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Abstract

The common null polymorphism (R577X) in the ACTN3 gene is present in over 1.5 billion people worldwide and results in the absence
of the protein α-actinin-3 from the Z-discs of fast-twitch skeletal muscle fibres. We have previously reported that this polymorphism
is a modifier of dystrophin-deficient Duchenne Muscular Dystrophy. To investigate the mechanism underlying this, we use a double
knockout (dk)Actn3KO/mdx (dKO) mouse model, which lacks both dystrophin and sarcomere α-actinin-3. We used dKO mice and mdx
dystrophic mice at 12 months (aged) to investigate the correlation between morphological changes to the fast-twitch dKO EDL and the
reduction in force deficit produced by an in vitro eccentric contraction protocol. In the aged dKO mouse, we found a marked reduction
in fibre branching complexity that correlated with protection from eccentric contraction induced force deficit. Complex branches in
the aged dKO EDL fibres (28%) were substantially reduced compared to aged mdx EDL fibres (68%), and this correlates with a graded
force loss over three eccentric contractions for dKO muscles (∼36% after first contraction, ∼66% overall) compared to an abrupt drop
in mdx upon the first eccentric contraction (∼75% after first contraction, ∼89% after three contractions). In dKO, protection from
eccentric contraction damage was linked with a doubling of SERCA1 pump density the EDL. We propose that the increased oxidative
metabolism of fast-twitch glycolytic fibres characteristic of the null polymorphism (R577X) and increase in SR Ca2+ pump proteins
reduces muscle fibre branching and decreases susceptibility to eccentric injury in the dystrophinopathies.

Introduction

Recent progress in gene-based therapies for Duchenne
Muscular Dystrophy (DMD) shows the potential to
improve the outcomes for boys living with muscular
dystrophy (1–4). However, clinical trials have yet to
provide pathways for these genetic treatments to be
translated into clinical practice (5–8). Some of the
problems that occur are due to the genetic variability
present among patients in the trials; thus, there has been
increased interest in identification of genetic modifiers
to DMD. Studies have shown that the TGF-B pathway is a
key activator of fibrosis in mdx mice and it is upregulated
in DMD, where a late stage pathology of skeletal muscle is
the presence of large amounts of non-contractile fibrotic
material. The activity of the TGF-B pathway can be
influenced by genetic modifiers such as osteopontin and
LTBP4 (9) potentially to reduce the amount of skeletal
muscle fibrosis present in the dystrophinopathies. In a
recent study by our group (10) investigating the common
null polymorphism (R577X, rs1815739) in the ACTN3

gene and its interaction with the mutated dystrophin
gene in (DMD), we found young ambulant DMD boys had
reduced muscle strength and slower 10 meter walking
speeds when the gene was absent. Our study also found
young double knockout (dk)Actn3KO/mdx (dKO) mice also
had reduced muscle strength, but no differences in the
degree of force deficit produced in fast-twitch muscles by
eccentric contractions when compared to young mdx. In
contrast, fast-twitch muscles from aged dKO mice were
relatively protected from eccentric contraction (EC) force
deficits compared to age matched mdx counterparts.
Intriguingly, this suggests that the R577X polymorphism
can have an age related ameliorating effect on muscle
pathology in the dystrophinopathies. The polymorphism
in the ACTN3 gene occurs in an estimated ∼16% of
people worldwide (11,12) resulting in an absence of
the protein α-actinin-3 from the Z-discs of fast-twitch
fibres. α-Actinin-3 is localized to the Z-discs of fast-
twitch muscle fibres cross-linking the actin filaments
of adjoining sarcomeres and interacts with a host
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of metabolic and signalling proteins (13). The main
role of the Z-disc is to transmit movement and force
generated by the contractile proteins, longitudinally to
the tendons (14). The absence of α-actinin-3 from fast-
twitch fibres does not result in any muscle pathology; on
the contrary, it appears it may in fact be beneficial for
endurance activities in humans (15), although it should
be noted that several human studies (underpowered with
interference from varied genetic backgrounds) do not
provide support for the absence of α-actinin-3 improving
human endurance (for a review see Houweling et al.
(16)). In order to circumvent this genetic variability in
humans we developed an animal model, the Actn3KO
mouse, which is genetically identical to its littermate
controls apart from the absence of α-actinin-3. Using
this model, we have shown that α-actinin-3 significantly
improves resistance to fatigue in fast-twitch muscles
(17–19). We have also shown upregulated expression
of the SERCA1 Ca2+ pumps in fast-twitch muscles of
Actn3KO mice that result in increased Ca2+ cycling at the
intracellular Ca2+ store (the sarcoplasmic reticulum).
The increased metabolic load required to pump the
additional Ca2+ leak in α-actinin-3-deficient fast-twitch
fibres may be a mechanism that explains the positive
selection pressure during recent human evolution
on the R577X polymorphism, as it would result in
enhanced acclimatization to the low environmental
temperatures experienced by modern humans migrating
out of Africa into the cold northern hemisphere over the
last 60 000 years (20). Further support of the positive
evolutionary selection pressure in humans comes from
our recent study showing that absence of α-actinin-
3 is correlated to improved resistance to cold water
immersion (21). In the Actn3KO mouse, there is no
change in the fibre types found in fast-twitch muscles
with respect to myosin heavy chain expression (18,22),
however, fast fibres have reduced muscle fibre diameter
(22) & mass (17,18), increased oxidative metabolism (22–
24) and a slowed relaxation after contraction in young
male animals (18). These skeletal muscle results can
explain our recent findings (10) that in young ambulant
boys with DMD and the ACTN3 null polymorphism
(R577X) is correlated with reduced muscle strength and
longer 10 m walk test time. Because of the implications
for the presence of ACTN3 in ∼16% of boys with DMD,
in this current paper we verify and extended the animal
experiments from Hogarth et al. (10) in a new cohort
of mice aged to 12 months. The 12 month age group
was selected because we have previously demonstrated
that by this age mdx fast-twitch EDL muscles are
irreversibly damaged by a single EC, and this irreversible
eccentric force deficit is correlated with the number and
complexity of branched dystrophic fibres present (25,26).
We found convincing correlative evidence that the age-
related protective effect conferred by the absence of
α-actinin-3 is due to the reduction in the number and
complexity of pathologically branched dystrophic fibres.
Additionally, we propose that the mechanism by which

