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Skeletal muscle basal lamina is linked to the sarcolemma through
transmembrane receptors, including integrins and dystroglycan.
The function of dystroglycan relies critically on posttranslational
glycosylation, a common target shared by a genetically heteroge-
neous group of muscular dystrophies characterized by a-dystro-
glycan hypoglycosylation. Here we show that both dystroglycan
and integrin a7 contribute to force-production of muscles, but that
only disruption of dystroglycan causes detachment of the basal
lamina from the sarcolemma and renders muscle prone to contrac-
tion-induced injury. These phenotypes of dystroglycan-null mus-
cles are recapitulated by Large™d muscles, which have an intact
dystrophin—glycoprotein complex and lack only the laminin glob-
ular domain-binding motif on a-dystroglycan. Compromised sar-
colemmal integrity is directly shown in Large™9 muscles and
similarly in normal muscles when arenaviruses compete with
matrix proteins for binding a-dystroglycan. These data provide
direct mechanistic insight into how the dystroglycan-linked basal
lamina contributes to the maintenance of sarcolemmal integrity
and protects muscles from damage.

dystroglycanopathy | glycosylation | integrin | membrane damage |
muscular dystrophy

he muscular dystrophies are genetically and clinically diverse

(1, 2). Although great progress has been made in identifi-
cation of genes responsible for various muscular dystrophies, we
still do not have a mechanistic understanding of the function of
these gene products and their roles in the pathogenesis of
disease. One reason for this lack of understanding is that primary
genetic alterations often lead to secondary changes, thereby
triggering multiple pathogenic pathways. Compromised integrity
of the sarcolemma has been proposed as the underlying mech-
anism for muscular dystrophy since 1852 (3); however, the
molecular basis for this mechanism has never been clearly
established.

The sarcolemma of each individual skeletal muscle fiber is
closely associated with an extracellular protein matrix layer: the
basement membrane (4—6). This membrane comprises both an
internal felt-like basal lamina and an external reticular lamina
composed of at least 10 secretory proteins that include members
of the laminin family, perlecan, agrin, and the collagens (7, 8).
The native basement membrane has a very substantial mechan-
ical strength (5). Genetic mutations or deletions of some of these
basement membrane proteins lead to a variety of defects,
including early embryonic lethality and congenital muscular
dystrophy. The basal lamina is linked directly to the cell mem-
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brane through transmembrane receptors including dystroglycan
(DG) and the integrins, all of which bind laminin with high
affinity (9, 10). In addition, DG also binds to many other basal
lamina proteins containing laminin globular (LG) domains such
as perlecan (11) and agrin (12). The functional role of the DG-
and integrin-linked basal lamina in adult skeletal muscle phys-
iology has not been fully investigated.

DG consists of a highly glycosylated, extracellular alpha
subunit (a«-DG) and a transmembrane beta subunit (8-DG),
both of which are encoded by the gene Dagl and generated by
posttranslational cleavage and processing (13). The matrix-
binding capacity of «-DG depends on its extensive posttransla-
tional glycosylation (14, 15), and this has emerged as a conver-
gent target for a group of limb-girdle and congenital muscular
dystrophies termed ‘“‘secondary dystroglycanopathies”. These
include Fukuyama congenital muscular dystrophy, muscle-eye-
brain disease, Walker—Warburg syndrome, congenital muscular
dystrophy 1C (MDCIC) and 1D (MDCID), as well as a milder
form of limb-girdle muscular dystrophy, type 2I. Moreover, some
pathogens target properly processed a-DG for cellular entry,
including Mycobacterium leprae, Lassa fever virus (LFV), and
lymphocytic choriomeningitis virus (LCMV) (16, 17). The early
lethality in DG-null mice (18), the prevalence of diseases in-
volving a-DG hypoglycosylation, and the coopting of normal
a-DG for cellular entry by pathogens all support the hypothesis
that DG-linked basal lamina plays an essential role in cell
biology.

«7B1 integrin is predominantly expressed in adult skeletal
muscle (10, 19). Mice lacking «7 integrin develop a mild form of
muscular dystrophy (20) and mutations in the human integrin o7
gene have been found in a rare form of congenital muscular
dystrophy (21). These observations suggest that the 781 inte-
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grin complex is also important for normal skeletal muscle
function. Different from «a-DG binding to many basal lamina
proteins, a7B1 has only been reported to bind laminin (10).

