscle for at least 28
days (Figure 4A). Secondary only antibody controls were
negative at all time points analyzed indicating specificity of
the rat monoclonal anti-laminin-�1 antibody for the injected
laminin-111 protein (Supplemental Figure S2 available at
http://ajp.amjpathol.org). At all time points analyzed after
cardiotoxin injury, �7�/� muscle treated with laminin-111
appeared similar to wild-type muscle (Figure 4B).

Figure 4. Laminin restores muscle repair and integrity in �7 integrin-null
mice. A: Muscle cryosections were immunostained with anti-laminin-�1
antibody to detect injected laminin-111 protein. Laminin-111 protein was
rapidly incorporated into the extracellular matrix surrounding muscle
fibers after injection and persisted for more than 28 days. Muscle injected
with PBS alone contained no laminin-111. B: Laminin-111 injection pro-
tected �7 integrin-null muscle from extensive injury from cardiotoxin
treatment. C: Laminin-111 treatment restored sarcolemmal integrity after
cardiotoxin injury in �7 integrin-null muscle to wild-type levels. Scale
bar � 10 �m.

Figure 3. Satellite cell proliferation and differentiation are delayed in �7
integrin-null muscle after cardiotoxin treatment. A: Pax7 expression is re-
duced in �7 integrin-null satellite cells 4 and 10 days after cardiotoxin injury
compared with wild type (*P � 0.05). B: MyoD expression is reduced in �7
integrin-null myoblasts at 4 and 10 days after cardiotoxin injury compared
with wild type (*P � 0.05). Myofibers were delineated with WGA.
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To examine if exogenously injected laminin-111 elic-
ited an immunological response, wild-type and �7�/�

muscle cryosections were subjected to immunofluores-
cence 3 days after laminin-111 injections using antibod-
ies against CD8a and F8/40 to detect cytotoxic T cells
and macrophages, respectively (Supplemental Figure
S3 available at http://ajp.amjpathol.org). As a positive
control �7�/� muscle was subjected to immunofluores-
cence using these antibodies 3 days after cardiotoxin
treatment (Supplemental Figure S3 available at http://
ajp.amjpathol.org). Analysis revealed muscle injected
with mouse laminin-111 was negative for cytotoxic T
cells and macrophages, indicating laminin-111 injec-
tions alone did not elicit an immunological response.
Analysis of EBD uptake after cardiotoxin-induced injury
revealed no difference in the percentage of EBD-pos-
itive myofibers between laminin-treated wild-type or
�7�/� muscle at all time points (Figure 4C). These
results demonstrate that injection of laminin-111 before
cardiotoxin-induced injury restored sarcolemmal integ-
rity to �7 integrin-null muscle.

Laminin Boosts Muscle Regeneration in �7
Integrin-Null Mice

To determine whether laminin-111 could improve muscle
regeneration, 5-week-old wild-type and �7�/� TA muscle
were injected with laminin and subjected to cardiotoxin-
induced injury. Muscle sections were stained with H&E and
mononuclear cell infiltrate and centrally located nuclei ex-
amined (Figure 5A). No differences in the myofiber size,
centrally located nuclei, or mononuclear cell infiltrate were
observed between wild-type and �7 integrin-null muscle
treated with laminin-111 at 4, 10, or 28 days after injury
(Figure 5A).

Quantitation of centrally located nuclei confirmed
that laminin-111 treatment restored regeneration in �7
integrin-null muscle to wild-type levels (Figure 5B). At
all time points, the percentages of centrally located
nuclei in laminin-treated wild-type and �7�/� mice
were not significantly different from each other. These
results indicate that laminin-111 restored muscle repair
in �7 integrin-null muscle to wild-type levels.

The ability of laminin-111 to restore regenerative
capacity in �7 integrin-null muscle was examined by
assaying eMyHC expression (Figure 5C). At day 0,
7.3% of wild-type fibers and 9.7% of �7�/� fibers were
eMyHC-positive as a result of injection with laminin
(Figure 5C). At 4 and 10 days after cardiotoxin treat-
ment, wild-type and �7�/� muscle exhibited similar
levels of eMyHC expression (Figure 5C). At 28 days
after injury, eMyHC was only present in negligible
amounts in the wild-type muscle whereas 34.4% of
myofibers in �7�/� muscle were positive for eMyHC
(Figure 5C). These results demonstrate injection of
laminin-111 greatly improved the regenerative capac-
ity of �7 integrin-null muscle.

