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The o731 integrin, dystrophin, and utrophin glycop-
rotein complexes are the major laminin receptors in
skeletal muscle. Loss of dystrophin causes Duchenne
muscular dystrophy, a lethal muscle wasting disease.
Duchenne muscular dystrophy-affected muscle ex-
hibits increased expression of «a7f1 integrin and
utrophin, which suggests that these laminin binding
complexes may act as surrogates in the absence of
dystrophin. Indeed, mice that lack dystrophin and a7
integrin (mdx/a77’7), or dystrophin and utrophin
(mdx/utr~’7), exhibit severe muscle pathology and
die prematurely. To explore the contribution of the
a7B1 integrin and utrophin to muscle integrity and
function, we generated mice lacking both «7 integrin
and utrophin. Surprisingly, mice that lack both a7
integrin and utrophin (a7/utr~’7) were viable and
fertile. However, these mice had partial embryonic
lethality and mild muscle pathology, similar to a7
integrin-deficient mice. Dystrophin levels were in-
creased 1.4-fold in o7/utr™’~ skeletal muscle and were
enriched at neuromuscular junctions. Ultrastructural
analysis revealed abnormal myotendinous junctions,
and functional tests showed a ninefold reduction in
endurance and 1.6-fold decrease in muscle strength in
these mice. The a7/utr™’~ mouse, therefore, demon-
strates the critical roles of a7 integrin and utrophin in
maintaining myotendinous junction structure and en-
abling force transmission during muscle contraction.
Together, these results indicate that the «7f1 inte-
grin, dystrophin, and utrophin complexes act in a
concerted manner to maintain the structural and
functional integrity of skeletal muscle. (4m J Pathol
2009, 175:1545—1554; DOI: 10.2353/ajpath.2009.090052)

Duchenne muscular dystrophy (DMD) is a lethal neuro-
muscular disease that affects 1 in every 3500 live male
births. Patients with DMD have impaired mobility, are
restricted to a wheelchair by their teens, and die from
cardiopulmonary failure in their early twenties.”? Cur-
rently, there is no cure or effective treatment for this
devastating disease. Mutations in the dystrophin gene
resulting in loss of the dystrophin protein are the cause of
disease in DMD patients and the mdx mouse model.®>””

The dystrophin glycoprotein complex links laminin in
the extracellular matrix to the actin cytoskeleton. The
N-terminal region of dystrophin interacts with cytoskeletal
F-actin® and the C-terminal region associates with the
dystrophin-associated protein complex, which include a-
and B-dystroglycan, a- and B-syntrophin, the sarcogly-
cans, and sarcospan.® In DMD, the absence of dystro-
phin leads to disruption of the dystrophin glycoprotein
complex, resulting in increased muscle fragility and al-
tered cell signaling.® Loss of this critical transmembrane
linkage complex in DMD patients and mdx mice results in
progressive muscle damage and weakness, inflamma-
tion, necrosis, and fibrosis. Lack of dystrophin also leads
to abnormalities at myotendinous and neuromuscular
junctions (MTJ and NMJ), which further contribute to
skeletal muscle damage.'®~'” In addition, defective mus-
cle repair in DMD patients eventually results in muscle
degeneration exceeding the rate of regeneration.™ Over-
all, dystrophin is critical for muscle function, structure,
and stability, and its absence results in progressive mus-
cle wasting and severe muscular dystrophy. In the ab-
sence of dystrophin two additional laminin-binding re-
ceptors, the @781 integrin and utrophin, are up-regulated
in the skeletal muscle of DMD patients and mdx mice,
which may compensate for the loss of the dystrophin
glycoprotein complex.'®21

The «7B1 integrin is a heterodimeric laminin receptor
involved in bidirectional cell signaling and is localized at
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junctional and extrajunctional sites in skeletal mus-
cle.??23 At least six a7 integrin isoforms produced by
developmentally regulated RNA splicing are expressed
in skeletal muscle.®* Mutations in the a7 integrin gene
(ITGA7) cause myopathy in humans.?® Mice lacking the
a7 integrin develop myopathy, exhibit vascular smooth
muscle defects and have altered extracellular matrix
deposition.?®73° The observation that the a781 integrin is
elevated in the muscle of DMD patients and mdx mice led
to the hypothesis that the o717 integrin may compensate
for the loss of dystrophin.'® Enhanced expression of the
a7 integrin in the skeletal muscle of severely dystrophic
mice reduced muscle pathology and increased lifespan
by threefold.’®"" In contrast, loss of both dystrophin and
a7 integrin in mice results in severe muscular dystrophy
and premature death by 4 weeks of age.?®3" The a731
integrin is therefore a major modifier of disease progres-
sion in DMD.

