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Summary
Nonmuscle gcyto-actin is expressed at very low levels
in skeletal muscle but uniquely localizes to costameres, the cytoskeletal networks that couple peripheral myofibrils to the sarcolemma. We generated and
analyzed skeletal muscle-specific gcyto-actin knockout
(Actg1-msKO) mice. Although muscle development
proceeded normally, Actg1-msKO mice presented
with overt muscle weakness accompanied by a progressive pattern of muscle fiber necrosis/regeneration. Functional deficits in whole-body tension and
isometric twitch force were observed, consistent with
defects in the connectivity between muscle fibers
and/or myofibrils or at the myotendinous junctions.
Surprisingly, gcyto-actin-deficient muscle did not demonstrate the fibrosis, inflammation, and membrane
damage typical of several muscular dystrophies but
rather presented with a novel progressive myopathy.
Together, our data demonstrate an important role for
minimally abundant but strategically localized gcytoactin in adult skeletal muscle and describe a new
mouse model to study the in vivo relevance of subcellular actin isoform sorting.
Introduction
Actins are a family of highly conserved cytoskeletal proteins that play fundamental roles in nearly all aspects of
eukaryotic cell biology. A cell’s ability to divide, move,
endocytose, generate contractile force, and maintain
shape is reliant upon functional actin-based structures.
Therefore, efforts to identify the regulatory processes involved in actin filament function and stability are necessary to provide a deeper mechanistic understanding of
the eukaryotic cell.
It is well accepted that numerous actin binding proteins exert tight control over actin filament stability and
function; proteins that nucleate, stabilize, sever, or disassemble actin filaments have been well described (Pollard and Borisy, 2003). However, it is less clear how the
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different species of actin comprising these filaments
may contribute to varied function. Higher eukaryotes
express six distinct actin isoforms that are grouped
according to tissue expression patterns: four ‘‘muscle’’
actins predominate in striated (ask and aca) and smooth
(asm and gsm) muscle, while the two cytoplasmic ‘‘nonmuscle’’ actins (bcyto and gcyto) are found in all cells
(Rubenstein, 1990). While any two isoforms differ by
less than 7% of their primary sequence, the nonmuscle
actins remarkably differ at only four of 375 amino acids
(Vandekerckhove and Weber, 1978). The fact that bcytoand gcyto-actin sequences are evolutionarily conserved
between birds and mammals strongly implies significant
selective pressures have maintained slight sequence
differences over time.
Individual actins have been hypothesized to perform
distinct functions based on their polarized distributions
in a variety of cells. Numerous studies have identified
subcellular sorting of bcyto- and gcyto-actin mRNA in cultured cells, including myoblasts (Hill and Gunning,
1993), osteoblasts (Watanabe et al., 1998), and neurons
(Bassell et al., 1998). In situ assays have also reported
discrete populations of bcyto- and gcyto-actin protein in
gastric parietal cells (Yao et al., 1995) and cochlear
hair cells (Hofer et al., 1997), the physiological relevance
of which was recently highlighted with a form of human
deafness mapping to mutations in the ACTG1 locus (van
Wijk E. et al., 2003; Zhu et al., 2003).
The most extreme and well-studied examples of actin
sorting are found in muscle cells, where the majority of
actin localizes to the sarcomeric thin filaments and interacts with myosin to generate contractile force, while
a minor population of nonmuscle actin resides in the
cortical cytoskeleton (Craig and Pardo, 1983; Rybakova
et al., 2000; North et al., 1994). Mouse knockout models
have demonstrated the physiological significance of actin sorting in muscle: conventional ablation of ask-actin
(Kumar et al., 1997), aca-actin (Crawford et al., 2002),
and asm-actin (Schildmeyer et al., 2000) compromised
force generation in skeletal, cardiac, and vascular
smooth muscle, respectively. In contrast, little is known
regarding the in vivo importance of bcyto- and gcyto-actin
in muscle; a hypomorphic bcyto-actin allele was embryonic lethal prior to muscle differentiation (Shawlot
et al., 1998) and no mouse models for gcyto-actin have
been reported. In cultured myoblasts, bcyto- and gcytoactin are the predominant actin species present, but
upon myoblast fusion and differentiation the nonmuscle
actin, mRNAs are downregulated as muscle isoform expression is turned on (McHugh et al., 1991). Transfection
studies that disrupted proper nonmuscle actin regulation induced abnormal cell shapes in cultured myoblasts
(Schevzov et al., 1992), myotubes (Lloyd et al., 2004),
and cardiomyocytes (von Arx et al., 1995), suggesting
muscle cytoskeletal architecture is heavily influenced
by both bcyto- and gcyto-actin. These data have contributed to a model in which gcyto-actin participates in sarcomere assembly by organizing the formation of immature z disks (Lloyd et al., 2004), leading to properly
formed sarcomeres upon differentiation. In mature
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Figure 1. Generation of Actg1-msKO Mice
(A) Targeting scheme utilized to ‘‘flox’’ exons
2 and 3 of the Actg1 allele and subsequent
cre-mediated recombined alleles. Gray
boxes denote exons and loxP sites are depicted as triangles. Abbreviations: EcoRI, E;
HindIII, H; NcoI, N; SpeI, S.
(B) Southern blots of EcoRI/SpeI-digested
ESC DNA hybridized with the appropriate
probe. The wt allele yielded a w20 kb fragment, while the targeted allele resulted in
w17 kb (50 probe) and 2.7 kb (30 probe)
fragments.
(C)
Typical
genotype
pattern
of
wt,
Actg1flox+neo/+
HSA-Cre,
and
Actg1flox+neo/flox+neo HSA-Cre (Actg1-msKO)
mice.