Laminin Therapy Restores Myofiber Size in �7
Integrin-Deficient Muscle

Myofiber cross-sectional area was examined in laminin-
treated wild-type and �7 integrin-null mice before and after
cardiotoxin-induced injury (Figure 5D). At 4 days after injury,
the cross-sectional area of myofibers in wild-type mice was
found to be only 13% larger compared with �7�/� muscle
(Figure 5D). By days 10 and 28 after cardiotoxin injury, the
cross-sectional area of myofibers in �7�/� muscle was sim-
ilar to wild-type animals (Figure 5D). Together these data
indicate treatment with laminin-111 restored muscle repair
and myofiber size in �7 integrin-null muscle.

Laminin Restores Myoblast Proliferation and
Differentiation in �7 Integrin-Null Muscle

To determine whether treatment with laminin-111 re-
stored the myogenic repair program in �7�/� muscle,

Figure 5. Laminin restored muscle regeneration in �7 integrin-null mice to
wild-type levels. A: �7 integrin-null muscle injected with laminin-111 protein
before cardiotoxin injury exhibited a regenerative phenotype similar to wild type
with less mononuclear cell infiltrate and fewer hypotrophic muscle fibers. B:
Laminin-111 protein injection restored muscle repair and the percentage of
myofibers containing centrally located nuclei to wild-type levels. C: Laminin-111
protein therapy restored eMyHC expression to wild-type levels at days 4 and 10
(*P � 0.05). At day 28 more �7 integrin myofibers expressed eMyHC compared
with wild type (**P � 0.001). Myofibers were delineated with WGA. D: Laminin-
111 protein treatment before cardiotoxin injury resulted in myofiber cross-
sectional areas that were indistinguishable between �7 integrin-null and wild
type. For clarity in the lower cross-sectional ranges the inset graph shows
muscle cross-sectional areas from 0 to 19 �m. Scale bar � 20 �m.
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expression of Pax7 and MyoD was quantified (Figure 6, A
and B). Before cardiotoxin-injury, wild-type and �7�/�

muscle exhibited a few Pax7-positive cells, which could
be attributed to the minor damage from the laminin injec-
tion (Figure 6A). At 4 days after cardiotoxin injury, there
were 20% fewer Pax7-positive cells in laminin-treated
�7�/� muscle compared with wild-type (Figure 6A). By
10 and 28 days after cardiotoxin injury levels of Pax7-
positive cells in �7�/� muscle were similar to wild-type
muscle (Figure 6A).

Analysis of MyoD revealed a few positive cells in lami-
nin-treated wild-type and �7 integrin-null TA muscle at
day 0 (Figure 6B). At days 4 and 10 after cardiotoxin
injury, the number of MyoD-positive cells in laminin-
treated �7�/� muscle was �25% lower than wild type
(Figure 6B). However by day 28, wild-type and �7�/�

muscle had similar numbers of MyoD-positive cells (Fig-
ure 6B). Laminin-111 treatment substantially restored the
number of myogenic cells and promoted activation of the
myogenic program involved in muscle repair in �7 inte-
grin-null muscle.

Discussion

In this study we show that �7 integrin-null mice exhibit
defective skeletal muscle regeneration after cardiotoxin-
induced injury. Treatment with laminin-111 corrected the
defective repair phenotype. Although many aspects of
the myogenic developmental program have been eluci-
dated, the mechanisms by which the extracellular matrix
and integrin cell surface receptors participate in skeletal

muscle repair after injury or during disease are not well
understood.

