
former determine the tree structure related to the efficiency of the
webs, and the latter form the loops involved in network robustness.
Whereas the different nature of the interactions affects the number
of loops29 (and hence the stability), the structure of the spanning
trees seems to be invariant and universal. Correspondingly,
although the stability properties are likely to be determined by
different evolutionary processes, the efficiency of food webs might
be the result of a common organizing principle. A

Methods
To define the minimal spanning tree, we discuss two different approaches. One possibility
is considering the spanning tree defined by the collection of the shortest chains from the
environment to every species (the number of links in these chains gives the trophic level1–3

of the species). If several spanning trees are still compatible with this prescription, we
consider all of them and then perform an ensemble average (see below). Alternatively, we
can select for each species the strongest chain from the environment; that is, the one
delivering most resources to the species. We prefer to adopt the former definition to
include a larger number of data sets in the analysis and to compare them with the models,
which in most cases ignore link strength. However, we note that the chains obtained by the
two criteria (minimizing chain lengths and maximizing chain strengths) are related.
Generally, the transfer of resources along each link is ‘inefficient’ (only a small fraction of
resources is transferred from prey to predator1,2) and hence long chains are likely to be
weaker than short ones1. This argument is also consistent with the empirical observation2

that only a fraction l ¼ 0.1 (known as the ecological efficiency) of the resources of the
species in a trophic level is transferred to predators. However, we stress that our definition
of ‘weak’ and ‘strong’ links does not necessarily reflect the actual link strength.

To obtain the spanning tree minimizing chain length, we first order the species in levels
(labelled by l ¼ 0,1,…,lmax). Conventionally, the environment belongs to level l ¼ 0. All
species preying on species at level l (but not at lower ones) belong to level l þ 1. We then
remove all the ‘weak’ links pointing from a species at a given level l1 to a species at a level l2

lower than or equal to l1. At this point, if each species is left with only one incoming link,
the spanning tree is already obtained (all remaining links are ‘strong’) and the quantities Ai

and Ci are directly computed and plotted. Otherwise, if some species still have more than
one incoming link, we consider the ensemble of all possible spanning trees (each defined
by a different set of ‘strong’ links) and compute the quantities Ai and Ci on each of them
separately. Finally, for each value of A, the average of the corresponding values of C is
computed and plotted as a function of A. This produces the curves shown in Fig. 2a–g. The
point (A 0,C 0) is the same for every tree in the ensemble of possible ones. The point (1,1)
always occurs as a finite-size effect (it corresponds to the ‘leaves’, where the tree stops
branching) together with the point (2,3) independently of the large-scale behaviour of the
scaling relations (see Fig. 1). A power-law exactly crossing both points would then miss all
other points, unless the value of the exponent were 2. We therefore always exclude the
point (1,1) from the fit to avoid forcing the exponent towards an artificially high value. We
finally obtain the composite figure (Fig. 2h) by simply plotting together the points (A 0,C 0)
of each of the previous panels plus the three additional webs described in the text (we recall
that these points are independent of the specific spanning tree realization). The value of C0

corresponding to A 0 ¼ 82 is an average of the values of Silwood Park and Ythan Estuary
without parasites (both webs have 81 trophic species).
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Muscular dystrophy includes a diverse group of inherited muscle
diseases characterized by wasting and weakness of skeletal
muscle1. Mutations in dysferlin are linked to two clinically
distinct muscle diseases, limb-girdle muscular dystrophy type
2B and Miyoshi myopathy, but the mechanism that leads to

Table 1 Predictions of food web models

c hCascade hNiche h0
Webworld h1

Webworld c1
Webworld

.............................................................................................................................................................................

0.005 1.12 1.03 1.83 1.61 0.08
0.01 1.09 1.04 1.51 1.20 0.10
0.05 1.08 1.06 1.33 1.11 0.12
0.1 1.06 1.08 1.22 1.09 0.18
0.3 1.04 1.07 1.18 1.07 0.37
0.5 1.01 1.04 1.05 1.04 0.50
.............................................................................................................................................................................