Here we report that despite both DG and integrin a7 con-
tributing to the force-production of skeletal muscles, only the
disruption of DG causes detachment of the basal lamina from
the sarcolemma and renders the muscle prone to contraction-
induced injury. More specifically, disruption of the LG domain-
binding motif on a-DG is sufficient to induce these phenotypes.
By using an assay that involves in situ membrane damage, we now
demonstrate that sarcolemmal integrity is compromised in
Large™“ muscles and in normal muscles when the UV-
inactivated LCMV competes for association with a-DG. There-
fore, our data suggest that the basal lamina strengthens sar-
colemmal integrity and protects muscle from damage via the LG
domain-binding motif of a-DG.

Results

Dystroglycan and Integrin Play Different Roles in Skeletal Muscle.
Both a-DG and integrin o731 are present in skeletal muscle and
function as basal lamina receptors. By using lectin affinity
chromatography and sucrose gradient fractionation, we showed
that DG and integrin 71 are biochemically independent (Fig.
S1). Two important features of muscular dystrophy are that the
muscle produces reduced force and it is more susceptible to
lengthening-contraction-induced (LC-induced) damage. We
thus examined the roles of the basal lamina receptors (DG and
integrins) on force production and force deficit in response to
LC-induced muscle injury by measuring the in vitro contractile
properties of the extensor digitorum longus (EDL) muscles (22)
of MCK-cre/Dagi*firx (DG-null), integrin «7-null («7-null),
and wild-type (WT) mice. The specific forces (kN/m?) produced
by the a7-null and DG-null EDL muscles were significantly
decreased by 30% and 22%, respectively, compared with those
in control muscle (Fig. 1.4 and B). This result indicates that both
o7 and DG play important roles in force generation by muscle.
To examine whether disruption of a7 and DG renders muscle
more susceptible to LC-induced damage, we delivered two 30%
stretches to a maximally activated EDL muscle (23) and this
stretch protocol resulted in a force deficit (percentage of force
loss after the stretch protocol) of ~10% in WT EDL muscle (Fig.
1 C and D). The force deficit in the a7-null EDL muscle was not
statistically different (Fig. 1C). In contrast, the force deficit of
DG-null EDL muscle was 42%, which was 3-fold greater than
that in the WT muscle (Fig. 1D). The excessive force deficit of
DG-null muscle compared with «7-null and WT muscle clearly
differentiates the fundamental roles of the 2 receptors, and
demonstrates that DG plays a critical role in protecting muscle
fibers from damage during lengthening contractions.

Dystroglycan Is Involved in Anchoring the Basal Lamina to the Sar-
colemma. Because DG and integrin a7B1 are basal lamina
receptors in skeletal muscle, we next determined whether the
loss of DG or «7 causes any abnormalities in the basal lamina
and/or sarcolemma of skeletal muscle. Analysis of the skeletal
muscle fiber ultrastructure by electron microscopy revealed that
the basal lamina in both WT and «7-null muscle was intact, and
that the association between it and the sarcolemma was tight and
continuous (Fig. 1 E and F). Although DG-null muscle also had
an intact basal lamina, an obvious separation of the basal lamina
from the sarcolemma was frequently observed (Fig. 1G). We
also analyzed the muscle ultrastructure after downhill treadmill
exercise which causes LC-induced muscle injury in vivo. In both
WT and a7-null muscles, we did not detect any obvious changes
in the basal lamina, sarcolemma, and myofibril structures after
the exercise (Fig. S2). However, DG-null muscle fibers showed
severe detachment of the basal lamina from the rest of the fiber
and disruption of the underlying sarcomere structure after the
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Fig. 1. Contractile and ultrastructural properties of DG- and «a7-deficient
skeletal muscle. (A-D) Specific force (A and B) and force deficit (Cand D) after
2 lengthening contractions of the EDL muscle from a7-null («7 KO) and
DG-null (DG KO) mice were compared to those for littermate controls. (*, P <
0.05.) All data are presented as the mean * SD. (E-G) Ultrastructure of
quadriceps muscle from 5-week-old control (E), integrin a7-null (F), and
DG-null (G) mice in the absence of exercise. (H) Ultrastructure of exercised
quadriceps muscle from DG-null mice immediately after downhill treadmill
running. Black arrowheads, basal lamina; white arrowhead, sarcolemma;
black asterisk, site of separation of the sarcolemma and the basal lamina;
dashed line, outline of the disrupted sarcolemma; black arrow, disruption of
sarcomere structure.

exercise (Fig. 1H and Fig. S3). These data demonstrate that
DG-mediated linkage between the basal lamina and the sarco-
lemma may play a crucial role in the maintenance of the muscle
membrane integrity during lengthening contractions.