Muscle damage is followed by the rapid activation of
satellite cells.43 On activation, these cells proliferate and
activate myogenic developmental programs to repair
damaged muscle. Models suggest a subpopulation of
satellite cells remain as stem cells to replace cells that
have progressed down the myogenic lineage path-
way.39,43,44 During activation satellite cells express the
transcription factors Pax3, Pax7, MyoD, myogenin, and
MRF4. In this study we show that loss of the �7 integrin
leads to reduced satellite cell activation and myoblast
differentiation in response to muscle injury. These data
indicate the �7�1 integrin regulates a key transition early
in muscle regeneration in which satellite cells switch to
become myogenic cells capable of repairing muscle.

Increased EBD uptake in �7 integrin-null muscle after
cardiotoxin treatment indicates that loss of the �7�1 in-
tegrin results in increased sarcolemmal fragility in re-
sponse to cardiotoxin. Increased muscle damage may
explain the delay in the capacity of �7 integrin-null mus-
cle to undergo repair after cardiotoxin-induced injury.
The observation that both wild-type and �7 integrin-null
muscle exhibit comparable numbers of centrally located
nuclei 28 days after cardiotoxin injections, however, indi-
cates that similar numbers of myofibers must have been
damaged by cardiotoxin and required repair. These ob-
servations indicate that a mechanism other than the ex-
tent of muscle damage produced by cardiotoxin injec-
tions is responsible for the delay in muscle repair
observed in �7 integrin-null mice.

Laminin is normally produced by skeletal muscle and
secreted into the surrounding basal lamina.45,46 Several
studies suggest that laminin within the extracellular matrix
promotes myoblast survival, proliferation, migration, and
differentiation.24,47–50 Recently we demonstrated that
loss of the �7 integrin leads to significantly reduced
expression of laminin-�2 in skeletal muscle.17 Because
the regenerative capacity of skeletal muscle is depen-
dent on an intricate interplay between satellite cells and
the extracellular matrix,26 absence of the �7 integrin may
result in loss of an optimal laminin-rich microenvironment
required for myogenic repair. To determine whether de-
creased laminin deposition contributes to the reduced
muscle regenerative phenotype observed in �7 integrin-
null mice, laminin-111 was injected into the muscle of
mice before injury. Interestingly, within 48 to 72 hours,
injected laminin-111 protein spread throughout the entire
TA muscle and persisted for at least 31 days in the basal
lamina. Injection of muscle with laminin-111 protein be-
fore cardiotoxin injury restored muscle regeneration in �7
integrin-null mice to wild-type levels.

Although laminin-211 and laminin-221 are expressed
in adult muscle, laminin-111 is only present in embryonic
skeletal muscle.20 One possible explanation for the im-
proved muscle regeneration in laminin-treated �7 inte-
grin-null muscle is that injection of laminin-111 may reca-
pitulate an embryonic myogenic program in adult skeletal
muscle. Activation of this embryonic program may result
in enhanced satellite cell activation, proliferation, and
improved muscle repair. These results suggest other

Figure 6. Laminin restored satellite cell proliferation and differentiation in �7
integrin-null muscle. A: Laminin-111 treatment restored Pax7 expression in
�7 integrin-null muscle to wild-type levels (*P � 0.05). B: Laminin-111
injection greatly improved MyoD expression in �7 integrin-null muscle after
cardiotoxin-induced injury (*P � 0.05). Myofibers were delineated with
WGA.
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laminin receptors may be expressed in satellite cells that
can also promote myogenic repair or can act to compen-
sate for the loss of �7 integrin in myoblasts.

This study suggests patients with �7 integrin mutations
suffer from congenital myopathy as a result of decreased
sarcolemmal integrity through loss of the �7�1 integrin
linkage system and a reduced capacity for muscle repair
after injury. Our data show direct injections of laminin-111
protein can improve sarcolemmal integrity and enhance
regenerative repair after injury in �7 integrin-null muscle.
Together our data suggest laminin-111 may potentially
serve as a protein therapy for patients with �7 integrin
congenital myopathy. Because loss of sarcolemmal in-
tegrity and regenerative capacity has been implicated in
a variety of muscular dystrophies including MDC1A and
DMD, we are currently investigating if laminin-111 protein
therapy may also be beneficial in other forms of muscular
dystrophy.
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