The utrophin glycoprotein complex is a third major
laminin receptor in skeletal muscle. Utrophin has signifi-
cant sequence homology to dystrophin.®#*3 In normal
adult muscle utrophin is restricted to neuromuscular and
myotendinous junctions.®* During development or in
damaged or diseased muscle, utrophin expression is
increased and becomes localized at extrajunctional
sites.>3¢ Utrophin interacts with the same proteins as
dystrophin, but binds to actin filaments at different
sites.3” In mice, loss of utrophin results in a mild form of
myasthenia with reduced sarcolemmal folding at the
postsynaptic membrane of the neuromuscular junc-
tion.'2'® Transgenic overexpression of utrophin has
been shown to rescue mdx mice.*® Mice that lack both
dystrophin and utrophin exhibit severe muscular dystro-
phy and die by 14 weeks of age.'™ ' Thus, utrophin is
also a major laminin receptor that modifies disease pro-
gression in DMD.

To understand the functional overlap between the a781
integrin and utrophin in skeletal muscle, we produced mice
that lack both a7 integrin and utrophin (a7/utr/~). Since
both complexes are highly enriched at the MTJ and NMJ,
we hypothesized that «7/utr/~ mice may have severe
abnormalities at these critical junctional sites. Our study
demonstrates «7/utr~/~ mice exhibit partial embryonic
lethality comparable with that observed in a7/~ mice.
Dystrophin is increased in these animals and enriched at
the NMJ but not the MTJ. a7/utr '~ mice display ultra-
structural defects in their MTJ and compromised force
transmission. Together, these results indicate that the
a7B1 integrin, dystrophin and utrophin laminin binding
complexes provide continuity between laminin in the ex-
tracellular matrix and the cell cytoskeleton, which are
necessary for the normal structural and functional prop-
erties of skeletal muscle.

Materials and Methods

Generation of a7/utr™”~ Mice

Male a7/~ mice (C57BL6 X 129 strain) generated in the
Nevada Transgenic Center®® were mated to female

utr~’~ mice (C57BL6 X 129 strain and a kind gift from Dr.
Joshua Sanes, Harvard University, MA). The resulting
male offspring were backcrossed to utr/~ females. To
generate o7/utr /" mice, F2 generation mice heterozy-
gous at the a7 integrin locus were mated. Wild-type mice
(C57BL6 X 129) were used as controls for this study.
Age-matched male mice were used for all experiments.

Mice were genotyped using genomic DNA isolated
from tail clips. Tail clips were incubated in TNES buffer
(200 mmol/L TrisHCI pH 8.0, 5 mmol/L EDTA pH8.0, 400
mmol/L NaCl, and 1% SDS) and 100 ug proteinase K
overnight at 55°C. 5 M NaCl was added to the samples
and DNA precipitated using ice-cold 100% ethanol. The
DNA pellet was washed with 70% ethanol and resus-
pended in TE buffer (10 mM Tris-HC1, 1 mM EDTA pH
8.0). The wild-type and mutant «7 integrin alleles were
detected using a multiplex PCR as previously described.?®
A multiplex PCR was done for utrophin using the following
primers: 553 (5'-TTGCAGTGTCTCCCAATAAGG TATG-
AAC-3’), 554 (5'-CTGAGTCAAACAGCTTGGAAGCCTC-
C-3'), 22803 (5'-TGCCAAGTTCTAATTCCA TCAGAAGC-
TG-3'). The PCR conditions were: 95°C for 2 minutes, 40
cycles of 95°C for 1 minute, 62°C for 1 minute, and 72°C for
1 minute. The utrophin wild-type band produced a 640 bp
and the utrophin targeted allele produced a 450 bp band.

Tissue Isolation

Five week-old wild-type, a7 /7, utr /", and a7/utr /"
mice were euthanized according to a protocol approved
by the University of Nevada, Reno, Animal Care and Use
Committee. Gastrocnemius, triceps, and tibialis anterior
muscles were dissected from mice and flash frozen in
liquid nitrogen cooled isopentane.

