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Mechanical force is generated within skeletal muscle cells
by contraction of specialized myoﬁbrillar proteins. This
paper explores how the contractile force generated at the
sarcomeres within an individual muscle ﬁber is transferred
through the connective tissue to move the bones. The initial
key point for transfer of the contractile force is the muscle
cell membrane (sarcolemma) where force is transferred
laterally to the basement membrane (specialized extracellular matrix rich in laminins) to be integrated within the
connective tissue (rich in collagens) before transmission to
the tendons. Connections between (1) key molecules outside
the myoﬁber in the basement membrane to (2) molecules

within the sarcolemma of the myoﬁber and (3) the internal
cytoplasmic structures of the cytoskeleton and sarcomeres
are evaluated. Disturbances to many components of this
complex interactive system adversely aﬀect skeletal muscle
strength and integrity, and can result in severe muscle
diseases. The mechanical aspects of these crucial linkages
are discussed, with particular reference to defects in laminin-a2 and integrin-a7. Novel interventions to potentially
increase muscle strength and reduce myoﬁber damage are
mentioned, and these are also highly relevant to muscle
diseases and aging muscle.

Force is generated within skeletal muscle cells by
contraction of specialized myoﬁbrillar proteins.
These are highly organized into sarcomeres (Lloyd
et al., 2004), and complex movement between the
actins, myosins and many other proteins results in
shortening of the muscle ﬁber. The central question
addressed in this paper is ‘‘how is this force, generated at the sarcomeres within an individual muscle
ﬁber, transferred through the tissue to move the
bones?’’
In simple terms, this requires connection of the
sarcomeres through the cytoplasm to the inner face
of the cell membrane of the muscle cell, and then
connection through the cell membrane (sarcolemma)
to the connective tissue that is attached to bones. The
interstitial connective tissue that surrounds and lies
between individual myoﬁbers is referred to as the
endomysium, which is a dynamic complex of many
extracellular matrix (ECM) components. A great
deal of attention has focused on the mechanical
properties of this collagen-rich endomysium, which
is organized at the ends of the myoﬁbers into
tendons. There have been many excellent publications on force transmission through the interstitial
connective tissue (see review by Kjaer, 2004), but

these will not be covered in this review. Instead, we
will focus on force transmission through the sarcolemma and examine the intimate association of the
interstitial connective tissue with the surface of the
myoﬁber where specialized ECM components are
organized into the basement membrane (also widely
referred to as basal lamina or external lamina). The
basement membrane is anchored to the interstitial
ECM through a microﬁlament network rich in collagen VI (Wiberg et al., 2002). The basement membrane is linked through the myoﬁber cell membrane
to the interior of the muscle cells and the sarcomeres
through a complex series of molecules that form an
integrated mechanism for the transfer of the contractile force (generated by the sarcomeres) to outside the muscle cell.

*Visiting Professor at the University of Western Australia.

Force transmission through the sarcolemma
Linkage through the muscle membrane is the key
point for transfer of the contractile force. It is
important to note that this force transfer occurs at
the surface over the entire perimeter of each myoﬁber, as well as at the ends where tendons are attached
(discussed in detail by Huijing, 1999; Purslow, 2002;
Trotter, 2002). It seems that most of the force
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bers is not common in humans and other primates
(macaque monkey): despite their large size, usually
only simple muscles with a single myoﬁbre stretching
from tendon to tendon occurs, even in muscle fascicles as long as 140 mm (Paul, 2001).
Connection of (1) key molecules in the basement
membrane outside the myoﬁber to (2) molecules on the
surface of and within the sarcolemma of the myoﬁber,
through to (3) the internal cytoplasmic structures of
the cytoskeleton and sarcomeres will be discussed with
reference to generation of mechanical force.

generated by sarcomere contraction may be transmitted laterally, across the sarcolemma rather than
longitudinally, through the sarcoplasm (Bloch &
Gonzalez-Serratos, 2003). Because of many complexities of muscle architecture, it is diﬃcult to calculate
the extent, in vivo, to which this force transmission at
the sarcolemma (over the myoﬁber perimeter) is
initially transferred laterally through the endomysium to adjacent myoﬁbers, to aﬀect the whole
muscle, compared with the extent of direct force
transmission longitudinally at the myotendinous
(Huijing, 1999; Purslow, 2002) or myomyonal junctions (Paul et al., 2002). It has been proposed that at
least 50% of the force generated may be transmitted
laterally through the endomysium (see Fig. 1).
A large role for integrated tension delivery across
all myoﬁbers within a muscle fascicle is strongly
supported by studies in muscles where myoﬁbers do
not run from tendon to tendon but are joined end
to end at myomyonal junctions (Paul et al., 2002;
Purslow, 2002; Sheard et al., 2002). It was concluded
that the forces produced by individual motor units
are integrated within the muscle’s connective tissue
and distributed across all ﬁbers before being transmitted evenly to the tendon across the entire muscle–
tendon interface. Such an arrangement of myoﬁbres
with intrafasicular terminations is common in large
mammals, where muscles with fascicles longer than
35 mm are composed of multiple sets of overlapping
arrays of short muscle ﬁbres each with their own
neuromuscular junction (NMJ). It is noted that this
arrangement of in-series multiply innervated myoﬁ-

Costameres
Before proceeding to discuss such complex molecular
connections, it is pertinent to mention costameres.
Costameres are specialized sites of transmembrane
complexes, occurring over the entire sarcolemma,
where the transmission of force is concentrated
(Bloch & Gonzalez-Serratos, 2003). Costameres
were ﬁrst recognized as rib-like structures over the
Z lines of the underlying myoﬁbrils (Fig. 1). The term
has since been used to include similar sarcolemmal
structures over M lines or parallel to the long axis of
muscles (Bloch et al., 2002; Bloch & GonzalezSerratos, 2003). Costameres overlying the Z lines
were ﬁrst identiﬁed as concentrations of several
structural and peripheral membrane proteins: the
most widely studied of these protein complexes
contain dystrophin and dystroglycans and others
include vinculin (focal adhesion complex) and spec-

1a. Interstitial connective tissue

costamers

1b. Basement membrane

NMJ

1.ECM

2. Cell membrane

MTJ

MTJ

3. Sarcomeres and cytoskeleton

Main ECM Types
1a Interstitial connective tissue
Collagen types I, III , VI
Fibronectin
Vitronectin
Tenascins (4 forms)
Proteoglycans: decorin, biglycan

1b. Basement membrane

Laminins −2/4, 8/9,10/11
Entactin/nidogen-1
Collagen type IV
Proteoglycans: perlecan, agrin