Severe Muscular Dystrophy in DG/a7 Double Mutant Mice. Integrin
and the dystrophin-glycoprotein complex (DGC) show comple-
mentary expression patterns in skeletal muscle. Integrin primar-
ily functions at the myotendinous junctions in skeletal muscle
whereas DGC functions at both the myotendinous junctions and
lateral basal lamina association (24). To further examine the
functional complement of integrin and DG, we generated the
DG/a7 double mutant (DKO) mice by crossing DG-null and
a7-null mice. Loss of both DG and «7 in quadriceps muscle of
the DKO mice was confirmed by immunofluorescence and
Western blotting analysis (Fig. S4). At birth, the DKO mice were
indistinguishable from the littermates, but at ~4 weeks of age the
DKO mice were smaller than their littermates, and they died at
~6-8 weeks of age. Therefore, we analyzed the DKO mice and
the control littermates at 5 weeks of age. DG-null and «7-null
mice were indistinguishable from WT mice at this age, whereas
the body mass of the DKO mice were about half the mass of
littermates (Table S1). We also observed widespread decreases
of muscle mass in DKO mice (Table S1). In open field activity
assays, the total distance that the DKO mice traveled within 12 h
was significantly less than those traveled by either single mutant
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Fig.2. Severe muscular dystrophyin DG/a7 DKO mice. (A) Total distance that
the mice traveled within 12 h in open field activity cages. (B) Vertical move-
ment activity. Vertical movement activity was represented as the number of
rearing movements. DKO significantly impaired vertical movement compared
with littermates (P < 0.01). The values in all data are averages from 3-7 mice
of each group: WT (n = 7), DG-null (n = 6), a7-null (n = 4), and DKO (n = 3).
(C—F) H&E staining of quadriceps sections. Severe pathological changes are
observed in DKO section, including variations in fiber size, centrally located
nuclei, and infiltration of inflammatory cells. White triangles, centrally nucle-
ated cells. (G) Central nucleation is represented as the percentage of total
nucleated fibers with centrally located nuclei. (H and /) Separation of the basal
lamina from the sarcolemma (H) and loss of the basal lamina structure (/) in
quadriceps muscles from DKO observed under electron microscopy. White
arrowhead, sarcolemma; asterisk, separation of the basal lamina and the
sarcolemma; black arrow, detached basal lamina; white arrow, disrupted
basal lamina.

(Fig. 24). In addition, the DKO mice showed a dramatic
reduction in rearing activity, indicative of severe impairment in
hind limb muscle function (Fig. 2B). Histological examination of
quadriceps at 5 weeks of age revealed more severe hallmarks of
muscular dystrophy in DKO mice than DG-null and «7-null
mice, characterized by myonecrosis, central nucleation, and
variation of fiber size with many small atrophic fibers (Fig. 2
C-F). Moreover, infiltration of mononuclear cells was observed
in the DKO skeletal muscle. At 5 weeks of age the DKO
diaphragm also showed dystrophic pathology similar to the
quadriceps muscle. Quantification of the number of muscle cells
with central nucleation showed increases in muscle fiber regen-
eration in DKO compared with DG-null mice (Fig. 2G). No
significant increase in central nucleation was observed in a7-null
mice, which is consistent with the very mild phenotype in young
a7-null mice. These data indicate more frequent, on-going
muscle degeneration/regeneration in the DKO muscle than each
of the single mutant controls. In DKO fibers, in addition to
separation of the basal lamina and the sarcolemma (Fig. 2H),
complete loss of the basal lamina structure was observed (Fig.
21). To distinguish these changes from myonecrosis, disruption
of the basal lamina structure was seen adjacent to normal
sarcomere structure (Fig. 21, lower fiber). Taken together, these
data indicate that both DG and integrin «7 play essential roles
in force generation and myofiber—basal lamina association.