Immunoblotting

To detect a7 integrin, protein was extracted from gas-
trocnemius muscle as previously reported.?® The anti-
a7A integrin (A2 345) and anti-a7B integrin (B2 347)
rabbit polyclonal antibodies (a gift from Dr. Stephen Kauf-
man, University of lllinois) were used to detect the a7A
and «7B integrin isoforms at a dilution of 1:500 and
1:2000 respectively. Utrophin was detected using the
MANCHQO3 8A4 anti-utrophin mouse monoclonal anti-
body (a kind gift of Glenn Morris, Center for Inherited
Neuromuscular Disease, Shropshire, UK) as previously
described.?® For dystrophin immunoblots, protein was
extracted from gastrocnemius using a 10% SDS extrac-
tion buffer (100 mmol/L Tris-HCI pH 8.0, 10% SDS, 10
mmol/L EDTA, 10% glycerol). Samples were boiled for 10
minutes and centrifuged for 20 minutes. 10 ug of protein
was loaded on 5% polyacrylamide gels (Bio-Rad, Her-
cules, CA) and transferred to nitrocellulose membranes.
The mouse monoclonal antibody Dys-2 (Novocastra Lab-
oratories Ltd, Newcastle Upon Tyne, UK) was used at a
dilution of 1:350 to detect dystrophin. Blots were incu-
bated with Alexa Fluor 680-coupled goat anti-rabbit IgG
(Molecular Probes, Eugene, OR) to detect the primary
antibody. The Odyssey Imaging System (LiCor Bio-



sciences, Lincoln, NE) was used to quantify band inten-
sities. Myosin heavy chain was used as the loading con-
trol and analysis performed in the linear range for the
detection of these antibodies.

For acetylcholine receptor (AChR)-B subunit immuno-
blots, protein was extracted from gastrocnemius using
RIPA buffer (50 mmol/L Hepes pH 7.4, 150 mmol/L NaCl,
1 mmol/L NagVO,, 10 mmol/L NaF, 0.5% Triton X-100,
0.5% NP40, 10% glycerol, 2 mmol/L phenylmethylsulfonyl
fluoride, and 1:200 Protease Inhibitor Cocktail Set IIl [Cal-
biochem, EMD Biosciences, San Diego, CA]). 50 ug of
protein was loaded on 7.5% Tris-HCL gels (Bio-Rad,
Hercules, CA). To detect the AChR-B, the rabbit poly-
clonal antibody AChR-B (Epitomics, Burlingame, CA) was
used at a dilution of 1:2000. Primary antibodies were
detected, and blots were normalized for protein loading,
as previously published.?®

Immunofluorescence

Ten-micron-thick cryosections from triceps or tibialis an-
terior muscles were placed on Surgipath slides (Surgi-
path Medical Supplies, Richmond, IL). Sections were
fixed with methanol, acetone, or 4% paraformaldehyde
for 2 minutes. a7 integrin and utrophin were detected as
reported®® using the rat monoclonal antibody CA5.5 (Si-
erra Biosource, Morgan Hill, CA) and the mouse mono-
clonal antibody MANCHO7 7F3. Dystrophin was de-
tected using the mouse monoclonal antibody MANDRA1
(Sigma Aldrich, St. Louis, MO) (1:100) after using the
M.O.M. kit (Vector Laboratories, Burlingame, CA) to block
endogenous mouse immunoglobulin. Tenascin C was
detected using a rat monoclonal anti-tenascin C antibody
(Sigma Aldrich, St. Louis, MO) at 1:200 on unfixed TA
muscle. Fluorescein isothiocyanate-conjugated second-
ary antibodies were used to detect primary antibodies at
a dilution of 1:500. Rhodamine-labeled a-bungarotoxin
(Molecular Probes, Eugene, OR) was used at a 1:1000
dilution to identify AChRs at the NMJ. Images were cap-
tured with Zeiss Axioskop 2 Plus fluorescent microscope,
AxioCam HRc digital camera and Axiovision 5.0 software.

Histology

Ten-micron-thick cryosections from triceps muscle were
placed on glass slides and fixed in ice-cold 95% ethanol
for 2 minutes, placed in 70% ethanol for 2 minutes, and
rinsed in running water for 5 minutes. Slides were im-
mersed in Gill's hematoxylin (Fisher Scientific, Fair Lawn,
NJ) for 3 minutes and rinsed in running water for 5 min-
utes. Slides were then incubated in Scott’s solution for 3
minutes and rinsed in running water for 5 minutes. Slides
were immersed in 1X eosin for 2 minutes and progres-
sively dehydrated in ice cold 70% ethanol for 30 sec-
onds, 95% ethanol for 30 seconds, and 100% ethanol for
2 minutes. Slides were placed in xylene for 5 minutes and
mounted in DePeX mounting medium (Electron Micros-
copy Sciences, Washington, PA). Using H&E-stained
sections from the triceps muscle, the number of centrally
located nuclei in 1000 fibers was counted per mouse
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(N = 6). The results were expressed as the percentage of
fibers containing centrally located nuclei.

Evan’s Blue Dye Uptake

Wild-type, a7/, utr /=, and «7/utr /= mice at 5 weeks
of age were injected intraperitoneally with 50 wl sterile
Evan’s blue dye (500 wg/50 wl PBS) per 10g of body
weight. After 3 hours, tissues were frozen in liquid nitro-
gen cooled isopentane, cryosectioned (10 um), and
placed on slides. Tissue sections were fixed in 4% para-
formaldehyde. To define muscle fibers, wheat-germ ag-
glutinin was used at a concentration of 1 ug/ml. A Zeiss
Axioscope |l fluorescence microscope was used to visu-
alize sections. Fibers positive for Evan’s blue dye in 1000
random fibers per mouse were counted at a magnifica-
tion of X630 (N = 5).