Fig. 1. Overview of the extracellular matrix (ECM)/muscle interface. The diagram of a skeletal muscle ﬁber indicates the lines
of lateral force transmission across the sarcolemma at the costamers (long arrows) and myotendinous junctions (MTJ) (short
arrows). Much (50%) of this force may be transmitted laterally to adjacent myoﬁbers so that tension is integrated and then
delivered to the tendon. The neuromuscular junction (NMJ) is also indicated. The inset shows a portion of the muscle interface
viewed by electron microscopy, illustrating (1) the ECM with (1b) the basement membrane in intimate association with the
myoﬁber surface, (2) the cell membrane (sarcolemma) and (3) the cytoplasm (sarcoplasm) where the cytoskeleton and
sarcomeres (specialized contractile proteins) are located. The major molecules in the interstitial compartment of the ECM and
the specialized basement membrane appear in the box.
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trin. Laminin is also concentrated at the costameres
but, unlike dystroglycan and dystrophin, is hard to
detect at intercostameric regions (Bloch et al., 2002).
As a result of the ﬁrm connection between the
contractile apparatus and the sarcolemmna at costameres, the intercostal region may bulge out or
‘‘festoon’’ slightly during contraction and muscle
shortening (Bloch & Gonzalez-Serratos, 2003).
In general, the same molecules that are co-located
at the sarcolemma and sub-sarcolemmal region
around the whole myoﬁber are upregulated at the
costamers and also where the myoﬁber connects to
the tendon at the myotendinous junction (MTJ),
although exceptions exist. One potential major
exception to this trend, the laminin b1 chain, is
discussed below under basement membrane. Many
studies have described the enrichment of such
molecules at MTJ and the consequences of mechanical loading in both normal and dystrophic
muscles (Tidball, 1991a, b; Law et al., 1995). Precise
information on the relative distribution of such molecules is important to critically evaluate the mechanics
of molecular interactions around the myoﬁber.
This trend for a greater concentration at MTJ is
supported by pronounced immunostaining for the
basement membrane protein, laminin b2 (as a2b2g1:
laminin-4) at the specialized MTJ and NMJ and also
distinct localization around the extrasynaptic sarcolemma (Wewer et al., 1997). Laminin b2 was initially
reported to be restricted to the MTJ and NMJ
(Noakes et al., 1986; Hunter et al., 1989), but this
broader distribution (Wewer et al., 1997) has subsequently been conﬁrmed in independent studies
(Sasaki et al., 2002). Other studies show that laminin
immunoﬂuorescent staining is concentrated at the
costameres but is hard to detect at intercostameric
regions, although the chain speciﬁcity of the laminin
antibody used was not mentioned (Bloch et al.,
2002). A pattern of low concentration over the
sarcolemma with marked concentration at regions
specialized for submitting tension (costamers, MTJ
and interfasicular junctions) is also seen for integrin
a7B that co-localized with dystrophin in rat and
guinea-pig muscles (Paul et al., 2002). It is interesting
that a similar localization pattern for integrin a7A
has been described in the rat but not other species,
indicating that inter-species diﬀerences exist, with
broad sarcolemmal distribution being seen in the
guinea-pig (Paul et al., 2002).
The main link between the sarcolemma and the
myoﬁbrils is by intermediate ﬁlaments at the Z lines
and also the M lines. At the Z lines, the main protein
is desmin with its associate proteins, synemin and
paranemin. A second distinct set of intermediate
ﬁlaments composed of cytokeratins also helps align
the costameres with the underling contractile apparatus, and only the cytokeratins are found at the M

line (Bloch & Gonzalez-Serratos, 2003). This rectilinear array forms a lattice organization on the surface of mature myoﬁbers.

Outside the myofiber: the basement membrane and
interstitial ECM
The main ECM components of the interstitial connective tissue and of the basement membrane are
summarized in Fig. 1. These diﬀerent molecules form
many linkages between components of the basement
membrane and the interstitial matrix to form a
complex interrelated mesh of molecules, some of
which are sticky and adhesive, whereas others are
more structural. The multiplicity of linkages is illustrated for collagen VI that links the basement
membrane to the interstitial ECM: this important
role is illustrated by binding to integrins, basement
membrane components like collagen IV and perlecan, proteoglycans like biglycan and decorin and the
ﬁbrillar collagens type I and II (Wiberg et al., 2002),
and defects in collagen VI cause muscle weakness
and human myopathies (Bonnemann & Laing, 2004).
Similarly, myogenic laminins (laminins 2/4, 8/9, 10/
11) not only self-assemble to form a network constituting an integral part of the muscle ﬁber basement
membrane but also interact with the collagen type IV
network both directly and via binding to nidogens,
and bind to the heparan sulfate proteoglycan, perlecan. Loss of laminin 2/4 or mutations in the laminin
a2 chain result in congenital muscular dystrophies in
both humans and mice (Xu et al., 1994; Arahata
et al., 1995; Miyagoe-Suzuki et al., 2000).
The ECM plays many roles during muscle development, homeostasis and regeneration but these will
not be addressed here. We will focus on the basement
membrane (Sanes, 2003) and, in particular, the
laminins (Sasaki et al., 2004) that are found only in
this specialized ECM in mature muscle. All laminins
are composed of three chains, a, b and g, that each
occur in multiple forms and combine to form up to
15 diﬀerent heterotrimers (Table 1) (Colognato &
Yurchenco, 2000). In mature skeletal muscle, laminins containing the a2 chain are the main component
of the basement membrane (Fig. 2). The only other
laminins that occur on skeletal muscle, characterized
by the presence of laminin a4 and a5 chains, have a
more restricted localization at NMJ in mature muscle
(Sorokin et al., 1997; Ringelmann et al., 1999;
Patton, 2000). The situation is diﬀerent in developing
skeletal muscle where, although laminin a2 is the
dominant laminin chain, laminin a4 and a5 chains
are more broadly distributed. The reader is referred
to an elegant review by Gullberg et al. (1999), which
clearly outlines expression of the laminins at diﬀerent
stages of muscle development (Gullberg et al., 1999).
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Laminin a2 chain
It is signiﬁcant that in mature muscle, the predominant laminin a2 chain is combined with both laminin
b1 and b2 chains around most of the sarcolemna as
laminin-2 (a2b1g1) and laminin-4 (a2b2g1) (Sasaki
et al., 2002), while only laminin-4 (a2b2g1) occurs at
the NMJ where the synapse connects the nerve to the
muscle. Laminin-4 (a2b2g1) also appears to be the
only laminin isoform concentrated at the MTJ where
the ends of the myoﬁber are connected to the
tendons; laminin a1, a3, a4, b1, b3, g2 or g3 chains
Table 1. Laminin isoforms and their chain composition

Laminin isoform

Chain composition

Laminin-1
Laminin-2
Laminin-3
Laminin-4
Laminin-5
Laminin-6
Laminin-7
Laminin-8
Laminin-9
Laminin-10
Laminin-11
Laminin-12
Laminin-13*
Laminin-14
Laminin-15

a1
a2
a1
a2
a3
a3
a3
a4
a4
a5
a5
a2
a3
a4
a5

b1
b1
b2
b2
b3
b1
b2
b1
b2
b1
b2
b1
b2
b2
b2

g1
g1
g1
g1
g2
g1
g1
g1
g1
g1
g1
g3
g3
g3
g3

*It is debated whether laminin-13 exists in vivo, as there is only
circumstantial evidence for its existence (Libby et al., 2000).