The value of the exponent h (the error is always about 0.02) in different models is shown as a
function of the connectance c. In static (Cascade3 and Niche24) models the exponent (hCascade

or hNiche) is determined by a single tuning parameter related to c. In the Webworld model23, a
competition parameter tunes the initial state (characterized by the initial values c and h0

Webworld).
Then the model evolves and reaches an ‘asymptotic’ state characterized by a smaller exponent
h1

Webworld and by a larger connectance c1
Webworld (both efficiency and stability increase; see the

text). All webs have 1,000 species initially.

letters to nature

NATURE | VOL 423 | 8 MAY 2003 | www.nature.com/nature168 © 2003        Nature  Publishing Group



muscle degeneration is unknown2,3. Dysferlin is a homologue of
the Caenorhabditis elegans fer-1 gene, which mediates vesicle
fusion to the plasma membrane in spermatids4. Here we show
that dysferlin-null mice maintain a functional dystrophin–
glycoprotein complex but nevertheless develop a progressive
muscular dystrophy. In normal muscle, membrane patches
enriched in dysferlin can be detected in response to sarcolemma
injuries. In contrast, there are sub-sarcolemmal accumulations of
vesicles in dysferlin-null muscle. Membrane repair assays with a
two-photon laser-scanning microscope demonstrated that wild-
type muscle fibres efficiently reseal their sarcolemma in the
presence of Ca21. Interestingly, dysferlin-deficient muscle fibres
are defective in Ca21-dependent sarcolemma resealing. Mem-
brane repair is therefore an active process in skeletal muscle
fibres, and dysferlin has an essential role in this process. Our
findings show that disruption of the muscle membrane repair
machinery is responsible for dysferlin-deficient muscle degenera-
tion, and highlight the importance of this basic cellular mecha-
nism of membrane resealing in human disease.

To explore the function of dysferlin in skeletal muscle, dysferlin-
null mice were generated by homologous recombination. The
targeting vector was designed to carry an approximately 12-kilobase
deletion at the 3 0 end of the gene, deleting the last three coding
exons including the transmembrane domain (Supplementary
Fig. 1). The genotypes of the mice were verified by PCR (Fig. 1a).
The complete loss of protein expression was confirmed by western
blot analysis of skeletal muscle microsomes (Fig. 1b). Immuno-
fluorescence analysis revealed localization of dysferlin in both
sarcolemma and cytoplasmic vesicles in wild-type muscle as
reported previously5, but no staining was observed in dysferlin-
null muscle (Fig. 1c, top row). Dysferlin has been associated with
calpain 3 and caveolin-3, mutations of which are responsible for
limb-girdle muscular dystrophy type 2A (LGMD2A) and LGMD1C,
respectively1, although the nature of this association remains
unclear6,7. However, no changes were observed in caveolin-3
(Fig. 1b, c) or calpain 3 (Fig. 1b) expression in dysferlin-null muscle.

Histological and other observations of the skeletal muscle
revealed that dysferlin-null mice develop a slowly progressive
muscular dystrophy (Fig. 2a). By the age of 2 months, a few
individual necrotic and centrally nucleated fibres could be detected
throughout the muscle; the number increased with age. By 8
months, the muscle had developed all the pathological character-
istics of muscular dystrophy such as regenerating fibres, split fibres,