Large™d Muscle Maintains an Intact DGC but Is Highly Susceptible to

the LC-Induced Force Loss. Our data so far showed that both basal
lamina receptors DG and «7 are important for normal skeletal
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muscle function, but differently from «7, DG is required for
maintaining the tight association between the sarcolemma and
the basal lamina, which appears to be critical for protecting the
muscle against LC-induced muscle injury. However, the DG-null
muscle lacks both a-DG and $-DG and thus it is possible that the
increased susceptibility to LC-induced injury is caused by the loss
of any intracellular connection mediated by B-DG. To dissect out
the contribution of the extracellular a-DG in the pathogenesis,
we then used Large™¢ mice, the animal model for secondary
dystroglycanopathy, which carries an intragenic deletion of exons
4-7 in the Large gene, rendering a-DG not properly glycosylated
(25). The hypoglycosylated a-DG in Large”™? muscle lacks the
important motif for binding the LG domains of many basal
lamina proteins such as laminin, neurexin, agrin (14), and
perlecan (26).

To examine whether the muscle with a glycosylation defect in
a-DG is susceptible to LC-induced injury, we measured the
contractile properties of, and force deficits in, the EDL muscles
of Large™< mice. The mass of the Large™¢ EDL muscle did not
differ from that of the control mice (Fig. 34), but the maximum
force generated by Large™? EDL muscle was 30% lower than in
WT EDL muscle (Fig. 3B). Similarly, the specific force (kN/m?)
of Large™“ muscle was decreased by 33% compared with that of
WT control muscle (Fig. 3C). These data suggest that fully
glycosylated a-DG plays an important role in the ability to
transmit contraction force from the sarcomere to the basal
lamina, and thus in the ability of muscle to generate force.
Moreover, after two 30% stretches of a maximally activated
muscle, the force deficits of Large™¢ EDL muscle were 81%
(Fig. 3D), or 10-fold greater than those in WT EDL muscle.
However, by using lectin affinity chromatography and sucrose
gradient fractionation, we showed that the muscle of the Large-
md mouse has an intact DGC (Fig. 3E). This is in contrast to
other muscular dystrophies involving the DGC, where one
primary genetic defect leads to disruption of the entire DGC, as
assessed by using the same assay (27, 28). This finding indicates
that it is not the loss of the entire DGC, but rather the disrupted
linkage between the sarcolemma and the basal lamina (due to
disrupted glycosylation of a-DG) (Fig. S5) that is responsible for
the high susceptibility to LC-induced muscle injury in secondary
dystroglycanopathies.

Electron microscopy analysis of quadriceps muscles from
Large™® mice also showed large separation between the basal
lamina and the sarcolemma (Fig. 3 F and G). Such separation
was also observed in muscles from dystroglycanopathy patients
examined (29). Thus, detachment of the basal lamina from the
sarcolemma appears to be a common feature for muscular
dystrophies caused by DG dysfunction or deficiency, and is likely
due to the absence of an interaction between DG and LG
domain-containing extracellular matrix proteins such as laminin,
agrin, and perlecan.

Dystroglycan Deficiency Compromises Sarcolemma Integrity. Taken
together, the large force deficit following lengthening contrac-
tions (Figs. 1 and 3), the basal lamina detachment (Figs. 1-3),
and the rise in serum creatine kinase activity (30) suggest that
muscle is unusually susceptible to LC-induced muscle injury in
the absence of functional DG, even when an intact DGC is
present. This prompts us to hypothesize that the increased
susceptibility in this context is due to compromised transmission
of high tensile strength (5, 6) from the basal lamina to the
sarcolemma, and that this decreases sarcolemma integrity. To
test this, we developed an in situ membrane damage assay (Fig.
4A4). This assay uses intact muscle fibers in situ, and thus leaves
the relationship between the muscle membrane and its basal
lamina intact. In this assay, muscle fibers are irradiated with a
mode-locked Ti-Sapphire infrared (IR) laser at 880 nm wave-
length to induce the loss of membrane integrity at a precise
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Fig.3. Characterization of the contractile properties and the DGC structure
in the Large™ muscle. (A-C) EDL muscle mass (A), maximum force (B), and
specific force (C) before subjection to the lengthening-contraction protocol.
(D) Force deficits following the lengthening-contraction protocol, as mea-
sured for EDL muscles in vitro from C57BL/6 (n = 6) and Large™ (n = 6) mice.
(*, P<0.05.) All data are presented as the mean = SEM. (E) Solubilized C57BL/6
and Large™¥skeletal muscle were enriched for DGC by wheat germ agglutinin
(WGA) affinity chromatography and separated on 10-30% sucrose gradients.
Gradient fractions (1, top; 13, bottom) were blotted with antibodies against
core a-DG, dystrophin (Dys), a-sarcoglycan (SG), y-SG, and B-DG. (F and G)
Ultrastructural analysis of quadriceps muscles from Large™? mice were ob-
served under electron microscopy. Black arrowhead, basal lamina; white
arrowhead, sarcolemma; asterisk, dissociation of basal lamina and sarco-
lemma.