skeletal muscle, gcyto-actin comprises only 1/4000 of the
total actin pool (Hanft et al., 2006). However, it uniquely
localizes to the costamere (Craig and Pardo, 1983;
Rybakova et al., 2000), a large protein network that physically couples peripheral myofibrils to the muscle cell
membrane. The costameric network is thought to radially transmit contractile force outward from the myofibrils to the extracellular matrix, adjacent muscle fibers,
and beyond (Ervasti, 2003). The prevalence of diseaserelevant costameric actin binding proteins suggests
gcyto-actin may perform a critical role in normal muscle
physiology (Ervasti, 2003). In particular, dystrophin
physically couples costameric gcyto-actin filaments to
the membrane (Rybakova et al., 2000) where it associates with a large transmembrane complex, termed the
dystrophin glycoprotein complex (DGC). The loss of
dystrophin leads to a severe form of muscular dystrophy
and is characterized by costamere derangement (Williams and Bloch, 1999), increased sarcolemmal permeability, functional deficits, and muscle necrosis (Blake
et al., 2002).
To explore the function of costameric gcyto-actin, we
used the cre-loxP system to specifically ablate gcytoactin expression in skeletal muscle. Although loss of
gcyto-actin did not impede muscle development, muscle-specific gcyto-actin knockout (Actg1-msKO) mice
exhibited overt symptoms of skeletal myopathy including decreased mobility, limb weakness, and joint contractures. Despite only mild costamere derangement,
significant force deficits were measured both in vivo
DEVCEL 1081

and in isolated muscles. We also observed a progressive
pattern of muscle cell necrosis and regeneration that approached levels reported in dystrophin-deficient mdx
muscle by 1 year of age. Surprisingly, the fibrosis, inflammation, and membrane damage typical of defects in the
DGC were not detected. Rather, Actg1-msKO mice resemble a centronuclear myopathy, diseases more commonly associated with perturbations in enzyme activity,
muscle development, or excitation-contraction coupling. Actg1-msKO mice thus support a structural basis
for centronuclear myopathies and provide new opportunities to investigate the functional importance of subcellular actin isoform sorting in nonmuscle tissues.
Results
Overt Myopathy in Actg1-msKO Mice
bcyto-actin and gcyto-actin are highly expressed and predominate in the actin-based cytoskeleton in all nonmuscle cells. To avoid the near-certain embryonic lethality of conventional gcyto-actin knockout predicted
from prior studies (Shawlot et al., 1998; Harborth et al.,
2001), we employed a conditional knockout approach
by using the cre/loxP system.
Our targeting vector contained loxP sites flanking
a neomycin cassette in intron 1 and exons 2 and 3 of
the murine Actg1 gene (Figure 1A). After electroporation
into embryonic stem cells, 192 colonies surviving positive and negative selection were screened by Southern
blot analysis. Probes external to both the 50 and 30
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ends of the targeting vector identified clone 2H3 with the
desired 50 and 30 homologous recombination events
(Figure 1B). Blastocyst injections of 2H3 produced two
chimeric founder mice, both of which exhibited germline
transmission of the Actg1flox+neo allele.
Mice heterozygous for the neomycin cassette-containing floxed Actg1 allele (Actg1flox+neo/+) were mated
with mice hemizygous for the cre transgene driven by
the human ask-actin promoter (HSA-Cre; Miniou et al.,
1999). The resultant mice heterozygous for Actg1flox+neo
carrying the cre transgene (Actg1flox+neo/+ HSA-Cre)
were bred to Actg1flox+neo/+ mice to generate
Actg1flox+neo/flox+neo HSA-Cre (Actg1-msKO) mice (Figure 1C). Concurrently, heterozygous Actg1flox+neo/+
mice were also crossed to mice that express cre under
the control of the EIIa promoter (Holzenberger et al.,
2000) to obtain partially recombined Actg1 alleles in
the germline of subsequent offspring. Heterozygous
Actg1flox/+ mice in which cre-mediated recombination
occurred between loxP sites ‘‘A’’ and ‘‘B’’ were produced. An F1 Actg1flox/+ male was mated with a
C57BL/6 female to remove the EIIa-Cre transgene from
the Actg1flox lineage. F2 Actg1flox/+ mice were bred to
HSA-Cre mice as above to generate Actg1flox/flox HSACre mice. Actg1flox/flox HSA-Cre and Actg1flox+neo/flox+neo
HSA-Cre mice were analyzed in parallel and exhibited
identical muscle phenotypes.
While Western blots of SDS-extracts from nonmuscle
tissues reported normal gcyto-actin expression in Actg1msKO mice (Figure 2A), Western blots of low-salt skeletal and cardiac muscle extracts enriched with DNase-I
affinity chromatography (Figure 2B) established effective ablation of gcyto-actin expression in skeletal muscle
only (Figure 2C and Figure S1; see the Supplemental
Data available with this article online). Identical transfers
probed with actin isoform-specific antibodies failed to
identify a compensatory upregulation of any other actin
isoform (Figure 2D). Immunohistochemistry on wt and
Actg1-msKO tissue also confirmed a specific loss of
gcyto-actin reactivity in skeletal muscle while it remained
in vascular endothelium (Figure 2E).
Actg1-msKO mice were live born at expected Mendelian ratios, were viable, fertile, and showed normal
growth up to 1 year of age (Figure 2F). However,
Actg1-msKO mice were easily distinguished from littermate controls because of reduced mobility, while twothirds of Actg1-msKO mice displayed classical hind
limb contractures upon tail suspension (Figure 2G).
The sedentary behavior and contractures persisted
throughout life without noticeable worsening and did
not result in premature death of Actg1-msKO mice.