the polymorphism R577X induces this protective effect
in the dystrophinopathies is due to a switch in the fast-
twitch fibres to a more oxidative metabolism and an
increase in the SERCA1 pumps, both of which are known
to be protective in the dystrophinopathies (20,27–31).

Results
Muscle mass, optimal length and twitch kinetics
The optimal muscle length Lo for both groups was iden-
tical, while dKO mass was slightly higher than aged
mdx muscles (MD 2.466, 95% CI [−0.128, 5.059], P = 0.06),
this was not statistically different (Table 1). Before the
EC protocol was administered the twitch kinetics of the
aged mdx and dKO were the same, post-EC the aged mdx
showed a significant decrease in the time to peak and
a depressed twitch/tetanus ratio c.f. the post-EC dKO
(see statistics in Table 1). Interestingly, no differences in
twitch half relaxation time was seen before and after
the EC protocol between groups; however, overall there
was an increase in both aged mdx (MD 4.6, 95% CI [1.274,
7.926], P = 0.019, paired t-test) and dKO (MD 3.13, 95% CI
[1.232, 5.018], P = 0.006, paired t-test) half relaxation time
post-EC.

Force-frequency parameters, half frequency
and hill coefficient were unchanged by eccentric
contraction protocol in aged mdx compared
to dKO
Figure 1A-C shows aggregate force frequency curves
generated from EDL muscle recordings at increasing
frequencies from 2–150 Hz. The data from muscles
were quantified by non-linear curve fitting using the
sigmoidal equation given in the methods. For clarity,
data for individual EDL muscles, were expressed as a
percentage of maximum force and aggregated into single
curves for each group. Fitted population parameters are
derived from the curve fitting. Half frequency (Fig. 1D) is
the stimulation frequency at which the muscle develops
force, which is halfway between its minimum and max-
imum forces, the hill coefficient (Fig. 1E) is a measure of
the slope of the curve. Following EC, significant changes
occurred in the aged mdx EDL (but not dKO) with a ∼ 10%
increase in the half frequency, resulting in a higher post-
EC half frequency between groups (MD 8.137, 95% CI
[2.947, 13.33], P = 0.0054) (Fig. 1D), and a ∼ 48% decrease in
the slope (hill coefficient) resulting in a lower post-EC hill
coefficient between groups (MD −3.015, 95% CI [−4.439,
−1.591], P = 0.0007) (Fig. 1E). From the curve fitting we
calculated a post-EC force deficit of ∼67% for dKO c.f.
∼87% in aged mdx (MD −19.94, 95% CI [−3.685, −36.2],
P = 0.021) (Fig. 1B and C).