region of the sarcolemma in the presence of FM 1-43, a
membrane-impermeant fluorescent dye. We found that follow-
ing irradiation, the FM 1-43 fluorescence concentrated near the
laser-irradiated area, and that when the membrane integrity
were restored, the increase in fluorescence accumulation halted.
Accumulation of FM 1-43 fluorescence was limited to a focal
region at the site of damage, and was impeded within 2 min in
WT (Fig. 4B) muscle fibers, indicating that the membrane
integrity had been restored. Large™“ muscle fibers subjected to
the same treatment showed substantially greater FM 1-43 flu-
orescence accumulation (Fig. 4C and Movie S1B) than those
from WT control mice (Fig. 4B and Movie S14). The fluores-
cence intensity in both cases was plotted vs. the time postdamage
(Fig. 4E) and fitted with a 1-phase exponential association
equation. The maximum fluorescence intensity postirradiation
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Fig. 4. Membrane damage assay on WT and Large™ skeletal muscle. (A)
Schematics of the in situ membrane damage assay. (B-D) Representative
examples of time-lapsed images of membrane damage assay performed on
C57BL/6 (B) and Large™ skeletal muscle fibers in regular Tyrode buffer (C), or
in a hyperosmotic buffer (D). (Scale bar: 20 um.) (E) Plot of FM 1-43 fluores-
cence intensity against time in WT (n = 7) and Large™ (n = 8) muscle fibers.
(F) Plot of FM 1-43 fluorescence intensity against time in Large™? (n = 5)
muscle fibers in the hyperosmotic buffer. Dashed curve represents membrane
damage data in Large™9 muscle in regular Tyrode buffer (isosmotic), from the
experiment whose results are depicted in E. All data are presented as mean =
SEM.

based on the fitted curve was 83.6 * 2.9, and 203 = 1.4 (P <
0.001) for Large™¢ and WT, respectively. In contrast, the
apparent rate constants did not differ significantly between the
two groups (Large"?,0.016 = 0.002s~1; WT, 0.014 = 0.003 s~ 1),
suggesting that the membrane repair system is unlikely compro-
mised in Large”™? muscle. Consistent with the DG-null muscle
having a normal membrane repair system, the FM 1-43 dye did
not diffuse into the entire fiber of Large™? muscle as it does in
dysferlin-null fibers (31-33). Also, dysferlin immunostaining on
the Large"™? muscle was normal (Fig. S6). Based on these results,
we conclude that although the potential of the membrane repair
systems seems unaltered in the absence of functional DG,
increased loss of the membrane integrity results in more dye
entry before the membrane repair machinery can be recruited to
repair it.

In further support of this, we reasoned that reducing mem-
brane surface tension should reduce the dye uptake in Large™
muscle. We thus performed the membrane damage assay in the
Large™“ muscle in a hyperosmotic buffer (normal physiological
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Fig. 5. Effect of a-DG-mediated association of the basal lamina with the
sarcolemma on membrane integrity. (A) The purified recombinant «-DG
reacted with the glycosylated a-DG antibody IIH6 (Left) and bound to laminin
in the laminin overlay assay (Right). (B) The Large™< muscles injected with
recombinant a-DG/L (a-DG/L injected) or saline (Mock) were stained with IIH6
antibody. (C) Representative micrographs of membrane damage assay per-
formed on Large™d muscle fibers treated with or without recombinant
a-DG/L. (D) Plot of FM 1-43 fluorescence intensity against time of the in situ
membrane damage assay in Large™< muscle fibers treated with recombinant
a-DG/L (n = 7). The dash curve represents mean FM 1-43 fluorescence intensity
of the membrane damage assay in Large™? muscle from the Fig. 4E. (E) Plot
of FM 1-43 fluorescence intensity against time for the in situ membrane
damage assay carried out in C57BL/6 muscle fibers treated with (n = 9) or
without (n = 11) LCMV. All of the data are means = SEM.

buffer supplemented with 250 mM sucrose). The muscle fiber
diameters were decreased in hyperosmotic buffer (Fig. 4D),
indicating that the muscle fibers shrank. Interestingly, the same
level of laser irradiation resulted in very limited dye entry in
hyperosmotic buffer (Fig. 4 D and F and Movie S1C). This
finding further supports our conclusion that the increased dye
entry observed in Large”“ muscle is due to an increased fragility
of the sarcolemma in the absence of a-DG-mediated anchoring
of the basal lamina to the sarcolemma.