levels of the muscle enzyme creatine kinase (CK) and
uptake of the membrane impermeable dye Evans Blue
(Blake et al., 2002). Despite the early clinical signs of
muscle weakness in Actg1-msKO mice, hematoxylin
and eosin (H&E) stained muscle cryosections of wt and
Actg1-msKO muscle were indistinguishable at 1 month
of age (Figure 3A). Fibers were regular in shape and
appearance and peripherally nucleated in all muscles
examined (Figures 3A and 3B), suggesting that muscle development proceeded normally in the absence
of gcyto-actin. Furthermore, ultrastructural analysis revealed a typical striated pattern with properly assembled sarcomeres and regularly spaced z disks (Figure 3C). However, by 3 months of age, small focal
areas of CNFs became evident and progressed to widespread incidence in 12 and 18 month-old Actg1-msKO
mice (Figures 3A and 3B). In addition, fiber sizes were
significantly more variable compared to controls
(Figure 3D). While muscles in which type II fibers predominate were similarly affected (tibialis anterior [TA],
triceps, gastrocnemius, and quadriceps), the soleus,
composed primarily of type I fibers, appeared histologically normal (Figure 4A). Serial cryosections stained for
either slow or fast myosin heavy chain also demonstrated type II fibers were preferentially affected (Figure 4B). Surprisingly, Actg1-msKO muscle displayed
no evidence of membrane damage, exhibiting normal
serum CK levels (Figure 4C) and little to no EBD uptake
in muscle (Figure 4D). In contrast, mdx mice demonstrated w8- to 10-fold higher levels of serum CK (Figure 4C) and EBD uptake in w5%–10% of all fibers
(Figure 4D). The rate and extent of regeneration in
Actg1-msKO mice was comparable in all mice examined
but was not accompanied by the inflammation and fibrosis typical of mdx muscle. Therefore, the progressive
nature of the Actg1-msKO regeneration combined with
the absence of fibrosis and membrane damage indicate
that dystrophin and gcyto-actin deficiency cause distinct
modes of cell degeneration.
While the mechanism of nuclear tethering and localization to the muscle cell periphery is not well understood, it likely involves the actin-based cytoskeleton
(Starr and Han, 2003). Therefore, the central nuclei in
Actg1-msKO muscle could be due to loss of a nuclear
anchoring function. However, cryosections from 3
month old Actg1-msKO muscle stained with antibodies
to the developmental isoform of myosin heavy chain
(dMHC) revealed small pockets of dMHC-positive fibers
in Actg1-msKO muscle (Figure 4E), strongly suggesting
gcyto-actin ablation caused cell necrosis/injury and
regeneration.

gcyto-Actin Deficiency Causes Progressive Muscle
Necrosis and Regeneration
Centrally nucleated fibers (CNFs) result from regeneration after fiber damage or necrosis and are thus a nonspecific but quantifiable index of muscle degeneration/
regeneration. Although dystrophin-deficient mdx mice
are overtly normal, mdx muscle undergoes repeated
rounds of necrosis/regeneration beginning at 3 weeks
of age, eventually plateauing at 60%–80% CNFs by 5
months of age (Blake et al., 2002). Coincident with the
onset of histological abnormalities in mdx muscle, membrane fragility is evidenced by dramatically elevated

DGC Expression and Costamere Organization
Consistent with the lack of elevated CK levels (Figure 4C), no difference in staining patterns of DGC components was observed between wt and Actg1-msKO
mice. All DGC members localized to the sarcolemma
of both centrally and peripherally nucleated fibers (Figure 5A). In addition, immunoblot analysis of wholemuscle SDS extracts revealed normal levels of DGC
expression (data not shown).
We cut longitudinal sections from perfusion-fixed
muscle to definitively assess membrane cytoskeletal architecture in Actg1-msKO muscle. Although a regular,
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Figure 2. Muscle-Specific Ablation of gcyto-Actin Expression Results in Overt Myopathy
(A) SDS-extracts from nonmuscle tissues of wt, heterozygous, and Actg1-msKO mice were analyzed by SDS-PAGE and stained with Coomassie
blue (CBB) or transferred to nitrocellulose. Western blots were performed with a monoclonal antibody to gcyto-actin (2–4) or pan actin antibody
(C4).
(B) A TBS extraction and DNase I-affigel enrichment protocol was followed to assess expression levels of cytoplasmic actin isoforms in skeletal
muscle.
(C) Western blot analysis of the actin-rich elute from (B) of wt, heterozygous, and Actg1-msKO skeletal muscle using gcyto-actin-specific pAb
7577.
(D) Western blots of identical nitrocellulose membranes from (C) using a panel of actin isoform-specific antibodies.
(E) Ten micron thick cryosections of wt and Actg1-msKO gastrocnemius muscle stained with antibodies against laminin and gcyto-actin to further
demonstrate muscle specificity of gcyto-actin ablation.
(F) Growth curves of male wt, heterozygous, and Actg1-msKO mice up to 1 year of age. Error bars represent SEM.
(G) Actg1-msKO mice demonstrated reduced cage mobility and overt hind-limb contractures upon tail suspension.