dKO EDL muscles are protected from eccentric
contraction induced force deficits despite
undergoing a greater ‘work done’ during
eccentric contractions
The isometric force deficits after each EC are expressed
as a portion of starting force in Figure 2A. The EC force
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Table 1. General physical properties and twitch kinetics of aged mdx and dKO EDL muscles. General physical properties: Muscle
optimal length producing maximal force and muscle mass. Twitch kinetics: values before and after EC are presented for time to peak,
half relaxation time and twitch to tetanus ratio. All data shown are mean ± SD (n = 5 Aged mdx; n = 8 dKO). P-values shown are assessed
by unpaired t-test with a significance established at 0.05, NS labelled for no statistical significance

mdx dKO P-value

General physical properties
Optimum length (mm) 14 ± 0 13.88 ± 0.23 NS
Mass (mg) 20.52 ± 2.07 22.99 ± 2.07 NS
Twitch kinetics
Time to peak, ms (before) 23.8 ± 0.91 23.56 ± 1.05 NS
Time to peak, ms (after) 22.4 ± 0.96 23.75 ± 1.04 0.039
Half relaxation time, ms (before) 16 ± 0.79 15.81 ± 1.44 NS
Half relaxation time, ms (after) 20.6 ± 2.28 18.94 ± 2.64 NS
Twitch to tetanus ratio, % (before) 23.35 ± 4.1 23.88 ± 1.5 NS
Twitch to tetanus ratio, % (after) 21.24 ± 2.5 29.73 ± 4.6 0.0032

Figure 1. Force frequency curves and fitted parameters. (A) Force frequency data from individual EDL muscles were aggregated to produce a single curve
for aged mdx and dKO mice to visualize differences between genotypes prior to EC. SD omitted for clarity in A but provided later in B & C (top only). (B
and C) Force frequency curves obtained before (solid line) and after (dashed line) the EC protocol for aged mdx and dKO, respectively. (D) Scatterplots of
half frequency before and after EC for aged mdx and dKO. (E) Scatterplots of Hill coefficient before and after EC for aged mdx and dKO. All data shown
are mean ± SD (n = 5 Aged mdx; n = 8 dKO). P-values shown are assessed by unpaired t-test with a significance established at 0.05, ∗∗∗0.0001 < P < 0.001
and ∗∗0.001 < P < 0.01.

deficit occurred incrementally in the EDL muscles from
the dKO with a ∼ 36% force deficit on the first EC, in
contrast aged mdx EDL muscles showed an abrupt ∼75%
force deficit on the first EC (MD −36.83, 95% CI [−51.82,
−21.85], P = 0.0002) (Fig. 2B left). After the three eccentric
contractions EDL muscles from dKO mice lost ∼66% of
starting force c.f. ∼89% EC force deficit in aged mdx (MD
−22.06, 95% CI [−34.25, −9.88], P = 0.0021) (Fig. 2B right).
We calculated the work done as the area under the force
curve during the active lengthening phase of the first
EC. Figure 2C illustrates that the work done during the
first EC was significantly greater for EDL muscles in dKO
animals compared with age matched mdx controls (MD
122.54, 95% CI [48.77, 196.3], P = 0.0038).

There are less complex branched fibres in EDL muscles
from dKO mice, which correlates with the protection
from eccentric contraction force deficits.

The number and complexity of fibre branching found
in EDL muscles of dKO and age matched mdx control
groups are shown in Fig. 3 (note these counts represent
all fibres counted and there are no error bars). In the
aged mdx EDL around 97% of fibres contain branches;
∼6% of fibres contain a single branch, ∼23% contain 2
or 3 branches and ∼68% of all fibres develop complex
branches (4 or more branches per fibre). In comparison
both the number of branched fibres and the complexity
of branching is reduced in dKO EDL. Approximately, 89%
of dKO muscle fibres contain branches; ∼22% of fibres



1420 | Human Molecular Genetics, 2022, Vol. 31, No. 9

Figure 2. Force loss from EC and work done at 10% strain. (A) XY plot of force loss across the 3 eccentric contractions expressed as a percentage of
starting force for aged mdx and dKO EDL. Note: SD presented as top half only. (B) For clarity scatterplots of force loss as a consequence of the first 10% EC
(left) and after all 3 eccentric contractions (right) have been provided. (C) Scatterplot showing work done calculated during the first 10% EC for aged mdx
and dKO EDL. All data shown are mean ± SD (n = 5 Aged mdx; n = 8 dKO). P-values shown are assessed by unpaired t-test with a significance established
at 0.05, ∗∗∗0.0001 < P < 0.001 and ∗∗0.001 < P < 0.01.