Consistent with the data showing that integrin «7 does not
play a role in stabilizing the sarcolemma, accumulation of FM
1-43 fluorescence in integrin «7-null muscle fibers was similar to
that in WT muscle fibers (Fig. S7).

Recombinant Glycosylated a-DG Restores Sarcolemma Integrity in
Large™d Muscles. Because a-DG is an extracellular protein, we
hypothesized that injection of recombinant a-DG extracellularly
into Large™“ muscle would result in the incorporation of a-DG
onto the muscle fibers and thus restore membrane integrity.
Fully functional, recombinant «-DG was produced in HEK293
cells that were stably cotransfected with a-dystroglycan and Large
expression constructs and purified with lectin affinity chroma-
tography. The purified recombinant a-DG had a smear appear-
ance similar to the native «-DG from skeletal muscle on
SDS/PAGE gel, was recognized by the glycosylation epitope
antibody ITH6, and bound laminin in the laminin overlay assay
(Fig. 54). We then injected the purified a-DG into the tibialis
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anterior (TA) muscles in Large”™? mice. Immunofluorescence
analysis showed that the recombinant a-DG successfully incor-
porated onto the sarcolemma (Fig. 5B). We also injected the
recombinant a-DG into the TA muscles of DG-null mice.
However, the ITH6 signal was not increased compared with the
noninjected muscle of the same mice (Fig. S8), suggesting that
B-DG is required for securing the recombinant a-DG on the
sarcolemma. To examine the membrane integrity of the paw
muscles from Large”? mice injected with recombinant a-DG, we
conducted the membrane damage assay on these muscle fibers.
Compared to the noninjected Large™“ muscle fibers, the a-DG
injected muscle fibers showed a great reduction in the dye entry
after damage (Fig. 5 C and D). These data suggest that the
recombinant a-DG can bind to both the sarcolemma and the
basal lamina and thereby restore normal muscle membrane
integrity in Large™? mouse.

Competitive LCMV-Induced Dissociation of the Basal Lamina from
Dystroglycan Increases Membrane Fragility. Previously, a-DG was
identified as a major receptor for the Old World arenavirus
LCMYV, as well as for the human pathogenic LFV (16). LCMV
is able to compete with LG domain-containing basal lamina
proteins for receptor binding, but unlike basal lamina proteins,
the interaction between the virus and «-DG is not dependent on
divalent cations (34). This characteristic allows us to examine
whether dissociation of basal lamina from «-DG in WT muscle
in response to LCMV exposure increases susceptibility of the
membrane to injury. We incubated a WT mouse hind-paw
preparation in Ca?"/Mg?*-free Tyrode buffer, with or without
U V-inactivated LCMV clone-13 (107 pfu/mL before UV inac-
tivation). This virus preparation can bind to a-DG but is not
infectious. The muscle preparation was then washed in normal
Tyrode buffer containing Ca?*/Mg?>* and warmed to 37°C
before the membrane damage assay was performed. Pretreat-
ment of the muscle fibers with LCMYV significantly increased the
magnitude of FM 1-43 dye uptake (Fig. SE and Movies S2 4 and
B). This result further supports our overall hypothesis that tight
association of the basal lamina with the muscle sarcolemma
through fully glycosylated a-DG strengthens the sarcolemma
integrity.

Discussion

Over the course of evolution, cells have developed several
strategies to maintain or recover the integrity of the plasma
membrane. Previous studies have shown that animal cells can
survive limited membrane insults due to an active membrane
repair mechanism that involves Ca?"-regulated exocytosis (32,
35). In the present study, we have shown a previously unchar-
acterized mechanism that the skeletal muscle cells use to
strengthen the sarcolemma integrity, anchoring the sarcolemma
to the basal lamina via laminin G domain-binding motif on
a-DG.