Neuromuscular Junction (NMJ)

(a)

Laminin-4 α2β2y1
Integrins α7Aβ1D
α7Bβ1D
α7Cβ1D

Myotendinous Junction (MTJ)

Sarcolemna

Laminin-4 α2β2y1
Integrins α7Aβ1D
α7Bβ1D

(b)

Laminin-2

Laminin-8

Laminin-10

(c)

Laminin-2 (and -4)
α2

α4
γ

β

Integrins
α6β1

+ α-dystroglycan

Laminin-4 α2β2y1
Integrins α7Aβ1D
α7Bβ1D

α5
β
γ1

Integrin α7β1

MTJ

Laminin-2 α2β1y1
Integrin α7Cβ1D

α2

β1

α7β1

γ

β1

γ1

Integrins αvβ3
+ Lutheran blood
group antigen

MYOBLAST AND MYOTUBE SURFACE
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are absent at this site, while laminin a5 may be
present at very low levels depending on the species
(Patton, 2000). The pattern of immunostaining for
laminin-2 (a2b1g1), which is conspicuous around
the sarcolemma but not at the MTJ, appears to be
a striking exception to the trend for higher concentrations of sarcolemmal-associated molecules at the
MTJ. If true, this has major functional (mechanical
and signalling) implications for diﬀerent properties
of the laminin b1 and b2 chains at these specialized
regions of cell contact on the myoﬁber surface. Yet,
on the basis of the similarity of their molecular
structure, such a striking functional diﬀerence appears unlikely.
To clarify this anomaly, the accuracy of the
immunostaining data supporting elevated b1 around
the sarcolemma, but not at the MTJ, should be
re-evaluated with diﬀerent laminin b1 and b2 chain
antibodies. Much of the past confusion concerning
localization of laminin b chains is because of the
use of monoclonal antibodies to laminin b2, which
exhibit weaker staining (Hunter et al., 1989) than the
more recently developed polyclonal antibodies (Sasaki et al., 2002). Although the staining patterns
obtained with the laminin b2 monoclonal and polyclonal antibodies are essentially the same, the monoclonal antibodies highlight the NMJ and MTJ and
stain the rest of the sarcolemma basement membrane
weakly, while polyclonal laminin b2 antibodies stain
the entire sarcolemma basement membrane equally.

Integrin α7β1
+ α-dystroglycan
MUSCLE FIBRE SURFACE

Fig. 2. Laminins and integrins on muscle cells. Diagram (a) indicates the main
laminin a2 and integrin a7
isoforms associated with the
surface of a mature muscle
ﬁber (adapted from Burkin
& Kaufman, 1999). Note:
we query the apparent lack
of laminin a2b1 at the
myotendinous
junctions
(see text). (b) During myogenesis (associated with development or regeneration),
diﬀerent combinations of laminins and integrins are expressed by myoblasts and
myotubes (the boxed molecules are not detected on
myoblasts) and (c) on the
sarcolemma of mature myoﬁbers only, laminin a2 is
present (mainly as laminin2 but also as laminin-4)
bound to integrin a7b1 and
a-dystroglycan.
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Laminin a1 is not detected normally in muscle
tissue (Schuler & Sorokin, 1995; Tiger & Gullberg,
1997). Yet, when it is experimentally overexpressed
in muscles that lack laminin a2, the laminin a1 chain
appears to eﬀectively replace the missing endogenous
laminin isoform (Gawlik et al., 2004). Such substitution for the native laminin a2 chain does not occur
naturally (Tiger & Gullberg, 1997; Ringelmann et al.,
1999) and is also not seen on mature myoﬁbers
with either the endogenous laminin a4 or a5 chains
(Sorokin et al., 2000).
Laminin a4 and a5 chains
Laminins with the a4 or a5 chain are also associated
with mature muscle at the NMJ. The NMJ has
three diﬀerent laminin a chains present as laminin-4
(a2b2g1), laminin-9 (a4b2g1) and laminin-11
(a5b2g1), with laminin-4 and -11 present in the
synaptic folds and laminin-9 also present in the clefts
(Patton, 2000; Sanes, 2003). Defects in laminin a2, a4
and b2 chains all result in synaptic defects of diﬀerent
types: dy/dy mice lacking laminin-4 in the synaptic
basement membrane have fold dysgenesis and nerve
terminal detachment, while laminin b2-null mice,
which lack laminin-4, -9 and -11 but gain laminin-8
(because of Schwann cell intrusion into the synapse),
have fold dysgenesis, nerve terminal detachment plus
poor presynaptic diﬀerentiation (Noakes et al., 1995;
Patton, 2000). In mice lacking laminin a4, active
zones and junctional folds form in normal numbers,
but are not precisely apposed to each other. Thus, the
formation and localization of synaptic specializations are regulated separately, and laminin-9 is
critical in the latter process (Patton et al., 2001). It
is noted that while laminin a2 and a5 are made by
muscle cells in culture and in vivo, a4 appears to be
made predominantly by ﬁbroblasts (L Sorokin, unpublished data and Frieser et al., 1997). However, the
origin of laminin a2, a4 and a5 chains at the NMJ is
not clear.
Apart from the NMJ, laminin a4 and a5 chains
also occur in the basement membranes of blood
vessels in mature muscle, being present as laminins8 (a4b1g1) and 10 (a1b1g1).
During embryogenesis, the a4 or a5 chains are also
present in the basement membrane surrounding
developing myotubes in mice (Sorokin et al., 1997;
Ringelmann et al., 1999; Sorokin et al., 2000) and
humans (Petajaniemi et al., 2002) (Fig. 2(b)). Compensatory upregulation of laminin a4 and a5 chains
is seen in dy/dy mice that lack laminin a2, with the a5
chain being observed on young myotubes at day 1
after birth for dy/dy muscles (but not controls) but
not at 1 week of age, and laminin a4 persisting longer
around developing myotubes (Ringelmann et al.,
1999; Sorokin et al., 2000). The a4 and a5 laminin