muscle necrosis with macrophage infiltration and fat replacement.
Although all the examined muscles showed muscle pathology, the
severity of the pathology varied in different muscles of dysferlin-null
mice (Supplementary Fig. 2). Plasma membrane disruptions were
identified with Evans blue, a membrane-impermeant dye. Unlike
dystrophin–glycoprotein complex (DGC)-linked muscular dystro-
phies, in which clusters of Evans-blue-positive fibres are observed8,9,
dysferlin-null mice showed individual positive fibres, suggesting
that the injury and the disease progression take place at the level of
single muscle fibres (Fig. 2b). Consistent with the Evans blue
analysis was the observation that serum creatine kinase levels of
dysferlin-null mice (1,022 ^ 368 U l21, mean ^ s.d., n ¼ 8) were
severalfold higher than those of wild-type mice (157 ^ 84 U l21,
n ¼ 5). Muscle regeneration is a response to muscle degeneration
commonly seen in muscular dystrophy. A muscle undergoing active
regeneration has centrally nucleated muscle fibres and large vari-
ability in fibre size. About 10% of all fibres in dysferlin-null muscle
were centrally nucleated by 2 months of age, 20% by 4 months and
48% and 65% by 8 and 10 months, respectively (Fig. 2c). Centrally

Figure 1 Complete loss of dysferlin expression in dysferlin-null mice. a, PCR genotyping

of the wild-type (þ/þ), heterozygous (þ/2) and dysferlin-null (2/2) mice. b, Loss of

dysferlin (DYSF) expression by western blot analysis. Expression analysis of caveolin-3

(Cav3) and calpain 3 (CAPN3) and a2 (calcium channel subunit, for equal loading control).

c, Immunofluorescence staining for dysferlin on skeletal muscle shows sarcolemma and

vesicular cytoplasmic staining in wild-type muscle (WT) but a complete loss of staining in

dysferlin-null (DYSF-null) muscle. Lower panels, normal staining for caveolin-3 in WT and

DYSF-null skeletal muscle. Scale bar, 50 mm.

Figure 2 Dysferlin-null mice develop progressive muscular dystrophy. a, Haematoxylin–

eosin-stained dysferlin-null skeletal muscle (quadriceps muscle) sections at 2, 4, 8 and

10 months of age. Scale bar, 100 mm. b, Individual Evans-blue-positive fibres can be

detected in dysferlin-null (DYSF-null) muscle (9-month-old mice) but not in wild-type

muscle (WT). Scale bar, 150 mm. c, Percentage of centrally nucleated fibres (CNF)

increases with age in dysferlin-null muscle (open bars) but not in WT muscle (filled bars).

For each sample set, n . 1,000; the data shown are an average of three sample sets.

d, Greater fibre size variation was observed in dysferlin-null muscle (open bars) than in

WT muscle (filled bars). The central horizontal line in each bar is the fibre diameter

mean, and the size of each box is the size variation; n ¼ 3 or 4 muscles from 9-month-old

mice, with a total of 500–700 fibres.
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nucleated fibres in wild-type mice never exceeded 2%. A much
greater fibre size variability was also observed in dysferlin-null
skeletal muscle than in wild-type muscle (Fig. 2d).

Several types of muscular dystrophy are linked to components of
the DGC1,10. In the DGC-linked muscular dystrophies, mutation in
one of the DGC components disrupts the stability of the whole
complex at the sarcolemma9,11, which in turn disrupts the structural
link between the sub-sarcolemma cytoskeleton and the extracellular
matrix leading to an unstable sarcolemma. Disruption of this link
makes the muscle more susceptible to contraction-induced inju-
ries1,12,13. To test whether the loss of dysferlin has any effect on the
stability of DGC components, the expression of various DGC
components was evaluated by immunofluorescence (Fig. 3a) and
western blot analysis on KCl-washed skeletal muscle membranes
(Fig. 3b). However, no change was observed in the expression of
the DGC components in dysferlin-null muscle. Furthermore, bio-
chemical purification of the DGC from skeletal muscle also suggests