Muscle Endurance Test

Five-week-old wild-type, a7/, utr™/~, and a7/utr ™/~
mice were allowed to grasp wire cages and remain sus-
pended. The recorded time was terminated when the
mice released their grip. Every mouse was subjected to
two tests and results from both tests were averaged.
Muscle endurance was determined using the ratio of time
suspended over mouse weight.

Grip Strength Test

The forelimb grip strength was measured using a SDI
Grip Strength System and a Chatillon DFE Digital Force
Gauge (San Diego Instruments, Inc., San Diego, CA).
Five-week-old wild-type, a7/, utr™/~, and a7/utr/~
mice were allowed to grasp a horizontal platform with
their forelimbs and then pulled backwards. The peak
tension (grams of force) was recorded just before the
mice released their grip. Five consecutive tests were
performed for each mouse and the data were averaged.
At least nine mice per group were analyzed.

Electron Microscopy

Tibialis anterior muscles from 5-week-old wild-type and
a7/utr /= mice were fixed in 2% gluteraldehyde and 2.5%
paraformaldehyde in a 0.2 M/L phosphate buffer over-
night. Tissues were rinsed with PBS and postfixed with
1% osmium tetroxide in phosphate buffer for one hour.
Samples were successively dehydrated in 70%, 95%,
and 100% ethanol, incubated in propylene oxide for 30
minutes, in 1:1 propylene oxide and LX-112 epoxy em-
bedding resin for 12 hours. 0.1 um sections were cut on
a Reichert Ultracut E Ultramicrotome. Sections were
stained with uranyl acetate and lead citrate. The MTJ
were viewed on a Hitachi H-600 transmission electron
microscope at X20,000 magnification.
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Statistical Analysis

All averaged data are reported as the mean = SD unless
otherwise stated. To compare multiple groups, one-way
and two-way analysis of variance was performed using
SigmaStat 1.0 software (Jandel Corporation, San Rafael,
CA). Chi-squared analysis was used to determine statis-
tical significance for the Mendelian inheritance pattern.
P < 0.05 was considered statistically significant unless
otherwise stated.

Results

Production of a7 Integrin and Utrophin Double
Knockout Mice

To determine the contributions of the «7 integrin and
utrophin as modifiers of DMD disease progression, a7
integrin null mice were bred with utrophin-deficient ani-
mals to produce mice that lack both the «7 integrin and
utrophin (a7/utr~/~). Genotyping was used to confirm
mutant alleles for «7 integrin and utrophin (Figure 1A).
PCR was used to identify the mutant a7 integrin allele at
482 bp while the wild-type allele was detected at 727 bp
(Figure 1A). PCR identified the targeted utrophin allele at
450 bp, whereas the wild-type allele produced a 640 bp
product (Figure 1A). Loss of both «7 integrin and utrophin
proteins was confirmed by immunoblotting and immuno-
fluorescence (Figure 1, B and C).

a7/utr~’~ Mice Exhibit Partial Embryonic
Lethality Similar to a7 Integrin Null Mice

To determine whether loss of both a7 integrin and utro-
phin results in partial embryonic lethality, the Mendelian
inheritance patterns of wild-type, a7 ~/~, utr~/~, and a7/
utr~’~ mice were analyzed. Matings of a7/~ /utr*/~ mice
to a7 /" jutr*/~ animals showed that 7.6% of a7 '/
utr~/~ mice were born instead of the expected 12.5%
(Table 1), indicating that 40% of the a7/utr /= animals
died in utero. This embryonic lethality is similar to that
observed in a7 integrin null mice in which about 50% of
the mice die before birth (Table 1).262° These results
indicate «7/utr~/~ mice exhibit partial embryonic lethality
as a result of loss of the «7 integrin alone and loss of
utrophin did not further reduce the viability.