striated costameric pattern was apparent in Actg1msKO quadriceps and TA muscles, the pattern of dystrophin staining at the z line appeared less organized
than in controls (Figure 5B). Dystrophin immunoreactivity was more broadly distributed across the z line,
suggesting the loss of gcyto-actin mildly destabilized
the costameric cytoskeleton. These data indicate
gcyto-actin is not required for DGC expression and localization or costamere formation but is necessary for
proper organization of the costameric network.
DEVCEL 1081

Actg1-msKO Mice Display Deficits
in Force Production
To determine the functional consequences of gcyto-actin
ablation, we assessed the physiologic performance
of wt, Actg1-msKO, and mdx muscle both in vivo and
in isolated extensor digitorum longus (EDL) muscles.
In vivo performance was determined by measuring
whole-body tension (WBT), defined as the extent of
forward pulling tension exerted in response to a gentle
tail pinch (Carlson and Makiejus, 1990). Although the
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Figure 3. Progressive Necrosis and Regeneration in gcyto-Actin-Deficient Muscle
(A) H&E-stained gastrocnemius cryosections
from 1, 3, 12, and 18 month old mice,
respectively.
(B) Quantification of gastrocnemius CNFs
from wt and Actg1-msKO mice (n R 3 for
each genotype/time point).
(C) Electron micrographs from 1 month old wt
and Actg1-msKO muscles to demonstrate
proper sarcomere assembly.
(D) Fiber size distribution (histogram) and fiber size variability (box plot, inset) in 6 month
old gastrocnemius muscles. While the average fiber diameter was similar between genotypes, the variance among Actg1-msKO fibers was significant (t test, p < 0.05). Error
bars in (B) and (D) represent SEM. Unless otherwise noted, data were compared using
ANOVA with Tukey post hoc test. For all figures, asterisk denotes statistical significance
from wt, p < 0.05; pound sign denotes statistical significance from Actg1-msKO, p < 0.05.

kinetics of individual responses did not differ between
the three lines of mice (Figure 6A), wt animals produced
significantly greater maximal responses compared to

both Actg1-msKO and mdx mice (Figure 6B). WT
WBT1 (148.9 6 6.3 mN/g; avg 6 SEM) and WBT1–5
(133.2 6 3.2 mN/g) values were 28% and 24% higher
Figure 4. Lack of Membrane Damage in
Actg1-msKO Muscle
(A) H&E-stained cryosections from 6 month
old Actg1-msKO TA, triceps, quadriceps,
and soleus.
(B) Serial H&E- and immunofluorescenceanalyzed sections from Actg1-msKO muscle
stained with 1 antibodies to slow (MHCs)
and fast (MHCf) myosin heavy chains to demonstrate fiber-type specificity of muscle regeneration. Asterisk (*) denotes slow fibers
in H&E-stained section.
(C) Time course analysis of serum levels of
creatine phosphokinase as a marker for
membrane permeability (n R 4 for each genotype at each time point). Error bars represent
SEM.
(D) Cryosections of 6 month old mdx and
Actg1-msKO littermate mice injected with
EBD. Red-stained cells are evidence of dye
uptake.
(E) Serial H&E- and immunofluorescenceanalyzed sections from Actg1-msKO muscle
stained for laminin and the developmental
myosin heavy chain (MHCd) to demonstrate
presence of regenerating fibers in Actg1msKO muscle.
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Figure 5. Localization of Dystrophin and the
DGC in Actg1-msKO Muscle
(A) Serial cryosections from 3 month old wt,
Actg1-msKO, and dystrophin-deficient mdx
quadriceps muscle stained with H&E and
analyzed by immunofluorescence using a 1
antibodies against assorted DGC proteins.
(B) Longitudinal cryosections from perfusionfixed TA muscles analyzed with immunofluorescence using a 1 antibody against
dystrophin.

than those for Actg1-msKO mice (WBT1: 112.7 6 11.5
mN/g; WBT1–5: 95.6 6 5.1 mN/g), respectively. While
the force deficit observed in Actg1-msKO mice was
less severe than that observed for mdx mice (WBT1:

Figure 6. Actg1-msKO Mice Exhibit Functional Deficits In Vivo
Whole-body tension analysis in 2–3 month old mice. (A) Representative traces corresponding to single pinch responses from wt, Actg1msKO, and mdx mice. (B) Averages of the maximal response (WBT1)
and the top five responses (WBT1–5) from each line of mice. Error
bars represent SEM.
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70.0 6 5.1 mN/g; WBT1–5: 61.2 6 2.7 mN/g), only the difference in WBT1 was significant between Actg1-msKO
and mdx.
To assess the functional decrement in single muscles,
contractile properties of isolated EDL muscles were determined for wt, Actg1-msKO, and mdx mice at both 2–3
and 11–12 months of age. Despite the overt weakness
exhibited by Actg1-msKO mice, isolated muscles demonstrated near wt levels of maximal tetanic force
(Figure 7A), specific force (Figure 7B), responded normally to stretch during tetanic stimulation (eccentric
contraction protocol [ECC]) (Figure 7C), and excluded
Procion orange infiltration after five ECCs (data not
shown). Actg1-msKO muscle only differed from wt in
the force generated in response to a single action potential, producing 32% less twitch force than wt (Figure 7D).
In contrast, mdx EDL muscles behaved as reported by
others (Harper et al., 2002), exhibiting a significant
w20% deficit in specific force (Figure 7B). A heightened
sensitivity to eccentric contractions was also observed
as mdx muscles lost more than 80% of their force generating capacity after five ECCs at 1 year of age
(Figure 7C) with a dramatic uptake of Procion orange
(data not shown).
The reduction in isometric twitch force observed in
Actg1-msKO muscle could be caused by either submaximal Ca2+ release in response to a single action potential or the introduction of compliance into the contractile apparatus, which would reduce the amount of
force measured at the tendons. Therefore, we analyzed
the Ca2+ transients in isolated wt and Actg1-msKO
flexor digitorum brevis (FDB) muscle fibers in response
to a single action potential. A total of 21 wt and 27
Actg1-msKO fibers were studied and the resultant fluorescence ratio normalized against resting [Ca2+] in order
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Figure 7. Contractile Properties of Actg1-msKO Muscle
Isometric and eccentric contraction properties of wt, Actg1-msKO,
and mdx EDL muscles were assessed at 3 and 12 months of age. Tetanic force generation before (A, Max Tetanic Force) and after (B,
Specific Force) normalizing against cross-sectional area of isolated
EDLs. (C) Drop in tetanic force generation between ECC1 and ECC5.
(D) Twitch force was lower in Actg1-msKO mice compared to wt
controls. Error bars in (A)–(D) represent SEM. (E) Fluorescent ratios
corresponding to action-potential evoked Ca2+ release in isolated
Actg1-msKO and wt FDB muscles.