Secondary dystroglycanopathies are a group of severe mus-
cular dystrophies in which the underlying genetic defects are the
genes that encode proteins known, or thought, to be important
for the posttranslational processing of DG (36). In contrast to the
muscle fibers in other DGC-related muscular dystrophies, those
in secondary dystroglycanopathies retain an intact DGC (14) but
are nevertheless highly susceptible to contraction-induced injury
(Fig. 3). This observation was our motivation for investigating
the exact cause of membrane susceptibility to injury in the
muscles of secondary dystroglycanopathies. In the study pre-
sented here, we showed that hypoglycosylated DG fails to anchor
the basal lamina to the sarcolemma, thereby rendering the
muscle prone to damage. We have shown that following laser-
induced membrane damage, Large™< muscle fibers take up more
FM 1-43 dye than WT muscle fibers. This result indicates that
loss of functional a-DG directly renders the sarcolemma more
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prone to damage. This finding is further supported by the
observations that (i) reducing membrane tension by incubating
the muscle in a buffer with high osmolarity greatly reduced the
dye uptake in Large””? muscle fibers; (if) injection of recombi-
nant glycosylated «-DG normalized the dye uptake in Large™*
muscle fibers; and (iii) displacing the basal lamina from the
sarcolemma in WT muscle fibers by adding inactivated LCMV
significantly increased dye uptake.

Interestingly, the type of protection we report here seems to
be conserved in other species such as yeast. Yeast and other fungi
are surrounded by a cell wall, an essential structure that is
required to maintain cell shape and integrity under stress.
Several glycosylated proteins—including members of the cell
wall integrity and stress response component (WSC) family
(Wsclp to Wscdp), Mid2p and the Mid2p homologue Mtllp—
are known to play major roles in sensing the cell wall changes in
yeast (37). They share a common structural organization: an
extracellular domain, a transmembrane segment, and a short
cytoplasmic tail. The extracellular domains of these proteins are
highly O- and N-glycosylated, and both types of glycosylation are
essential for their functionality (37). This structure—function
relationship is similar to that of DG in animals. In light of these
similarities, our study suggests that molecular transmission of the
high tensile strength from an extracellular matrix to the plasma
membrane is a general strategy used by cells to maintain the
stability of their plasma membrane.

Although both DG and integrin family members function as
receptors for basal lamina proteins, our data clearly differentiate
their primary roles in muscle fibers. The a7-null muscle fibers
neither took up more dye in response to laser-induced mem-
brane damage nor were more susceptible to LC-induced muscle
injury than their WT counterparts. Furthermore, we did not
observe a separation of the basal lamina from the sarcolemma
as in the Large™“ and DG-null muscle fibers. The molecular
basis underlying the difference between DG and integrin is
unclear, but this may be related to their different binding
affinities for basal lamina proteins. Integrin o781 was reported
to bind laminin only, but a-DG has been shown to bind a variety
of basal lamina proteins containing the LG domains, such as
laminin (9, 38), perlecan (11), and agrin (12). In addition,
considerable data showed that integrin «781 primarily functions
at the myotendinous junctions (20, 24, 39, 40) and thus, by its
localization, its effects on lateral membrane stability may be
minimal.

Collectively, our data suggest that the basal lamina is tightly
associated with the sarcolemma through DG binding to the LG
domains of the basal lamina proteins of skeletal muscle. Length-
ening contractions cause an increase in membrane tension on the
sarcolemma, which can lead to small tears in the membrane. The
membrane repair mechanism subsequently reseals these mem-
brane tears and thus restores the membrane integrity of myofi-
bers. In DG-null skeletal muscle, molecular linkage of the
sarcolemma to the basal lamina is greatly reduced, and the tight
association of the sarcolemma with the basal lamina is lost (Fig.
6). Small membrane tears caused by lengthening contractions
expand, leading to the loss of a large segment of the membrane,
and eventually to muscle-cell necrosis. Thus, the presence of DG
allows the basal lamina [which has a much higher tensile strength
than the lipid bilayer (4, 5)] to prevent the sarcolemma from
rupturing. This mechanism appears to be a basic principle of
fracture mechanics of thin layers or membranes: The fracture
instability of a crack will not lead to further breakage if the yield
stress strength of the adhesive is high enough (41). This principle
of fracture mechanics can be illustrated with a balloon which fails
to pop when the site of puncture is reinforced by a piece of
adhesive tape (Movie S3). The inflated balloon represents the
sarcolemma of a muscle fiber undergoing a lengthening con-
traction, the adhesive represents a-DG and the tape represents
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Fig.6. A proposed mechanism for the basal-lamina-mediated prevention of
membrane damage during lengthening contractions. (A) In normal skeletal
muscle, the sarcolemma is tightly associated with the basal lamina. Length-
ening contractions cause an increase in tension within the sarcolemma, which
can lead to small membrane tears. The dysferlin-mediated membrane repair
mechanism subsequently reseals the membrane and maintains membrane
integrity. (B) In DG-null skeletal muscle, the tight association of the sarco-
lemma with the basal lamina is lost, and thus membrane tears that developed
during lengthening contractions rapidly expand, leading to the loss of a large
segment of the sarcolemma.