a7/utr~’~ Mice Are Viable and Fertile

The absence of a7 integrin or utrophin in mdx mice
results in reduced viability, joint contractures, kyphosis,
and impaired mobility.’>142831 To examine if loss of
both utrophin and «7 integrin affected the ability of
animals to thrive, male mice of various genotypes at 10
and 21 days were weighed. The average weights of
10-day-old wild-type, o7 /=, utr™/~, and a7/utr ™/~
mice were 7.9 £ 0.209g,7.8 £0.17 g, 7.7 £ 0.90 g, and
7.4 £ 0.58 g, respectively (Figure 2A). At 21 days, the
mice averaged 11.89 = 0.83 g, 13.04 = 0.54 g, 13.0 =
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Figure 1. Generating a7 integrin and utrophin (a7/utr™’") double knock-
out mice. A: o7 integrin null mice were mated with utrophin deficient mice
and the resultant heterozygous animals bred to generate a7/utr™’~ double
knockout animals. Multiplex PCR was performed to detect the wild-type and
mutant 7 integrin and utrophin alleles. As expected, a 727-bp wild-type a7
integrin allele was detected in wild-type and utr™’~ mice. A 482-bp mutant
a7 integrin allele was detected in a7/~ and a7/utr™’~ mice. A 640-bp
wild-type utrophin allele was detected in wild-type and a7/~ mice, while a
450-bp mutant utrophin allele was identified in utr™~ and a7/utr™’~ mice.
Neg = no template DNA control. B: Immunoblotting was used to confirm
loss of a7A and 7B integrin isoforms and utrophin in the skeletal muscle of
5-week-old a7/~ and «7/utr™’~ mice. C: Absence of the a7 integrin in
@77/ and «7/utr™’" mice and loss of utrophin in a7/utr™/" mice was
confirmed by immunofluorescence. Scale bar = 50 um.

1.76 g, and 13.4 = 1.8 g, respectively (Figure 2B). At
5-weeks of age, no differences in size or weight were
observed in a7/utr’/~ compared with wild-type mice
(Figure 2C). In addition, a7/utr/~ mice were fertile, did
not exhibit joint contractures, kyphosis, or reduced
mobility. Thus, absence of utrophin in «7 integrin null
mice did not have any effect on viability, fertility, or
weight gain.

Table 1. Mendelian Inheritance Pattern from Breeding
a7t /utr™ T X @77 /utr™ T mice*
Genotype Expected Observed
Wild-type 37.5% (50/92) 54.3%
a7 ™ 37.5% (17/92) 18.5%**
utr =/~ 12.5% (18/92) 19.6%
a7lutr =/~ 12.5% (7/92) 7.6%*

*Chi-squared analysis.
**P < 0.0001.
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mice exhibit normal weight gain and viability. A: The average weights of 10-day-old male wild-type, &7/~ utr™’~, and a7/utr™’~ mice

were not significantly different. B: The average weights of 21-day-old male wild-type, a7 ~/~, utr™~, and «7/utr™’~ mice were not statistically different. C:

Five-week-old a7/utr™/~

Mild Muscle Pathology in Mice that Lack a7
Integrin and Utrophin

Loss of a7 integrin or utrophin in mdx mice results in
severe muscle pathology. 342831 To determine whether
loss of both a7 integrin and utrophin results in more
severe skeletal muscle disease, H&E-stained sections of
triceps muscles were examined for centrally located nu-
clei and changes in myofiber diameter. Skeletal muscle
from 5-week-old wild-type and utr~/~ mice contained
few centrally located nuclei, while a7/~ and a7/utr '~
mice had myofibers with centrally located nuclei (Fig-
ure 3A). To investigate if the observed changes were
significant, the percentage of myofibers in the triceps
muscle containing centrally located nuclei were quan-
tified. As expected, 5-week-old wild-type and utr~/~
mice contained few myofibers with centrally located
nuclei (Figure 3B). a7/~ mice showed 4.4% of fibers
with centrally located nuclei and a7/utr~/~ mice had
4.2% centrally located nuclei, however, these values
were not statistically different from the wild-type con-
trols (Figure 3B). Analysis of myofiber cross-sectional
area in the triceps muscle revealed no significant dif-
ference between all four strains of mice (data not
shown). These results indicate that at 5 weeks of age,
loss of a7 integrin and utrophin results in mild muscle
pathology.

Sarcolemmal Integrity Is Not Compromised in
Mice that Lack a7 Integrin and Utrophin

To determine whether loss of «7 integrin and utrophin
results in reduced sarcolemmal integrity, 5-week-old
wild-type, a7/, utr /=, and a7/utr’~ were injected with
Evan’s blue dye. The triceps muscles from wild-type and
utr /= mice were negative for Evan’s blue dye uptake
(Figure 3C). A small increase in myofibers containing
Evan's blue dye uptake in the Triceps muscles of a7/~
(0.87%) and a7/utr /= (1.24%) mice was observed (Fig-
ure 3C). These results indicate that loss of utrophin and
a7 integrin did not result in a further reduction in sar-
colemmal integrity.

mice were phenotypically indistinguishable from wild-type animals.