to directly compare experiments performed by using different light sources (Figure 7D). No differences were observed for resting or peak fluorescence ratios between
wt and Actg1-msKO muscles (resting: 0.1058 6 0.0021
versus 0.1069 6 0.0027; peak: 0.2070 6 0.0001 versus
0.1984 6 0.0048; mean RFU 6 SD for wt versus Actg1msKO, respectively). Normal Ca2+ levels in Actg1msKO muscle eliminate perturbations to the structure
or function of excitation-contraction coupling proteins
as the mechanism behind Actg1-msKO twitch force deficits but is consistent with defects in connectivity between adjacent muscle fibers and/or myofibrils or at
the myotendinous junctions, causing increased compliance and reduced twitch-force generation.

Discussion
Investigations to understand the functional specificity of
nonmuscle actin isoforms have traditionally focused on
identifying examples of subcellular actin sorting in situ
(Yao et al., 1995; Hofer et al., 1997) and transfection
studies in vitro (Schevzov et al., 1992). The results of
the present study demonstrate the functional significance of nonmuscle actin sorting in muscle and identify
a role for gcyto-actin in maintaining muscle cell structure
and function in vivo.

Actin Isoform Expression in Actg1-msKO Mice
The six actin isoforms are all highly related at both the
genomic and amino acid level (Vandekerckhove and
Weber, 1978; Erba et al., 1988). In addition, numerous
highly conserved pseudogenes for the nonmuscle actins have been described (Ng et al., 1985; Peter et al.,
1988), and sequence analysis initially performed to determine the relative age of several processed gcyto-actin
pseudogenes instead raised the possibility that two
functional gcyto-actin genes encoding identical proteins
existed in the mammalian genome (Peter et al., 1988).
However, Figures 1 and 2 show that targeted cre-mediated recombination at the Actg1 locus in mice completely ablated gcyto-actin protein expression in skeletal
muscle as determined by immunoblot analysis with multiple antibodies raised against unique epitopes of gcytoactin (Hanft et al., 2006). Therefore, we conclude that
gcyto-actin is functionally expressed from a single gene
in mice and that Actg1-msKO mice were null for gcytoactin in muscle.
The absence of detectable changes in relative expression levels for the other actin isoforms in response to
gcyto-actin deficiency also raises intriguing questions regarding actin gene regulation (Figure 2). Targeted ablation of ask-actin (Kumar et al., 1997), aca-actin (Crawford
et al., 2002), and asm-actin (Schildmeyer et al., 2000) resulted in a compensatory upregulation of other muscle
actin isoforms. Because gcyto-actin comprises only
1/4000 of the total actin pool in muscle, we were not
surprised by a lack of detectable upregulation of muscle
actins in Actg1-msKO muscle as the relative degree of
potential upregulation should be below detection. However, the observation that bcyto-actin expression was unchanged in the absence of gcyto-actin was unexpected.
Like gcyto-actin, bcyto-actin is expressed at low levels in
mature skeletal muscle (McHugh et al., 1991) and any
relative change in expression should be detectable by
Western blot. Additionally, the nonmuscle actins are
thought to participate in a regulatory feedback loop to
maintain proper protein levels (Lloyd et al., 1992), and
pharmacological disruption of nonmuscle actin filaments has been shown to result in an upregulation of
nonmuscle actin mRNA in cultured myoblasts (Lloyd
et al., 1992). The results in Figure 2 indicate the mechanisms regulating nonmuscle actin expression in vivo are
distinct from those in vitro.
gcyto-Actin Is Not Required for Sarcomere Assembly
but Leads to a Progressive Myopathy
Actg1-msKO muscle appeared normal at 4 weeks of age
(Figures 3A and 3B) and demonstrated a normal array of
sarcomeric thick and thin filaments (Figure 3C), which
disputes a role for gcyto-actin in myofibrillogenesis as
suggested by others (Lloyd et al., 2004). Because the
HSA-Cre mouse line used in this study expresses cre
at the earliest stages of muscle differentiation (Miniou
et al., 1999), it is unlikely that residual gcyto-actin persists
throughout myogenesis to allow for proper structural
development. It is possible that sufficient bcyto-actin
was present during early stages of muscle development
to provide the scaffolding function ascribed to gcyto-actin (Lloyd et al., 2004). Therefore, it could be argued that
bcyto- and gcyto-actin are redundant during embryonic
muscle development but their slight differences do
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manifest distinct functions in mature skeletal muscle.
Future analyses into the embryonic requirements for
bcyto- and gcyto-actin will be necessary to further explore
such possibilities.
Because numerous disease-relevant actin binding
proteins localize to the costamere (Ervasti, 2003), we hypothesized gcyto-actin ablation would result in a severe
muscular dystrophy. Our early observations that 3
week old Actg1-msKO mice appeared more sedentary
than wt littermates and displayed hind limb contractures
(Figure 2) were consistent with those expected from
a complete disruption of the DGC-actin link, as mice
that lack both dystrophin and the dystrophin autosomal
homolog utrophin exhibit a severe overt phenotype with
contractures and premature death (Grady et al., 1997;
Deconinck et al., 1997). However, in contrast to mdx/
utrn2/2 mice, Actg1-msKO mice did not die prematurely, indicating gcyto-actin ablation caused a distinct
molecular phenotype compared to mice lacking dystrophin and utrophin. In addition, although initial signs of
necrosis and regeneration arose at 3 months of age
and proceeded to levels approaching those described
for mdx mice at 1 year of age (Figures 3A and 3B), the
complete lack of membrane fragility in the absence of
gcyto-actin further distinguished Actg1-msKO mice
from other mouse models with perturbations in the
DGC, which all display similar patterns of cell death
and membrane permeability at an early age. Instead,
gcyto-actin deficiency resulted in a fundamental flaw in
muscle structure or function that leads to a deliberate,
chronic buildup of necrosis resembling the histological
features ascribed to a class of human muscle diseases
termed centronuclear myopathies (CNMs). The various
CNMs share a similar generalized muscle weakness
and are clinically diagnosed by the presence of a high
proportion of skeletal muscle fibers containing central
nuclei (Pierson et al., 2005). Although the underlying
mechanisms of muscle weakness are unclear, defects
in muscle development (Nakagawa et al., 2005) and/or
structural maintenance (Buj-Bello et al., 2002) have
been proposed. Interestingly, the two genes currently
known to cause human CNM, the phosphatase myotubularin-encoding MTM1 (Laporte et al., 1996) and the
dynamin-2-encoding DNM2 (Bitoun et al., 2005), have
both been speculated to play roles in membrane
trafficking (Bitoun et al., 2005), processes dependent
on actin-based structures. In addition, MTM1-null mice
develop a severe overt myopathy with grasping defects,
kyphosis, and premature death (Buj-Bello et al., 2002).
The important role of the actin cytoskeleton in membrane trafficking as well as the similar overt and histological phenotypes between MTM1-null mice and
Actg1-msKO mice suggests Actg1-msKO mice will be
useful in elucidating the pathophysiology of CNMs.
Structural Defects in gcyto-Actin-Deficient Muscle
To better understand the structural consequences leading to progressive muscle cell necrosis, we assessed
the costameric lattice by immunofluorescence analysis.
We (Ervasti, 2003) and others (Craig and Pardo, 1983)
have hypothesized that gcyto-actin plays a fundamental
role in organizing the costamere, particularly due to
the numerous disease-relevant actin binding proteins
that localize to the network (Ervasti, 2003). In addition,
DEVCEL 1081