chains are also detectable in small amounts in basement membrane surrounding myotubes in mature
muscle regenerating after damage (Sorokin et al.,
2000) and are transiently elevated in basement membranes of myotubes of regenerating dy/dy muscle
(Sorokin et al., 2000). However, the fact that there is
no long-term compensation for the laminin a2 defect
in mature muscle emphasizes that the functional
properties of the laminin a2, a4 and a5 chains are
distinct (Gullberg et al., 1999; Ringelmann et al.,
1999; Sorokin et al., 2000).
The laminins are key molecules that connect the
basal lamina to the myoﬁber and without them, the
contractile force of the myoﬁber cannot be transferred eﬀectively to the interstitial connective tissue.
Laminin is concentrated at the costameres and is
hard to detect at intercostameric regions (Bloch
et al., 2002). While laminin a2 does not appear to
be necessary for assembly of the costameric framework, it is required for maintaining the stability and
organization of the structure in mature muscle and is
of central importance since it binds to both the
dystroglycan/sarcoglycan complex and to integrin
a7 (Yurchenco et al., 2003).
The critical importance of laminin is clearly demonstrated by genetic defects in the laminin a2 chain
that result in severe congenital muscular dystrophy in
humans, and there are mouse models of such defects
where the a2 chain is reduced (dy/dy), truncated
(dy2J) or completely absent (dyw & dy3k) (Guo
et al., 2003). Absence of the laminin a2 chain leads
to severe muscle weakness. The associated defects of
nerve and synaptic function probably play a major
role in this pathology. It is noted that the pronounced wasting of the laminin-deﬁcient muscles
may be a result, in large part, of denervation atrophy
(and the wasting may be further confounded by
nutritional problems of feeding, swallowing and
digestion), since membrane fragility as measured by
penetration of Evans Blue Dye into myoﬁbers (as a
marker of myoﬁber leakiness) is not pronounced in
the laminin a2-deﬁcient mice (Straub et al., 1997). It is
not clear whether the low level of sarcolemmal damage in the absence of laminin a2 is largely because of
(a) the impaired neural function that may result in
relatively little electrical stimulation and contraction
of the myoﬁbers and thus little opportunity for
sarcolemmal damage, or (b) no marked direct eﬀect
on sarcolemmal strength in the absence of this laminin
linkage to the proteins in the sarcolemma.

The myofiber surface: molecules in the sarcolemma
Two main classes of membrane-associated molecules
are responsible for force transmission: the dystroglycan/sarcoglycan complex and integrins (see Fig. 3).

5

Grounds et al.
The crucial importance of transmembrane linkage in
normal muscle function and strength is demonstrated
by the wide range of clinical muscle disorders that
result from defects of one of the many molecules in
this complex network of structural components
(Campbell & Stull, 2003; Lapidos et al., 2004) (see
Fig. 3). A weak link in the transmembrane complex
results in myoﬁber fragility where exercise and the
contractile force of sarcomeres damage the myoﬁber
and can lead to sarcolemmal lesions and myoﬁber
necrosis. While necrosis normally results in muscle
regeneration, this is impaired or ultimately fails to be
eﬀective in severe myopathies like Duchenne muscular
dystrophy (DMD), where there are repeated cycles of
muscle necrosis (because of membrane fragility) and
muscles are replaced by fat and ﬁbrous connective
tissue. It is noted that this pattern of pathology
contrasts with the consequences of defects in (1)
ECM proteins such as laminin and (3) the cytoskeletal
components where weakness is not generally accompanied by myoﬁber necrosis. These consequences need
to be considered in light of the roles that diﬀerent

groups of proteins play in the generation and subsequent transfer of the contractile force.
Because of their medical importance, much attention has been focused on molecules associated with
the dystroglycan/sarcoglycan complex (Michele &
Campbell, 2003), and these will not be considered
in detail here. The discussion will be conﬁned to the
integrins. Both the dystroglycan/sarcoglycan complex and integrin a7 (the main integrin in mature
muscle) bind to laminin-2. Integrins are composed of
one a and one b subunit (Belkin & Stepp, 2000) and
integrate the inside of the cell with the ECM: the
intracellular integrin domain interacts with more
than 20 molecules (Brakebusch & Fassler,
2003) and the extracellular domain binds to ECM
molecules such as laminins, ﬁbronectin and
tenascin.
Integrin b1 subunit
In muscle, b1 is the only b integrin subunit identiﬁed,
and b1D is the only isoform expressed in adult

Fig. 3. Sarcolemnal-associated molecular complexes. The laminin a2/integrin complex and laminin a2/dystroglycan complex,
in particular, are illustrated with connections to cytoskeletal and sarcomeric proteins (adaption of diagram by Straub,
unpublished). Defects in many of these molecules (indicated by bold typeface) result in human muscle diseases (based on
Bonnemann & Laing, 2004).
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muscle. The b1 subunit is present at the costamers,
NMJ and MTJ (Burkin & Kaufman, 1999), and
appears to be essential for myoblast fusion to form
myotubes (Schwander et al., 2003). There is only a
single report of the b3 integrin subunit being expressed by cultured human myoblasts, although
immunocytochemical staining is required to conﬁrm
that the b3 integrin was actually present on myoblasts since other cell types are present in such
primary cultures (Blaschuk et al., 1997).
Integrin a subunits (a7, a3, av)
Of the 12 a integrin subunits associated with the b1
integrin, mainly a7, a3 and av are present in mature
skeletal muscle. Minor skeletal muscle integrins include a6, and possibly also a10 and a11 (Mayer,
2003). The integrins a7, a6, a3 and av bind to several
laminin isoforms, while integrin av also binds other
ECM molecules, such as vitronectin and ﬁbronectin.
The main integrin a subunit in mature skeletal
muscle is a7 (Burkin & Kaufman, 1999), which
occurs as three splice variants, A, B and C (Fig. 2).
In general, the integrin a7C form is located over the
peripheral sarcolemna where it is concentrated in the
costamers, and also at the NMJ. The reverse pattern
is seen for integrins a7A and a7B that are concentrated at the MTJ, NMJ (Burkin & Kaufman, 1999)
and intrafascicular myoﬁber terminations (Paul
et al., 2002; Mayer, 2003), although this pattern
may vary between diﬀerent species as indicated above.
Integrin a7b1 binds to laminin a2 and these proteins co-localize on mature muscle ﬁbers (Fig. 2).
Interactions also occur between integrin a7b1 and
other molecules, such as ADAM12, which play important roles in skeletal muscle formation and function (Moghadaszadeh et al., 2003; Zhao et al., 2004),
and it is suggested that laminin and the DC domain of
ADAM12 represent two functional ligands for integrin a7b1 that trigger diﬀerent cellular responses.
Elimination of integrin a7 in mice results in a mild
but progressive muscular dystrophy that develops
soon after birth (Mayer et al., 1997), and patients
have been identiﬁed with a primary integrin a7
deﬁciency (Hayashi et al., 1998). Histologically, the
dystrophy appears mild with little necrosis or variation in muscle ﬁber size. However, the defect is most
prominent at the MTJ, where the digit-like extensions at this site are lost and the sarcomere is
retracted from the muscle membrane, suggesting
impaired MTJ function. This may explain the muscle
weakness in human patients despite the rather mild
myoﬁber damage. The ligand for integrin a7b1 at the
MTJ is not clear; however, the predominance of
laminin-4 at this site suggests potential interaction.
Overexpression of integrin a7 appears to be able to
compensate partially for defects in the dystrophin/