the presence of a stable and functional DGC in dysferlin-null mice
(Supplementary Fig. 3). We further tested the structural stability of
the sarcolemma by exercising wild-type, dysferlin-null and mdx
mice downhill on a treadmill14 (2108 angle) for 30 min at a speed of
25 m min21. A comparison of Evans blue uptake and serum creatine
kinase levels, before and after running, was used as a measure for the
sarcolemma damage. The mdx mice have a mutation in the
dystrophin gene10, which causes disruption of the DGC and an
unstable sarcolemma. This form of exercise, as expected, caused
extensive membrane damage in the muscle of mdx mice, reflected
by the significant increase in the serum creatine kinase levels and
Evans blue uptake after exercise. By contrast, minimal damage was
observed in wild-type and dysferlin-null mice, suggesting the
presence of a stable sarcolemma in dysferlin-null mice (Fig. 3c).
Taken together, these results suggest that the dysferlin-null mice
have a functional DGC and that the mechanism of muscle degener-
ation in LGMD2B and Miyoshi myopathy patients is different from
the DGC-linked muscular dystrophies.

Mechanical stress can cause muscle fibre necrosis by two separate
mechanisms. First, as already mentioned, the sarcolemma of a
muscle fibre could be more susceptible to injury, as in DGC-linked
muscular dystrophies. Second, a muscle fibre could have a defective
sarcolemma repair mechanism. Because the sarcolemma is struc-
turally stable in dysferlin-null muscle, we propose that dysferlin has
a role in the sarcolemma repair process. Membrane repair is a basic
cellular mechanism that is required to reseal plasma membrane
disruptions. Because plasma membrane disruption is a physiologi-
cal event in skeletal muscle13,15, the result of defective repair would
be muscle fibre degeneration. Previous studies showed that mem-
brane repair requires the accumulation and fusion of vesicles near
the site of membrane disruptions16–19. Electron microscopic analysis
of dysferlin-null muscle revealed sites of sarcolemma disruption
associated with underlying accumulations of vesicles (Fig. 4a).

Figure 3 Normal expression of DGC components and a structurally stable sarcolemma in

dysferlin-null mice. a, No staining for dysferlin (DYSF) but normal immunofluorescence of

dystrophin (DYS), a-dystroglycan (a-DG), b-dystroglycan (b-DG), a-sarcoglycan (a-SG),

b-sarcoglycan (b-SG), d-sarcoglycan (d-SG), g-sarcoglycan (g-SG), 1-sarcoglycan

(1-SG) and sarcospan (SSPN) in dysferlin-null muscle. Scale bar, 100 mm. b, Western

blotting shows normal expression of DGC components in dysferlin-null mice; a2 used as a

loading control. c, Significant increase in Evans blue uptake and serum creatine kinase

(CK) levels was observed after exercise in mdx mice but not in wild-type (WT) and

dysferlin-null (DYSF-null) mice (n ¼ 5). Vertical bars (asterisks) are creatine kinase levels

after exercise. Data are means ^ s.d.

Figure 4 Vesicle accumulation and dysferlin-enriched membrane patches on the

damaged muscle fibres. a, Electron micrograph of wild-type (WT) and dysferlin-null

(DYSF-null) skeletal muscle. Sites with disrupted sarcolemma (asterisks) and vesicle

accumulation (arrows) below the membrane (arrowheads) could be detected only in

dysferlin-null muscle. Scale bar, 1 mm. b, Top two rows, membrane patches and wounds

(bright field, arrowhead) enriched in dysferlin could be detected on the WT damaged fibres

(positive for fluorescein dextran (FDx)). Bottom row, loss of caveolin-3 (Cav3) staining at

the membrane patch sites was observed. Scale bar, 50 mm.

letters to nature

NATURE | VOL 423 | 8 MAY 2003 | www.nature.com/nature170 © 2003        Nature  Publishing Group



Similar morphologies were not detected in wild-type muscle. This
result and several other observations, such as the homology of
dysferlin to FER-1 in C. elegans (which has a role in vesicle fusion to
the plasma membrane), the presence of six C2 domains in dysferlin,
and a protein structure similar to that of synaptotagmins, are
consistent with our hypothesis that dysferlin functions in plasma
membrane repair. Synaptotagmins are a family of proteins with a
role in vesicle trafficking and fusion to the plasma membrane, and
regulate important cellular events including membrane repair in
certain cell types20. Moreover, the first C2 domain of dysferlin binds
to phospholipids in a Ca2þ-dependent manner21.