Altered Expression and Localization of
Dystrophin to the NMJ of a7 Integrin Null Mice

To investigate if the mild muscle phenotype observed in
a7/utr /= mice was due to compensation by dystrophin,
immunofluorescence was performed using the TA mus-
cle to examine dystrophin localization. As expected, dys-
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Figure 3. a7/utr™’~ mice exhibit a subtle muscle phenotype. A: H&E

staining of triceps muscle from 5-week-old mice was used to examine muscle
pathology. Wild-type, &7 ~/~, utr™/~, and a7/utr™’~ contained few muscle
fibers with centrally located nuclei. Scale bar = 50 uwm. B: Quantitation of
centrally located nuclei in triceps muscle of wild-type, &7~/~, utr™’~, and
a7/utr™’~ mice. Wild-type and utrophin null mice showed few centrally
located nuclei. @77/~ and a7/utr™'~ mice showed a slight increase in the
percentage of myofibers with centrally located nuclei but these were not
statistically  different from wild-type controls (N = 6 mice/genotype).
C: Evan’s blue dye uptake confirmed that sarcolemmal integrity was not
further compromised in a7/utr™’~ mice. Wild-type, @7~/~, and utr™/",
a7/utr™’~ skeletal muscle showed fewer than 2% of muscle fibers that were
Evan’s blue dye positive. (*P < 0.05, N = 5 mice/genotype).
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protein extracted from the gastrocnemius muscle of wild-type, a7~/~, utr™'~, and a7/utr™’~ muscle. Mice that lacked the o7 integrin (a7~ and a7/utr™/~

animals) showed a 1.4-fold increase in dystrophin protein compared with wild-type. (*P < 0.05, N = 4 mice/genotype).

trophin was localized to the sarcolemma in 5-week-old
wild-type mice. In contrast, dystrophin was enriched at
the NMJ in a7/, utr /=, and o7/utr /= mice (Figure 4A).
These results indicate that loss of a7 integrin and/or
utrophin leads to a compensatory relocalization and en-
richment of dystrophin at the NMJ.

Immunoblotting was performed to confirm and quantify
changes in dystrophin expression. No significant in-
crease in dystrophin was observed in utr~/~ mice com-
pared with wild-type controls (Figure 4B). In contrast, a
statistically significant 1.4-fold increase in dystrophin pro-
tein was observed in a7/~ and a7/utr /" skeletal muscle
(Figure 4B). The above results demonstrate that loss of
a7 integrin results in increased dystrophin expression in
skeletal muscle.

To determine whether a7/utr '~ mice have defects at
the NMJ, immunofluorescence using rhodamine-labeled
bungarotoxin was performed to detect AChR. No

A Wild-type

utr”

Dystrophin

Nuclei

Merged

Tenascin C

changes in the fluorescence intensity or organization of
AChR at the NMJ of a7/utr~/~ mice were observed com-
pared with control animals (data not shown). To investi-
gate if loss of both the 7 integrin and utrophin resulted in
fewer NMJ, immunoblotting was performed using an
AChRB antibody. Immunoblotting analysis revealed no
significant difference in the expression of AChRB subunit
in a7/utr /= compared with wild-type controls (data not
shown). These results indicate loss of utrophin and a7
integrin does not lead to significant neuromuscular junc-
tion defects.

Severe MTJ Defects in a7 Integrin and
Utrophin-Deficient Mice

Since the a7B1 integrin and utrophin are localized at the
MTJ, we examined if loss of both protein complexes

o7 lutr’

Wild-type

o7 lutr’ B

Figure 5. MT]J defects in a7/utr™’~ mice. A: Dystrophin
was detected at the MTJ of wild-type, a7~/ ~, utr™’~, and
a7/utr”’" mice by immunofluorescence. Tenascin C was
used to identify the MTJ in muscle sections. a7/utr™/~
mice exhibited inflammatory cell infiltrate at the MTJ
(arrows). Scale bar = 20 wm. B: Transmission electron
microscopy was used to examine the ultrastructure of the
MT]J. As expected, the MTJs of wild-type mice were highly
folded and were maintained as cohesive myofibers at the
MT]J. In contrast, @7/utr™’~ mice exhibited reduced myo-
fiber cohesion and frayed myofibers at the MTJ that ex-
tended several microns into the muscle (arrows). Scale
bar = 1 wm.



resulted in the enrichment of dystrophin at this critical
junctional site.

Immunofluorescence using antibodies against dystro-
phin and tenascin C (a myotendinous junction marker)
revealed no change in the localization of these proteins to
the MTJ of a7/, utr /=, and a7/utr/~ mice compared
with wild-type (Figure 5A). Images revealed separation of
the myofibers at the myotendinous junction and inflam-
matory cell infiltrate (Figure 5A arrows). These data indi-
cate that enrichment and possible compensation by dys-
trophin at the NMJ did not take place at the MTJ in the
absence of utrophin and/or «7p1 integrin.