dystroglycan (Burkin et al., 2001) and sarcoglycan
complex (Allikian et al., 2004), further conﬁrming
that integrin a7 and the dystrophin/glycoprotein
complex (Fig. 3) are parallel pathways (that bind to
laminin-2) for the maintenance of mature muscle
membrane integrity.
Integrins of the av series (predominantly avb1 and
avb3) bind to the laminin a5 chain of laminin-10
(a5b1g1) (Sasaki & Timpl, 2001). Interestingly,
both avb1 and laminin a5 have been reported to
occur at the NMJ; however, whether an association occurs is not clear. Although laminin a5- and
integrin av-null mice exist, neither has been investigated for a NMJ defect.
A minor skeletal muscle integrin, which warrants
mention here as it binds both laminin a4- and a5containing isoforms, is a6b1. Like laminin a4 and a5
chains, it is transiently present on young myotubes
(Fig. 2) but not mature myoﬁbers (von der Mark
et al., 1991; Sorokin et al., 2000), it is upregulated on
some young myotubes of the dy/dy mouse (Sorokin
et al., 2000) and in mature tissues it is normally found
on blood vessels and nerves. Integrin a6 is not
present on mature myoﬁbers (even in mice lacking
integrin a7), indicating that it cannot compensate for
integrin a7 function. This is analogous to the inability of other laminin a chains to compensate for the
absence of laminin a2 chain on mature skeletal
muscle ﬁbers and again emphasizes the precise functional role of such speciﬁc isoforms.

Inside the myofiber: the cytoskeleton and sarcomeres
Linkage between the membrane complexes at the
myoﬁber surface and sarcomeric proteins within the
muscle cell involves many cytoskeletal proteins
including actin, a-actinin, desmin and spectrin (as
indicated in Fig. 3). For other diagrams, see Bonnemann & Laing (2004); Paulin et al. (2004). Desmin
forms a 3D scaﬀold around the Z-disks of sarcomeres and interconnects the entire contractile apparatus with the sarcolemmal skeleton, the nuclei and
other organelles (Paulin et al., 2004). Desmin is
particularly abundant at MTJ and NMJ; it also
appears to be concentrated at costameres as do
vinculin and spectrin. Desmin is closely associated
with a-B-crystallin, synemin and plectin and ankyrin
may be involved in linkage to the sarcolemma
(Paulin et al., 2004). Desmin is not required for
muscle formation during embryogenesis but lack of
desmin makes muscle more susceptible to exerciseinduced damage and myoﬁbrillogenesis is disorganized in regenerating muscle (Paulin et al., 2004).
The cytoskeletal structure of the myoblasts aﬀects
the formation of sarcomeres in newly formed myoﬁbers (Berendse et al., 2003) and it appears that
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sarcomere assembly in skeletal muscle starts at points
where non-muscle g-actin is attached to the cell
membrane (Lloyd et al., 2004). The sarcomere
stretches from one Z-disk to the next and is the
fundamental unit of striated muscle contraction,
although the precise mechanism of contraction remains controversial (Pollack, 1996). Many novel
proteins associated with the sarcomere are being
identiﬁed and these include not only structural components but also enzymes and signalling molecules
(for an excellent description and review, see Bonnemann & Laing, 2004). Many more connections
between sarcomeric proteins and the nucleus are now
becoming apparent (Bonnemann & Laing, 2004)
beyond the binding of desmin to nuclear lamins
(Paulin et al., 2004).
Defects in a great many of these proteins are
associated with diﬀerent human myopathies as discussed in recent reviews (Bonnemann & Laing, 2004;
Paulin et al., 2004). As a generalization, many of
these defects result in weakness, sometimes of distal
muscles, but without membrane damage. This is
because the internal contractile protein architecture
is weak and thus does not generate the optimal force
and accordingly, there is no overload of the sarcolemma to result in membrane damage. This outcome
is in striking contrast to situations where the full
force is generated by the normal sarcomeric architecture, but defects at the level of force transfer
across the sarcolemma to the ECM cause major
sarcolemmal damage.