To evaluate the role of dysferlin in membrane repair, dysferlin
distribution was analysed in damaged single muscle fibres isolated
from wild-type mice. Muscle fibres were damaged in the presence of
a membrane-impermeant fluorescein dextran (FDx) to mark those
fibres that experienced membrane damage. Dysferlin distribution
was analysed by immunofluorescence on permeabilized fibres. The
undamaged fibres (FDx-negative) showed intact sarcolemma and
uniform membrane staining of dysferlin (not shown). Membrane
wounds and patches of various sizes were detected (Fig. 4b, bright
field) on the damaged fibres (FDx-positive). Interestingly, immuno-
fluorescence analysis revealed the enrichment of dysferlin in these
patches (Fig. 4b, arrowheads in top two rows). According to the
‘patch hypothesis’22, membrane repair requires the accumulation
and fusion of vesicle populations with each other and with the
plasma membrane at or near the disruption. A ‘patch’ is thereby
added across a defect, resealing the disrupted membrane16. Proteins
with a direct role in this process can be detected at the disruption
sites17,20. We suggest that these dysferlin-enriched membrane
patches correspond to the membrane wound sites on the damaged
muscle fibres. To confirm this, we stained damaged fibres with the
known sarcolemma proteins such as caveolin-3 (Fig. 4b, bottom
row) and d-sarcoglycan1,14 (not shown). A membrane disruption
would cause a transient loss and reduction of the sarcolemma
proteins at the wound sites. We detected a range from reduced
staining to complete loss of these sarcolemma markers on the patch
sites, confirming that these are indeed the wound sites on the
sarcolemma. Our demonstration of dysferlin enrichment on the
membrane disruption sites therefore strongly suggests a direct role
of dysferlin in the membrane repair process.

To explore this potential mechanism further, a membrane repair
assay was used23 in a direct assessment of the resealing efficiency of
dysferlin-null muscle. This assay was performed on single muscle
fibres isolated from the flexor digitorum brevis muscle of the
dysferlin-null and wild-type mice. Muscle fibres were irradiated
with the mode-locked laser of a two-photon confocal scanning
microscope to create plasma membrane disruptions. This injury
was performed in the presence of FM 1-43, a membrane-imper-
meant fluorescent dye. FM 1-43 is soluble in both water and lipid,
does not cross intact bilayers, and fluoresces only in lipidic environ-
ments such as cell membranes. At steady state, therefore, the
membrane fluorescence of a wounded, unresealed muscle fibre
will increase many-fold owing to the presence of endo-membrane
that becomes stained with the dye. Resealing of the membrane halts
this increase in fluorescence. The fluorescence that developed near
the disruption (laser irradiation) site was imaged and measured at
10-s intervals beginning 20 s before (t ¼ 0) and extending until
about 3 min after the damage was induced. The initial fluorescence
intensity (before the damage was induced) was set to 0 and the
values show the increase in fluorescence intensity after the damage
was induced. Wild-type muscle fibres, damaged in the presence of
Ca2þ, significantly impeded further dye entry at about the 1-min
time point after disruption (Fig. 5a, uppermost row of panels, and
Fig. 5b, filled circles), suggesting that, on average, these fibres
resealed within 1 min in the presence of Ca2þ. In contrast, wild-
type fibres damaged in the absence of Ca2þ displayed comparatively
little ability to impede dye entry over the entire time course of the