altered costameric arrays have been described in muscle lacking various DGC components (Williams and
Bloch, 1999; Yurchenco et al., 2004), suggesting the interaction between the DGC and gcyto-actin is necessary
for costameric stability. Besides the gcyto-actin-based
cytoskeleton, intermediate filament (IF) proteins have
also been speculated to play a role in costamere formation, and desmin-null muscle exhibited dramatic costameric disarray in several different muscle groups (O’Neill
et al., 2002). However, some muscles possessed normal
costameric patterns (O’Neill et al., 2002) and Shah et al.
concluded that desmin was not essential for the costameric connection of peripheral myofibrils and the sarcolemma (Shah et al., 2004). Therefore, we were surprised
at the relatively mild disorganization of costameres in
gcyto-actin deficient muscle (Figure 5B). These data suggest that the factors involved in costamere organization
may be muscle-type specific and that more than one
type of cytoskeletal element is required.
Force Deficits in gcyto-Actin-Deficient Muscle
Are Consistent with Defects in Fiber
and/or Fibril Attachments
The combined results in Figures 6 and 7 verify the essential nature of gcyto-actin in normal muscle physiology.
We speculate that the observed functional deficit in isometric twitch force (Figure 7A) in the presence of normal
action potential-evoked Ca2+ release (Figure 7E) results
from defects in either attachments between myofibrils
within a cell, between individual muscle cells themselves, or at the myotendinous junction. A decreased efficiency of force production due to decreased lateral
stiffness is not without precedent. Distinct from its disputed role at the costamere, it is well accepted that desmin plays an essential role connecting individual myofibrils at the z disk (Paulin and Li, 2004). Desmin-deficient
muscle consequently generates less maximal isometric
force and exhibits decreased lateral stiffness and misalignment between adjacent muscle fibers (Paulin and
Li, 2004). Future studies are thus necessary to better understand the relationship between loss of gcyto-actin
and the observed consequences for force generation.
Conclusions
Our results demonstrate the in vivo importance of subcellular gcyto-actin sorting in striated muscle. Future
studies aimed at measuring the lateral stiffness of
gcyto-actin deficient muscle promise to help elucidate
the structural perturbations leading to the observed
force deficits and provide new insight into the role of
the costameric cytoskeleton in diseases of striated muscle. Actg1-msKO mice also present a potential mouse
model for the genetically undefined centronuclear myopathies and support the screening of genetically undiagnosed patients for mutations in the ACTG1 allele.
Finally, the floxed Actg1 allele provides a unique and invaluable tool to better understand the role of gcyto-actin
and subcellular actin sorting in nonmuscle cells.
Experimental Procedures
Construction of Targeting Vector and Generation of
Actg1-msKO Mice
A 12 kb mouse genomic clone pMgCGA-15D (provided by Dr. James
Lessard, University of Cincinnati) encoding the gcyto-actin locus
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(Actg1) was used to assemble the floxed Actg1 construct pKOScAB. A full description of pKO-ScAB construction is available in
the Supplemental Data.
pKO-ScAB was linearized and electroporated into R1 murine embryonic stem cells. Colonies surviving selection were isolated, expanded, and screened by Southern blot analysis (see Supplemental
Data for details). Clone 2H3 was identified with the expected 50 and
30 recombination events and was subsequently karyotyped and injected into C57BL/6 blastocysts. Chimeric males were bred to
C57BL/6 females to determine germline transmission of the floxed
allele. Agouti offspring heterozygous for the floxed Actg1 allele
(Actg1flox+neo/+) were bred with transgenic mice that express cre recombinase under the control of the human ask-actin promoter (HSACre mice were provided by Dr. Judith Melki, INSERM, France) (Miniou et al., 1999). Heterozygous Actg1flox+neo/+ hemizygous cre mice
were then bred to Actg1flox+neo/+ mice to obtain homozygous floxed
mice carrying the cre transgene (Actg1flox+neo/flox+neoHSA-Cre).
Actg1flox+neo/+ mice were also bred with mice that express cre
under the control of the germline-expressed EIIa promoter (Holzenberger et al., 2000) in order to selectively remove the neomycin cassette from the floxed allele in the germline. F1 males were mated with
C57BL/6 females to screen for partial recombination between loxP
sites ‘‘A’’ and ‘‘B.’’ Subsequent Actg1flox/+ mice were backcrossed
two generations to C57BL/6 mice and then bred to homozygosity
with HSA-Cre as above. Both Actg1flox+neo/flox+neo HSA-Cre and
Actg1flox/flox HSA-Cre mice were analyzed in parallel and exhibited
an identical muscle phenotype. Therefore, data from both lines
were pooled for subsequent analyses.
All genotype analyses of the Actg1 locus were performed by
Southern blot or a multiplex PCR (see Supplemental Data for primer
descriptions). Cre genotypes were determined as described (Miniou
et al., 1999). Animals were housed and treated in accordance with
the standards set by the University of Wisconsin Institutional Animal
Care and Use Committee.
Antibodies
Polyclonal (7577) and monoclonal antibodies to gcyto-actin (2–4)
were described previously (Hanft et al., 2006). Anti-dystrophin Rb2
was also described elsewhere (Rybakova et al., 2000). Pan-actin
antibody (C4) was the kind gift of Dr. James Lessard. Polyclonal
anti-laminin and monoclonal antibodies to vinculin (hVIN-1), striated
a-actin (5C5), bcyto-actin (AC15), and asm-actin (1A4) were purchased
from Sigma. Antibodies to dystrophin (Dys3), b-dystroglycan (b-DG),
a-sarcoglycan (a-SARC), b-sarcoglycan (b-SARC), g-sarcoglycan
(g-SARC), developmental myosin heavy chain (dMHC), and slow/
fast myosin heavy chain (MHCs/MHCf) were purchased from
Novacastra. Peroxidase-conjugated anti-rabbit and anti-mouse
secondary antibodies were purchased from Bio-Rad and Roche,
respectively.
Protein Extracts and Western Blot Analysis
Mice were anesthetized with avertin and killed by cervical dislocation. Tissues were quickly dissected and snap frozen in liquid N2.
SDS-extracts of nonmuscle tissues were performed as described
(Hanft et al., 2006). Twenty-five micrograms of protein/sample was
separated by SDS-PAGE and transferred to nitrocellulose. Analysis
of actin isoform expression in muscle followed a low-salt extraction
and DNase-I amplification protocol as described (Hanft et al., 2006).
Histology and Morphometric Analysis
Individual muscles were dissected, coated with OCT (TissueTek),
and rapidly frozen in liquid N2-cooled isopentane. Ten micron thick
cryosections were cut on a Leica CM3050 cryostat, air dried, and
stained with hematoxylin and eosin-phloxine as described (Harper
et al., 2002). Sections cut from the muscle midbelly were selected
for analysis. Images were collected on a Zeiss Axiovert 25 microscope and compiled into montages of entire sections in CorelDraw
10 and exported to Scion Image for morphometric analyses. The
percentage of CNFs was determined by scoring every muscle fiber
in one gastrocnemius muscle from 1, 3, 6, and 12 month old mice
(n R 3 for each genotype at each time point). Fiber-size variability
was determined in 6 month old mice as described (Harper et al.,
2002) from the same muscle used for CNF analysis. Student’s t tests
were performed to compare average CNF values at each time point
and average fiber diameter. Significance of fiber diameter variability