Can molecular interventions increase muscle
strength?
Interventions to maintain or increase muscle strength
are of considerable interest for aging skeletal muscle
and are under intense investigation for clinical applications (Shavlakadze & Grounds, 2003; Lynch
et al., 2004): many of these involve increasing the
protein content of myoﬁbers and thus contractile
strength, and potentially have direct application to
sports medicine. A related research ﬁeld is the development of treatments for myopathies such as the
lethal human X-linked disease DMD, where upregulation of many compensatory molecules or ‘‘booster
genes’’ to increase skeletal muscle strength and
reduce myoﬁber necrosis have been explored for
potential therapeutic interventions. Such research
has wider theoretical applications for increasing the
strength of normal muscles in sports medicine; therefore, it is of interest to be aware of recent developments in this area.
In human DMD, as well as the mdx mouse model
of DMD, defects in the membrane-associated protein
dystrophin predispose the cell membrane of skeletal
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muscle ﬁbers to breakdown, leading to necrosis.
Overexpression of insulin-like growth factor-1
(IGF-1) within dystrophic skeletal muscles of mdx
mice helps to protect the myoﬁbers from necrosis
(Shavlakadze et al., 2004b) and this is of interest to
sports medicine since IGF-1 is normally produced
locally by skeletal muscles in response to stretch and
exercise. Modulating the expression of other genes
can help salvage the integrity of dystrophic myoﬁbers
(Engvall & Wewer, 2003). For example, reduced
dystropathology in mdx mice is seen when the
growth factor myostatin is absent (Wagner et al.,
2002) or blocked by speciﬁc antibodies (Bogdanovich
et al., 2002), and by overexpression of membraneassociated proteins such as utrophin (Khurana &
Davies, 2003), integrin a7 (Burkin et al., 2001) and
ADAM12 (Moghadaszadeh et al., 2003). While genetically engineered mice (transgenics and knockouts) are very powerful tools to dissect the
importance of speciﬁc molecules, it can be diﬃcult
to translate these promising observations into the
clinical situation (e.g. Shavlakadze et al., 2004a).
Another approach that markedly reduces myoﬁber
necrosis of dystrophic mdx muscle is suppression of
the inﬂammatory response. Such protection of myoﬁbers has been demonstrated using pharmacological
agents (already in wide clinical use to treat inﬂammatory diseases) that block activity of the pro-inﬂammatory cytokine tumor necrosis factor-a (TNF-a) by
either speciﬁc antibodies (Grounds & Torrisi, 2004)
or soluble receptors to TNF-a (Hodgetts, 2005,
manuscript submitted). A similar protective eﬀect is
seen after depletion of host neutrophils (Hodgetts,
2005, manuscript submitted) strongly implicating
these cells in myoﬁber damage (McLoughlin et al.,
2003; Nguyen & Tidball, 2003). These studies emphasize the delicate balance between re-sealing of
myoﬁbers (Doherty & McNally, 2003) after exerciseinduced minor sarcolemnal damage or the alternative
fate of myoﬁber necrosis (Shavlakadze et al., 2004b).
It is important to recognise that, while an excessive
inﬂammatory response (especially involving neutrophils) may exacerbate myoﬁber damage, some inﬂammatory cell activity seems to be required for the
adaptive response to exercise-induced muscle damage. Thus, a careful balance involving an appropriate (but not excessive) inﬂammatory cell response
is probably necessary for maintenance of skeletal
muscle integrity, repair and function.

Perspectives
There is much interest in making muscles stronger.
This usually involves increasing the size of individual
muscle ﬁbers by hypertrophy. The greater contractile
force must then be transferred from the muscle ﬁber

Strength at the extracellular matrix–muscle interface
to the tendons to move the bones. An early critical
step is lateral transmission of the force from the
contractile proteins, across the muscle surface membrane, through to the basal lamina and interstitial
connective tissue (the ECM) and adjacent myoﬁbers.
The molecules associated with this muscle/matrix
interface form a key link for eﬀective transfer of
the force. A thorough understanding of the complex
interactions and structural and signalling properties
of these many molecules is fundamental to increasing
the strength of skeletal muscles. The importance of
this functional linkage is clearly demonstrated clinically by a vast array of inherited muscle diseases
associated with gene defects for many of these
molecules. Therapeutic interventions to strengthen
these linkages (or replace defective components in
myopathies) have potential applications in sports

medicine. The extent to which molecules associated
with the muscle surface might be upregulated to
increase overall strength for transfer of sarcomeregenerated force, and to protect individual myoﬁbers
from sarcolemmal damage that can lead to myoﬁber
necrosis, has hardly been explored.
Key words: basement membrane, sarcolemma, laminins, integrins, myoﬁber strength, skeletal muscle,
exercise, muscle damage.

Acknowledgements
We thank Ulla Wewer (Copenhagen, Denmark) for her helpful comments, and Volker Straub (Newcastle, UK) for generous permission to use his original diagram.

References
Allikian MJ, Hack AA, Mewborn S,
Mayer U, McNally EM. Genetic
compensation for sarcoglycan loss by
integrin alpha7beta1 in muscle. J Cell
Sci 2004: 117: 3821–3830.
Arahata K, Ishii H, Hayashi YK.
Congenital muscular dystrophies. Curr
Opin Neurol 1995: 8: 385–390.
Belkin AM, Stepp MA. Integrins as
receptors for laminins. Microsc Res
Tech 2000: 51: 280–301.
Berendse M, Grounds MD, Lloyd CM.
Myoblast structure aﬀects subsequent
skeletal myotube morphology and
sarcomere assembly. Exp Cell Res
2003: 291: 435–450.
Blaschuk KL, Guerin C, Holland PC.
Myoblast alpha v beta3 integrin levels
are controlled by transcriptional
regulation of expression of the beta3
subunit and down-regulation of beta3
subunit expression is required for
skeletal muscle cell diﬀerentiation. Dev
Biol 1997: 184: 266–277.
Bloch RJ, Capetanaki Y, O’Neill A, Reed
P, Williams MW, Resneck WG, Porter
NC, Ursitti JA. Costameres: repeating
structures at the sarcolemma of skeletal
muscle. Clin Orthop 2002: S203–S210.
Bloch RJ, Gonzalez-Serratos H. Lateral
force transmission across costameres in
skeletal muscle. Exerc Sport Sci Rev
2003: 31: 73–78.
Bogdanovich S, Krag TO, Barton ER,
Morris LD, Whittemore LA, Ahima
RS, Khurana TS. Functional
improvement of dystrophic muscle by
myostatin blockade. Nature 2002: 420:
418–421.
Bonnemann CG, Laing NG. Myopathies
resulting from mutations in sarcomeric
proteins. Curr Opin Neurol 2004: 17:
529–537.

Brakebusch C, Fassler R. The integrinactin connection, an eternal love aﬀair.
EMBO J 2003: 22: 2324–2333.
Burkin DJ, Kaufman SJ. The alpha 7 beta
1 integrin in muscle development and
disease. Cell Tissue Res 1999: 296:
183–190.
Burkin DJ, Wallace GQ, Nicol KJ,
Kaufman DJ, Kaufman SJ. Enhanced
expression of the a7B1 integrin reduces
muscular dystrophy and restores
viability in dystrophic mice. J Cell Biol
2001: 152: 1207–1218.
Campbell KP, Stull JT. Skeletal muscle
basement membrane-sarcolemma-cytoskeleton interaction minireview series.
J Biol Chem 2003: 278: 12599–
12600.
Colognato H, Yurchenco PD. Form and
function: the laminin family of
heterotrimers. Dev Dyn 2000: 218:
213–234.
Doherty KR, McNally EM. Repairing
the tears: dysferlin in muscle membrane
repair. Trends Mol Med 2003: 9: 327–
330.
Engvall E, Wewer UM. The new frontier
in muscular dystrophy research:
booster genes. FASEB J 2003: 17:
1579–1584.
Frieser M, Nockel H, Pausch F, Roder C,
Hahn A, Deutzmann R, Sorokin LM.
Cloning of the mouse laminin alpha 4
cDNA. Expression in a subset of
endothelium. Eur J Biochem 1997: 246:
727–735.
Gawlik K, Miyagoe-Suzuki Y, Ekblom P,
Takeda S, Durbeej M. Laminin alpha1
chain reduces muscular dystrophy in
laminin alpha2 chain deﬁcient mice.
Hum Mol Genet 2004: 13: 1775–1784.
Grounds MD, Torrisi J. Anti-TNFa
(Remicade) therapy protects