To investigate if loss of both a7 integrin and utrophin
result in ultrastructural defects at the MTJ, transmission
electron microscopy was performed. As expected wild-
type mice showed extensive sarcolemmal folding at the
MTJ (Figure 5B). In contrast 5-week-old a7/utr™’~ mice
exhibited abnormal myotendinous junctions (Figure 5B).
Previous studies have demonstrated reduced folding at
the MTJ of a7 integrin null mice,?® but loss of both utro-
phin and a7 integrin resulted in more severe MTJ defects.
Myofibers of a7/utr~/~ mice exhibited a frayed appear-
ance with loss of adhesive contact between myofiber
bundles extending several microns into the muscle fiber
(Figure 5B). Together these results indicate that loss of
both a7 integrin and utrophin results in more severe
ultrastructural defects at the MTJ compared with mice
lacking either a7 integrin or utrophin.

a7/utr~’~ Mice Exhibit Reduced Muscle
Endurance and Strength

To determine whether loss of the a7 integrin and utrophin
leads to decreased muscle function, endurance time and
peak muscle tension tests were performed on 5-week-old
wild-type, a7/, utr/~, and a7/utr /" mice. Wild-type
mice had an average endurance time of at least 45
minutes (Figure 6A). A 2.3- and 1.9-fold reduction in
endurance time was observed in a7/~ and utr /'~ mice
respectively compared with the wild-type controls (Figure
BA). a7/utr™/~ mice showed a ninefold reduction in en-
durance time compared with wild-type (Figure 6A).

Forelimb muscle strength was assessed in 5-week-old
wild-type, a7/, utr /=, and «7/utr /= mice using a grip
strength meter. A 1.3- and 1.6-fold decrease in muscle
strength was observed in a7/~ and «7/utr™’~ mice,
respectively (Figure 6B). Data from a7/utr /=~ mice indi-
cated that their muscle strength was significantly lower
compared with the other groups (Figure 6B). These re-
sults suggest that loss of a7 integrin results in reduced
force transmission that is further compromised by the
absence of utrophin.

Discussion

The «7B1 integrin, dystrophin, and utrophin glycoprotein
complexes are the major laminin receptors providing
structural and functional integrity to skeletal muscle.
Studies have suggested that these three complexes may
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Figure 6. a7/utr”/~ mice exhibit reduced endurance and force transmission.
A: Endurance tests were performed using 5-week-old male wild-type, a7/~
utr /", and a7/utr™’~ mice. To determine endurance, the ratio of the grip time
over the body weight was measured. A 2.3- and 1.9-fold decrease in endurance
was observed in @7/~ and utr ™/~ mice compared with the wild-type controls.
The endurance was further reduced in o7/utr™’~ compared with the other
animal groups (*2 < 0.05, *P < 0.001, N = 5 mice/genotype). B: A grip strength
meter was used to record the muscle strength of 5-week-old mice. Wild-type and
utr™’~ mice showed grip strength of 97.7 and 89.6 gf, respectively and were not
statistically different from each other. Loss of the «7 integrin resulted in a
reduced grip strength to 74.0 gf, which was statistically significant from wild-
type. A further reduction in grip strength was observed in a7/utr™/~ mice at 59.8
of and was significantly different from all animal groups (*P < 0.001, *P <
0.0001, N = 9 mice/genotype).

have overlapping functional roles in DMD.®""19 Al of
the different combinations of dystrophin, utrophin, and a7
integrin knockout mice have been developed with excep-
tion of the a7/utr~/~ mice. To complete the investigation
of these laminin receptors and to examine the functional
overlap between a7 integrin and utrophin, we generated
mice that lacked both proteins. Due to the localization of
the a7B1 integrin and utrophin to critical junctional sites in
skeletal muscle,?®394° we hypothesized that a7/utr™/~
mice might exhibit severe muscle disease. Surprisingly,
a7/utr /= mice were viable and fertile although they did
have embryonic lethality. The embryonic lethality in these
mice was most likely due to vascular defects identified
previously in a7 integrin null mice that cause embryonic
vascular hemorrhage.?62742 Conversely, mdx/utr—/~ and
mdx/a7 '~ mice develop severe muscular dystrophy and
die by 20 weeks and 4 weeks of age, respectively.'®14.28
In addition, mdx/utr=/= and mdx/a7 '~ mice exhibit re-
duced weights at 10 and 21 days, severe skeletal muscle
pathology, kyphosis and contractures.'® 28 Tapble 2
summarizes the phenotypic data from various mouse
models of muscular dystrophy.
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Table 2. Overview of the Phenotypes Exhibited in Single and Double Knockout Mice for Major Skeletal Muscle Laminin
Receptors
max a7’ utr /= mdx/utr /'~ max/a7 ="~ a7lutr’~
Lifespan Almost normal >1 year Normal 20 weeks 4 weeks >1 year
Embryonic None Partial None None Partial Partial
lethality
Weight at 21 Normal Normal Normal Reduced Reduced Normal
days
Skeletal muscle Moderate Minor None Severe Severe Minor
pathology
Joint None None None Severe Severe None
contractures
Kyphosis None None None Severe Severe None
MTJ Reduced Reduced No Reduced Reduced Reduced
sarcolemmal sarcolemmal sarcolemmal sarcolemmal myofiber
folds folds folds folds adhesion
NMJ defects None None Mild Severe Not reported None
References 4,11, 43, 44 26, 29 12,15 11,13, 14 28, 31 This paper