was determined by a Student’s t test on the standard deviations of
individual muscle sections (Harper et al., 2002). One percent EBD
in PBS was injected intraperitoneally into 6 month old Actg1msKO and mdx mice. Sixteen hours postinjection, mice were killed
and analyzed. Serial cryosections were analyzed by H&E, and images of EBD positive fibers were collected on a Zeiss Axiovert 25 microscope equipped for epifluorescence and exported to CorelDraw
10 for figure preparation. Serum creatine kinase levels were determined with Vitros CK DT slides (Ortho-Clinical Diagnostics) and
measured with a Kodak Ektachem DT60 Analyzer. Data were collected in units/ml.
Immunohistochemistry
Ten micron thick transverse cryosections were fixed in 4% paraformaldehyde for 10 min, washed in phosphate-buffered saline (PBS),
and blocked in 5% goat serum for 30 min. Sections were incubated
with 1 antibodies in 5% goat serum overnight at 4 C and washed
in PBS. Alexa-488- or 568-conjugated 2 antibodies (Molecular
Probes) were incubated for 30 min before a final PBS wash cycle.
Coverslips were applied with a drop of Anti-Fade Reagent (Molecular Probes) and confocal images obtained with a Bio-Rad MRC1000
scan head mounted transversely to an inverted Nikon Diaphot 200
microscope at the Keck Center for Biological Imaging. Images
from each mouse model were obtained under identical laser and optical conditions for each antibody and exported to CorelDraw 10 for
figure preparation.
Costamere imaging was performed as described (Williams and
Bloch, 1999). Confocal images from wt and Actg1-msKO muscle
were obtained as above and exported to Scion Image for analysis.
Electron Microscopy
Anesthetized mice were transcardially perfusion-fixed with 2% gluteraldehyde. Skeletal muscle was processed for EM by postfixation
with 2% osmium tetroxide in PBS for 1 hr, washed in PBS, and dehydrated in ethanol. Dehydrated tissues were embedded in Embed-812 (Electron Microscopy Sciences), sectioned at 60 nm, and
stained with 5% uranyl acetate and 1% lead citrate. Sections were
viewed and photographed on a Jeol 100CX transmission electron
microscope.
Whole-Body Tension
The ‘‘escape’’ test protocol was adapted from Carlson and Makiejus
(1990) with slight modifications. Ten to 12 week old wt, Actg1-msKO,
and mdx mice (n R 4 for each genotype) were placed between parallel wooden barriers to allow for forward movement only. Silk suture
was used to attach the mouse tail to a fixed range force transducer
(BioPac Systems) to record the force evoked by a light tail pinch.
Five minute traces with w5 pinches/min were collected and the
evoked peaks measured and normalized against mouse body
mass. Data were analyzed in two ways: WBT1, magnitude of maximum peak observed for each mouse; WBT1–5, average of top five
peaks observed for each mouse.
Maximal Force and Eccentric Contractions
All mechanical properties were modeled after (Petrof et al., 1993).
Two to 3 month or 11 to 12 month old sex-matched Actg1-msKO
mice, littermate controls, and mdx mice (n R 5 for each genotype
at each time point) were sacrificed and the EDL muscles dissected.
4/0 silk suture was used to attach the proximal tendon to a rigid support and the distal tendon to a servomotor (Model 300B-LR, Aurora
Scientific) in an organ bath filled with a Ca2+-Ringer’s solution
(in mM: 120.5 NaCl, 4.8 KCl, 1.2 MgSO4, 1.2 Na2HPO4, 20.4 NaHCO3,
10 glucose, 10 pyruvate, and 1.5 CaCl2 [pH 7.6]) and allowed to equilibrate. The solution was continuously gassed with 95% O2/5% CO2
to maintain a pH of 7.6 at 30 C. Muscles were stimulated with a single
pulse (200 ms in duration) with two platinum plate electrodes on either side of the muscle. Muscle lengths were progressively lengthened to an optimal length (Lo) that elicited maximal twitch tension.
Protection against mechanical injury was assessed by subjecting
each muscle to an ECC protocol, which consisted of five maximal tetanic stimulations (150 Hz for 700 ms duration). Each ECC involved
tetanic stimulation for 700 ms, with a stretch of 0.5 Lo/s over the final
200 ms to result in a total stretch of 0.1 Lo. Five minutes of recovery
time was allowed between each measurement. Force drop was calculated as ([ECC12ECC5]/ECC1). After analysis, each muscle was