the basal lamina. The adhesive links the balloon to the tape just
as a-DG links the sarcolemma to the basal lamina. When the
tape is applied to the balloon, one can insert the needle
(representative of a membrane tear) through the tape and the
balloon without rupturing the balloon. In this case the presence
of the tape, which has a much higher tensile strength than the
balloon, prevents rapid crack advance and thus rupture. In the
absence of the tape or adhesive, the balloon does not have
enough stress strength, thus the needle ruptures the balloon.
Therefore, DG-dependent tight physical attachment of the basal
lamina to the sarcolemma is important for transmission of the
basal lamina’s structural strength to the sarcolemma to provide
resistance to mechanical stress. Our findings support the idea
that reinforcement of the basal lamina—sarcolemma attachment
is a basic cellular mechanism that allows cell survival in tissues
subjected to mechanical stress.

Materials and Methods

For details of mice, antibodies, reagents, and analysis, see SI Materials and
Methods.

Measurement of Contractile Properties and Analysis of Muscle Membrane
Structure. Mice (Large™®, MCK-cre/Dag1flox/flox integrin a7-null, and WT lit-
termate control) were maintained at The University of lowa Animal Care Unit
in accordance with animal use guidelines. All animal studies were authorized
by the Animal Care Use and Review Committee of The University of lowa.
Muscle mass, fiber length, and maximum force were measured on 6 EDL
muscles from 6- to 7-month-old aforementioned mice except Large™? mice
(3-5-month-old were used). Total cross-sectional area (CSA, cm?) and specific
P, (kN/m?2) were determined (22). The susceptibility of muscles to contraction-
induced injury was assessed by 2 lengthening contractions with a strain of 30%
of fiber length (23). The differences between the experimental and WT
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samples were assessed by a 1-tailed Student’s t test, with the assumption of
2-sample equal variance. Quadriceps muscles from nonexercised and exer-
cised mice were prepared for examination by electron microscopy or immu-
nofluorescence as described in S/ Materials and Methods. Lectin affinity
chromatography and sucrose gradient fractionation were used to analyze the
membrane protein complex integrity (S/ Materials and Methods).

Membrane Damage Assay. The membrane damage assay was performed on
skeletal muscle fibers of 6- to 8-week-old mice from Large™?, integrin o7-null,
and WT littermate control groups. The whole foot was cut off and the skin was
removed. The connective tissues and blood vessels were trimmed off to
completely expose the muscle fibers. This preparation was placed in a glass-
bottom culture dish filled with Tyrode solution containing 1.8 mM Ca2*.
Individual fibers were selected for the assay. Membrane damage was induced
in the presence of 2.5 uM FM 1-43 dye (Molecular Probes) with a 2-photon
confocal laser-scanning microscope (LSM 510; Zeiss) coupled to a 10-W Argon/
Ti:sapphire laser. After we scanned images predamage, a 7.9-um X 4.4-um
area of the sarcolemma on the surface of the muscle fiber was irradiated at full
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power for 1.29 seconds. Fluorescence images were captured at 10-second
intervals for 10 min after the initial damage. The fluorescence intensities at the
damaged site were semiquantified by using ImageJ software. To test the
effect of reduced membrane tension on membrane integrity, the assay was
also performed on Large™ fibers when placed in a hyperosmotic solution.
The effects of the UV-inactivated LCMV clone 13 (107 pfu/mL) and recombi-
nant glycosylated a-DG (SI Materials and Methods) on membrane integrity in
WT and Large™ muscle fibers, respectively, were also examined by using this
assay.
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