dystrophic skeletal muscle from
necrosis. FASEB J 2004: 18: 676–682.
Gullberg D, Tiger C-F, Velling T.
Laminins during muscle development
and in muscular dystrophies. Cell Mol
Life Sci 1999: 56: 442–460.
Guo LT, Zhang XU, Kuang W, Xu H,
Liu LA, Vilquin J-T, Miyagoe-Suzuki
Y, Takeda S, Ruegg MA, Wewer UM,
Engvall E. Laminin [alpha]2 deﬁciency
and muscular dystrophy; genotype–
phenotype correlation in mutant mice.
Neuromusc Disord 2003: 13: 207–215.
Hayashi YK, Chou F-L, Engvall E,
Ogawa M, Matsuda C, Hirabayashi S,
Yokochi K, Ziober BL, Kramer RH,
Kaufman SJ, Ozawa E, Goto Y-i,
Nonaka I, Tsukahara T, Wang J-Z,
Hoﬀman EP, Arahata K. Mutations in
the integrin a7 gene cause congenital
myopathy. Nat Genet 1998: 19: 94–97.
Huijing PA. Muscle as a collagen ﬁber
reinforced composite: a review of force
transmission in muscle and whole limb.
J Biomech 1999: 32: 329–345.
Hunter DD, Shah V, Merlie JP, Sanes JR.
A laminin-like adhesive protein
concentrated in the synaptic cleft of the
neuromuscular junction. Nature 1989:
338: 229–234.
Khurana TS, Davies KE.
Pharmacological strategies for
muscular dystrophy. Nat Rev Drug
Discovery 2003: 2: 379–390.
Kjaer M. Role of extracellular matrix in
adaptation of tendon and skeletal
muscle to mechanical loading. Physiol
Rev 2004: 84: 649–698.
Lapidos KA, Kakkar R, McNally EM.
The dystrophin glycoprotein complex:
signalling strength and integrity for
the sarcolemma. Circ Res 2004: 94:
1023–1031.

9

Grounds et al.
Law DJ, Caputo A, Tidball JG. Site and
mechanics of failure in normal and
dystrophin-deﬁcient skeletal muscle.
Muscle Nerve 1995: 18: 216–223.
Libby RT, Champliaud MF,
Claudepierre T, Xu Y, Gibbons EP,
Koch M, Burgeson RE, Hunter DD,
Brunken WJ. Laminin expression in
adult and developing retinae: evidence
of two novel CNS laminins. J Neurosci
2000: 20: 6517–6528.
Lloyd CM, Berendse M, Lloyd DG,
Schevzov G, Grounds MD. A novel
role for non-muscle gamma-actin in
skeletal muscle sarcomere assembly.
Exp Cell Res 2004: 297: 82–96.
Lynch G, Shavlakadze T, Grounds MD.
Evaluation of strategies to reduce agerelated skeletal muscle wasting. In:
Rattan SIS, ed. Ageing interventions
and therapies. Singapore: World
Scientiﬁc Publishers, 2004, Chapter 4:
63–84.
Mayer U. Integrin: redundant or
important players in skeletal muscle? J
Biol Chem 2003: 278: 14587–14590.
Mayer U, Saher G, Fassler R,
Bornemann A, Echtermeyer F, von
der Mark H, Miosge N, Poschl E,
von der Mark K. Absence of integrin
alpha 7 causes a novel form of
muscular dystrophy. Nat Genet 1997:
17: 318–323.
McLoughlin TJ, Tsivitse SK, Edwards
JA, Aiken BA, Pizza FX.
Deferoxamine reduces and nitric oxide
synthase inhibition increases
neutrophil-mediated myotube injury.
Cell Tissue Res 2003: 313: 313–319.
Michele DE, Campbell KP. Dystrophinglycoprotein complex: posttranslational processing and
dystroglycan function. J Biol Chem
2003: 278: 15457–15460.
Miyagoe-Suzuki Y, Nakagawa M,
Takeda S. Merosin and congenital
muscular dystrophy. Microsc Res Tech
2000: 48: 181–191.
Moghadaszadeh B, Albrechtsen R, Guo
L, Zaik M, Kawaguchi N, Borup RH,
FKronquist P, Schroder HD, Davies
KE, Voit T, Neielson FC, Engvall E,
Wewer UM. Compensation for
dystrophin-deﬁciency: ADAM 12
overexpression in skeletal muscle
results in increased alpha 7 integrin,
utrophin, and associated glycoproteins. Hum Mol Genet 2003: 12:
2467–2493.
Nguyen HX, Tidball JG. Interactions
between neutrophils and macrophages
promote macrophage killing of rat
muscle cells in vitro. J Physiol 2003:
547: 125–132.
Noakes PG, Everett AW, Bennett MR.
The growth of muscle nerves in relation
to the formation of primary myotubes
in the developing chick forelimb.