experiment, suggesting a failure of resealing (Fig. 5a, second row of
panels, and Fig. 5c, filled circles). This result suggests that muscle
fibres can reseal their membrane efficiently and that membrane
resealing is a Ca2þ-dependent process in skeletal muscle similar to
that in many other cell types. Interestingly, dysferlin-null fibres in
the presence of Ca2þ failed to halt dye uptake after an identical laser-
induced disruption was created (Fig. 5a, third row of panels, and
Fig. 5b, open triangles). Indeed, the apparently unimpeded uptake
of FM 1-43 observed in dysferlin-null fibres in the presence of Ca2þ

was similar to that observed in the wild-type and dysferlin-null (Fig.
5a, bottom row of panels, and Fig. 5c, open triangles) experiments
conducted in the absence of resealing-permissive Ca2þ. Unlike
dysferlin-null fibres, membrane repair assays conducted on muscle
fibres in mdx mice showed efficient membrane resealing in the
presence of Ca2þ similar to that in wild-type muscle (P. McNeil,
personal communication). These results indicate that dysferlin-
null muscle fibres are defective in Ca2þ-dependent resealing of
sarcolemma disruptions.

We suggest that dysferlin has a role during the membrane fusion
step of the repair process in muscle fibres. Such a role is consistent
with the presence of several C2 domains in dysferlin and with its
homology to several known proteins with a role in vesicle fusion. We
propose that dysferlin, present on the vesicles, facilitates vesicle
docking and fusion with the plasma membrane either by interacting

Figure 5 Defective resealing of membranes in dysferlin-null muscle. a, Membrane repair

assay performed on wild-type (WT) and dysferlin-null (DYSF-null) single muscle fibres in

the presence and absence of Ca2þ. The damage was induced at t ¼ 20 s. The top two

rows of panels show the assay performed on wild-type fibres in the presence

(WT þ Ca2þ) and absence (WT 2 Ca2þ) of Ca2þ. The bottom two rows of panels show

the repair assay performed on dysferlin-null fibres in the presence (DYSF-null þ Ca2þ)

and absence (DYSF-null 2 Ca2þ) of Ca2þ. Scale bar, 50 mm. b, Plot of fluorescence

intensity (n ¼ 16) against time in WT (filled circles) and dysferlin-null (open triangles)

fibres in the presence of Ca2þ. Data are means ^ s.e. c, Measurement of fluorescence

intensity (n ¼ 4) versus time in WT (filled circles) and dysferlin-null (open triangles) fibres

in the absence of Ca2þ. Data are means ^ s.e.; statistical analysis was done with

Student’s t-test. P , 0.05 is considered significant.
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with the other dysferlin molecules or with some other unknown
protein-binding partner(s) at the plasma membrane.

The finding that dysferlin-null muscle is inefficient in plasma
membrane resealing highlights the importance of this basic cellular
function in various forms of muscular dystrophy. Because cell
membrane repair is required for surviving a mechanical injury,
and given that cell wounding is common in many mechanically
active mammalian cells, defects in this repair pathway may be linked
to other human diseases. This study reveals a novel mechanism of
muscular dystrophy in which the membrane repair machinery of
muscle is defective, as opposed to several other types of muscular
dystrophies in which the primary defect is in the stability of
sarcolemma. Dysferlin is the first identified member of the mem-
brane repair machinery in skeletal muscle. This finding will help
to identify other members of the muscle membrane repair machin-
ery, and those will serve as potential candidate genes for other
muscular dystrophies and muscle-related diseases with unknown
aetiology. A

Methods
Generation of dysferlin-null mice
The targeting vector was constructed to delete the last three coding exons including the
exons coding for the transmembrane domain of the dysferlin gene. The targeting vector
was electroporated into R1 embryonic stem cells, and clones carrying the specific targeted
locus were confirmed by PCR screening and sequencing of the PCR product. Targeted
clones were used to generate chimaeric mice by blastocyst injections. Heterozygous mice
obtained from the chimaeric mice were bred together to obtain homozygous mutant mice.
Homozygous mutant mice were backcrossed with C57/BL6 wild-type mice for two
generations. Wild-type littermates were used as controls. Dysferlin-null mice are viable
and have a normal growth rate.