Studies show mice that lack both dystrophin and utro-
phin have increased expression of a7 integrin, while mice
deficient in both dystrophin and «7 integrin do not show
altered expression of utrophin but relocalization to extra-
junctional sites.’®*28 To determine whether the mild
muscle phenotype observed in «7/utr /= mice might be
attributed to compensation by dystrophin, we investi-
gated its expression and localization in skeletal muscle.
Enrichment of dystrophin at the NMJ was observed in
7'~ utr”/7, and a7/utr /= mice and overall dystro-
phin levels in skeletal muscle were increased signifi-
cantly in a7/~ and «7/utr~’~ mice. These results sug-
gest that the enhanced expression of dystrophin
compensates for the lack of a7 integrin and/or utro-
phin, resulting in the mild muscle pathology observed
in both &7/~ and a7/utr /= mice.

Given that a7 integrin and utrophin are located at the
NMJ and MTJ, we hypothesized that loss of both a7
integrin and utrophin would result in defects at these
critical junctional sites. Surprisingly, no major defects
were observed at the NMJ of a7/utr ~/~ mice, which may
be related to the increase of dystrophin localization at this
critical junctional site. In contrast, the MTJ of a7/utr™/~
mice showed significant ultrastructural defects that in-
cluded frayed muscle ends and absence of a compen-
satory change in dystrophin localization. These results
indicate that although dystrophin compensates for the
loss of a7B1 integrin and/or utrophin at the NMJ, it is
unable to act as a surrogate for the deficiency at the MTJ.
Similarly a7/, madx, mdxjutr™'~, and mdx/a7 /'~ mice
also exhibit structural defects at the MTJ. While the mdx
and max/utr~/~ mice exhibit fewer folds at the MTJ, a7/~
mice show almost no sarcolemmal folding at the
MTJ.13:28:30.:42.43 |5 contrast, overexpression of a7 integrin
in skeletal muscle of mdx/utr~/~ mice can restore sarcolem-
mal folding at the MTJ indicating a critical role for the o7
integrin in maintaining the normal architecture of the
MTJ."" MTJ ultrastructural defects have also been iden-
tified in mice lacking extracellular matrix proteins or mem-
bers of the dystrophin glycoprotein complex. For exam-
ple, mice lacking laminin B2 showed structural and
functional disruptions at the MTJ, while a-dystrobrevin
knockout mice have shorter folds at the MTJ 4445

Although the pathology observed in a7/utr /'~ mice is
similar to a7/~ mice, there is a distinct difference at the
MTJ, with the former having more severe structural de-
fects. These observations suggest that utrophin compen-
sates for loss of a7 integrin in the a7/~ mice resulting in
milder MTJ abnormalities and that the additional loss of
utrophin results in severe MTJ structural defects. Inter-
estingly, muscles with MTJ injury have elevated levels of
both utrophin and a7 integrin suggesting both proteins
are critical in modulating force stresses at this junctional
site during injury.*® Together these data implicate impor-
tant roles for the a7p1 integrin and utrophin in maintain-
ing the structural and functional integrity of the MTJ.

Since the MTJ is a critical site for force transmission
between muscle and tendon, we hypothesized that de-
fects in MTJ structure would manifest as reduced muscle
function. Our data confirmed that a7 integrin null mice
exhibit reduced forelimb grip strength, which was further
decreased in a7 integrin null mice that lack utrophin.
These data indicate that both the 7 integrin and utrophin
are important for normal force transmission between the
muscle and tendon at the MTJ. Mice lacking utrophin
exhibited reduced endurance, but normal forelimb mus-
cle strength, indicating that the a7B1 integrin may play a
more critical role in force transmission at the MTJ.

Together, our results show that a7 integrin and utro-
phin are required for normal ultrastructure and force
transmission at the MTJ. Each laminin receptor knockout
mouse exhibits a distinct phenotype and severity of mus-
cle pathology demonstrating the complexity of the func-
tional overlap between a7 integrin, utrophin, and dystro-
phin glycoprotein complexes in skeletal muscle.
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