10

J Comp Neurol 1986: 248:
245–256.
Noakes PG, Gautam M, Mudd J, Sanes
JR, Merlie JP. Aberrant diﬀerentiation
of neuromuscular junctions in mice
lacking s-laminin/laminin beta 2.
Nature 1995: 374: 258–262.
Patton BL. Laminins of the
neuromuscular system. Microsc Res
Tech 2000: 51: 247–261.
Patton BL, Cunningham JM, Thyboll J,
Kortesmaa J, Westerblad H, Edstrom
L, Tryggvason K, Sanes JR. Properly
formed but improperly localized
synaptic specializations in the absence
of laminin alpha4. Nat Neurosci 2001:
4: 597–604.
Paul AC. Muscle length aﬀects the
architecture and pattern of innervation
diﬀerently in leg muscles of mouse,
guinea pig, and rabbit compared to
those of human and monkey muscles.
Anat Rec 2001: 262: 301–309.
Paul AC, Sheard PW, Kaufman SJ,
Duxson MJ. Localization of alpha 7
integrins and dystrophin suggests
potential for both lateral and
longitudinal transmission of tension in
large mammalian muscles. Cell Tissue
Res 2002: 308: 255–265.
Paulin D, Huet A, Khanamyrian L, Xue
Z. Desminopathies in muscle disease.
J Pathol 2004: 204: 418–427.
Petajaniemi N, Korhonen M, Kortesmaa
J, Tryggvason K, Sekiguchi K,
Fujiwara H, Sorokin L, Thornell L-E,
Wondimu Z, Assefa D, Patarroyo M,
Virtanen I. Localization of laminin
alpha4-chain in developing and adult
human tissues. J. Histochem.
Cytochem. 2002: 50: 1113–1130.
Pollack GH. Phase transitions and the
molecular mechanism of contraction.
Biophys Chem 1996: 59: 315–328.
Purslow PP. The structure and functional
signiﬁcance of variations in the
connective tissue within muscle. Comp
Biochem Physiol A 2002: 133: 947–966.
Ringelmann B, Roder C, Hallmann R,
Maley M, Davies M, Grounds M,
Sorokin L. Expression of laminin a1,
a2, a4 and a5 chains, ﬁbronectin and
tenascin-C in skeletal muscle of
dystrophic 129ReJ dy/dy mice. Exp
Cell Res 1999: 246: 165–182.
Sanes JR. The basement membrane/basal
lamina of skeletal muscle. J Biol Chem
2003: 278: 12601–12604.
Sasaki T, Fassler R, Hohenester E.
Laminin: the crux of basement
membrane assembly. J Cell Biol 2004:
164: 959–963.
Sasaki T, Mann K, Miner JH, Miosge N,
Timpl R. Domain IV of mouse laminin
beta1 and beta2 chains. Eur J Biochem
2002: 269: 431–442.
Sasaki T, Timpl R. Domain IVa of
laminin alpha5 chain is cell-adhesive

and binds beta1 and alphaVbeta3
integrins through Arg-Gly-Asp. FEBS
Lett 2001: 509: 181–185.
Schuler F, Sorokin LM. Expression of
laminin isoforms in mouse myogenic
cells in vitro and in vivo. J Cell Sci
1995: 108: 3795–3805.
Schwander M, Leu M, Stumm M,
Dorchies OM, Ruegg UT, Schittny J,
Muller U. beta1 integrins regulate
myoblast fusion and sarcomere
assembly. Dev Cell 2003: 4:
673–685.
Shavlakadze T, Grounds MD. Theraputic
interventions for age-related muscle
wasting: importance of innervation and
exercise for preventing sarcopenia. In:
Rattan S, ed. Modulating aging and
longevity, Vol. 5. the Netherlands:
Kluwer Academic publisher, 2003,
Chapter 9, 139–166.
Shavlakadze T, Rosenthal NA, Wynn N,
Grounds MG. Reconciling data from
transgenic mice that over-express IGF1 speciﬁcally in skeletal muscle.
Growth Hormone and IGF Research
2004a: 15: 4–18.
Shavlakadze T, White J, Rosenthal N,
Grounds MD. Targeted expression of
insulin-like growth factor-1 reduces the
necrosis of dystrophic mdx muscle. M
Therapy 2004b: 10: 829–843.
Sheard PW, Paul AC, Duxson MJ.
Intramuscular force transmission. Adv
Exp Med Biol 2002: 508: 495–499.
Sorokin LM, Frieser M, Pausch F,
Kroger S, Ohage E, Deutzmann R.
Developmental regulation of the
laminin a5 chain suggests a role in
epithelial and endothelial cell
maturation. Dev Biol 1997: 189:
285–300.
Sorokin LM, Maley MAL, Moch H, von
der Mark H, von der Mark K,
Cadalbert L, Karosi S, Davies MJ,
McGeachie JK, Grounds MD.
Laminin a4 and integrin a6 are
upregulated in regenerating dy/dy
skeletal muscle: comparative
expression of laminin and integrin
isoforms in muscles regenerating after
crush injury. Exp Cell Res 2000: 256:
500–514.
Straub V, Rafael JA, Chamberlain JS,
Campbell KP. Animal models
for muscular dystrophy show
diﬀerent patterns of sarcolemmal
disruption. J Cell Biol 1997: 139:
375–385.
Tidball JG. Force transmission across
muscle cell membranes. J Biomech
1991a: 24: 43–52.
Tidball JG. Myotendinous junction injury
in relation to junction structure and
molecular composition. Exerc Sport Sci
Rev 1991b: 19: 419–445.
Tiger CF, Gullberg D. Absence of
laminin a1 chain in the skeletal muscle

Strength at the extracellular matrix–muscle interface
of dystrophic dy/dy mice. Muscle
Nerve 1997: 20: 1515–1524.
Trotter JA. Structure-function
considerations of muscle-tendon
junctions. Comp Biochem Physiol A
2002: 133: 1127–1133.
von der Mark H, Durr J, Sonnenberg A,
von der Mark K, Deutzmann R,
Goodman SL. Skeletal myoblasts
utilize a novel beta 1-series integrin and
not alpha 6 beta 1 for binding to the E8
and T8 fragments of laminin. J Biol
Chem 1991: 266: 23593–23601.
Wagner KR, McPherron AC, Winik N, Lee
SJ. Loss of myostatin attenuates severity
of muscular dystrophy in mdx mice. Ann
Neurol 2002: 52: 832–836.

Wewer UM, Thornell LE, Loechel F,
Zhang X, Durkin ME, Amano S,
Burgeson RE, Engvall E, Albrechtsen
R, Virtanen I. Extrasynaptic location
of laminin beta 2 chain in developing
and adult human skeletal muscle. Am J
Pathol 1997: 151: 621–631.
Wiberg C, Heinegard D, Wenglen C,
Timpl R, Morgelin M. Biglycans
organizes collagen VI into hexagonallike networks resembling tissue
structures. J Biol Chem 2002: 277:
49120–49126.
Xu H, Christmas P, Wu X-R, Wewer
UM, Engvall E. Defective muscle
basement membrane and lack of Mlaminin in the dystrophic dy/dy mouse.

Proc Natl. Acad Sci USA 1994: 91:
5572–5576.
Yurchenco PD, Cheng Y-S, campbell K,
Li S. Loss of basement membrane,
receptor and cytoskeletal lattices
in a laminin-deﬁcient muscular
dystrophy. J Cell Sci 2003: 117:
735–742.
Zhao Z, gruszczynska-Biegala J,
Cheuvront T, von der Mark H,
von der Mark K, Kaufman SJ,
Zolkiewska A. Interaction of the
disintegrin and cysteine-rich domains
of ADAM12 with integrin alpha 7 beta
1. Exp Cell Res 2004: 298:
28–37.

11