Membrane repair assay
This experiment was performed on four wild-type and four dysferlin-null mice at 6 weeks
of age, blind to the genotype. For every mouse, the assay was performed on four different
fibres in the presence of Ca2þ and one or two fibres in the absence of Ca2þ. Single
muscle fibres were isolated from the flexor digitorum brevis muscle by treatment with
collagenase I. Fibres were washed and resuspended in Dulbecco’s PBS containing 1 mM
Ca2þ (Gibco) for the resealing experiment in the presence of Ca2þ, and PBS containing
1 mM EGTA for the resealing experiment in the absence of Ca2þ. Single fibres were
mounted on a glass slide chamber and membrane damage was induced in the presence of
FM 1-43 dye (2.5 mM; Molecular Probes) with a two-photon confocal laser-scanning
microscope (LSM 510; Zeiss) coupled to a 10-W Argon/Ti:sapphire laser23. To induce
damage, a 5 mm £ 5 mm area of the sarcolemma on the surface of the muscle fibre was
irradiated at full power for 6.4 s at t ¼ 20 s. Images were captured beginning 20 s before
(t ¼ 0) and for 3 min after the irradiation at 10-s intervals. For every image taken, the
fluorescence intensity at the site of the damage was measured with the Zeiss LSM 510
imaging software. Fibres that had no membrane resealing showed dye filling at the wound
site over the entire course of the experiment, whereas dye influx halted within 1 min for the
fibres that resealed under the experimental conditions.

Analysis of dysferlin expression on damaged muscle fibres
Single muscle fibres were damaged by being flushed through an 18-gauge syringe in the
presence of lysine-fixable fluorescein dextran dye (10 kDa, 10 mg ml21 in PBS; Molecular
Probes). After incubation for 2 min at 37 8C, fibres were transferred to ice, washed with
chilled PBS and fixed in 4% paraformaldehyde for 10 min. Fibres were then washed with
PBS and permeabilized with detergent; immunofluorescence analysis was performed
with antibodies against dysferlin, caveolin-3 and d-sarcoglycan. Dysferlin, caveolin-3 and
d-sarcoglycan distribution was analysed on more than 200 damaged muscle fibres: 25
fibres showed dysferlin-enriched sites, but none of them showed any kind of membrane
enrichment for caveolin-3 or d-sarcoglycan.

Biochemical, immunofluorescence and histological analysis
KCl-washed skeletal muscle membranes were prepared and western blot analysis was
performed as described previously24,25. DGC purification from the total muscle
homogenates was performed as described previously25. Western blot analysis of dysferlin
was performed using an amino-terminal rabbit polyclonal antibody. Rabbit polyclonal
antibody against mouse dysferlin was generated by injecting New Zealand white rabbits
intramuscularly and subcutaneously with an N-terminal dysferlin peptide
(LLADCSQPLCDIHEIPSATH; single-letter amino acid codes). Antibody specificity was
verified by competition experiments with the corresponding peptide on the western blot.
Antibodies against DGC components were used as described previously9,14. Expression
analysis of caveolin-3 and calpain 3 was performed with mouse monoclonal antibodies;
caveolin-3 (Transduction Laboratories) and calpain 3 (Calp3c12A2; Novocastra).
Immunofluorescence was performed on 7-mm transverse cryosections as described
previously9. For dysferlin immunostaining, the monoclonal antibody Hamlet
(Novocastra)26 was used at 1:25 dilution with an in situ antigen denaturation method
described previously27. One-year-old dysferlin-null and wild-type mice were perfused with

2% paraformaldehyde in PBS and quadriceps muscle was dissected out for electron
microscopic analysis. Tissue processing was done as described previously5. Histological
analysis of skeletal muscle and Evans blue injections and exercise experiments were
performed as described previously8,9,14.
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