DEVCEL 1081

Developmental Cell
10

bathed in 0.1% Procion orange, washed, and frozen for cryosectioning. Dye uptake was quantified by counting the dye-positive fibers.
Calcium Transients
Single muscle fibers were enzymatically dissociated from FDB muscles of 5 to 6 week old wt and Actg1-msKO littermate mice and cultured on laminin coated glass coverslips as described previously
(Liu et al., 1997). Cultures were loaded with 1 mM Indo-1AM in
DMSO, rinsed with Ringer’s solution, and equilibrated before recording. The culture chamber was mounted on an Olympus IX71
inverted microscope and viewed with an Olympus 603/1.20 NA
water immersion objective. Fibers were illuminated at 360 nm, and
the fluorescence emitted at 405 nm and 485 nm was detected simultaneously. The emission signal was filtered at 2 kHz, digitized,
and sampled repetitively at 500 ms intervals with the use of a datacollection program (Patchmaster, Heka), and the fluorescence ratio
F405/F485 calculated. Two platinum electrodes connected were used
to stimulate fibers with a single pulse (1 ms duration). The stimulation voltage was adjusted to give observed fiber contraction in all
cases. Most fibers remained attached to the coverslip throughout
the period of stimulation and recovery, and only these fibers were
used to obtain the data reported.
Statistical Analysis
All data were presented as means 6 SEM. Unless otherwise noted,
comparisons between groups were performed by ANOVA followed
by a Tukey post hoc test to determine significance at p < 0.05.
Supplemental Data
Supplemental Data including Supplemental Experimental Procedures and one Supplemental Figure are available at http://www.
developmentalcell.com/cgi/content/full/11/3/---/DC1/.
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