Figure 3. The degree of fibre branching in EDL muscles as a percentage of all fibres by categorizing them based on number of branch points. Note this is
a bar graph of all fibres counted and as such is an absolute measure, all photomicrographs in Figures 4–6 were taken from these fibre counts. A total of
667 fibres from 9 EDL muscles were counted; 207 fibres from 4 aged mdx and 460 from 5 dKO animals. Only intact fibres with no evidence of digestion
damage were selected for counting.

contain a single branch, ∼39% contain 2 or 3 branches
and ∼28% of all fibres develop complex branches (4 or
more branches per fibre).

Light microscope morphology of enzymatically
isolated single fibres
Representative images of intact muscle fibres taken at
magnification (X100) on a light microscope demonstrate
the complexity of fibre branching in the aged mdx EDL
(Fig. 4). Panels A and B show some examples of simple
branched fibres (1 or 2), panels C-E show more compli-
cated fibre branches (3–4) and panels F-I are examples
of long complex branched fibres (4+) with multiple off-
shoots along the length of the dystrophic fibre.

Images of single EDL fibres from dKO mice taken at
magnification (X100) are shown in Figure 5. Figure 5A
and D are examples of straight fibres with no branches
and panels H & L are examples of more complex fibres
found in the dKO muscle. Most dissociated fibres we
observed resemble the morphology seen in all other
panels in Figure 5, containing 1–3 branches per fibre.
When comparing these light microscope images of dis-
sociated fibres Figure 4 c.f. Figure 5, it is evident that the

complexity of fibre branching is reduced in dKO mice
compared to aged mdx counterparts.

Figure 6 shows some examples of magnification (X100)
light microscope images from dKO EDL muscles where
branch points can be seen at higher resolution and con-
trast. The branch pattern in these dKO fibres range from
simple splits or offshoots towards the end of the fibre
shown in panels A, G, I & J, to splits that re-join mid fibre
in panels B, C, F, H, K and L as well as tapered fibres in
panels D & E. Cartoon inserts have been added to each
image to help identify broken fibres (Red) and super-
contracted areas (Yellow).

SERCA1 expression
We have previously reported that one consequence of
Actn3KO in fast-twitch muscle is an increase in the
expression of the fast SR Ca2+ pump SERCA 1. Using
the Western Blot technique we analyzed the level of
SERCA1 expression in aged dKO mice and age matched
mdx (Fig. 7). We observed a 2-fold increase in the amount
of SERCA1 protein in EDL muscles collected from dKO
mice compared to age matched mdx (MD 1.033, 95% CI
[0.736, 1.33], P = 0.0006).
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Figure 4. Examples of light microscope images (X100) of enzymatically digested EDL muscle fibres taken from aged mdx mice (n = 2 muscles). Note: the
fibres in Figures 4 and 5 have been stitched together at the same magnification from photomicrographs taken from overlapping fields of view to capture
a large portion of the fibre, scale bar provided at 200 μm in the bottom right corner applies to all panels. Background debris from the digest process
have been cleared to focus on the muscle fibre. To see examples where debris have not been removed see Kiriaev et al. (25). Simple branched fibres (1
or 2 branches) can be seen in panels A-B, more complicated fibre branches (3–4 branches) are seen in panels C-E and panels F-I show examples of long
complex branched fibres (4+ branches) with multiple offshoots along the length of the fibre.

Discussion
Muscle mass, optimal length and twitch kinetics
At base line these were the same in EDL muscles
from 12 month old mdx and dKO mice. This supports
our earlier reports that the Actn3KO polymorphism
does not alter fibre type distribution or number of
fibres in fast-twitch muscle at 12 months of age (19).
Muscle twitch kinetics are an important parameter to
measure as Peczkowski et al. (32) and colleagues reported
twitch kinetics yielded greater statistical significance
compared to previously published maximal tetanic
force measurements, and proposed the use of kinetics
measurements to allow for use of smaller animal groups
in mdx mouse studies. Thus, given the number of animals
used in the present study we can be confident that
the Actn3 polymorphism in our dKO mice has not
altered the contractile properties of the fast-twitch
EDL muscle when compared to age matched mdx EDL
muscles. However, in relation to kinetic parameters, as
detailed in Figures 1 and 2, after the EC protocol there
are significant differences between the aged mdx and
dKO mice. Twitch time to peak (MD 1.35, 95% CI [0.084,
2.616], P = 0.039) and twitch/tetanus ratios (MD 8.45, 95%
CI [3.51, 13.46], P = 0.0032) were significantly higher in
dKO mice (Table 1). Given it has been reported that a

low twitch/tetanus ratio is characteristic of slow-twitch
muscle fibres (33) we can draw the conclusion that the
Actn3 polymorphism has been protective against EC
induced force deficits in fast-twitch fibres from the dKO
while in the age matched mdx the fast-fibres have been
damaged by the EC protocol, leaving the slower fibres
operational, explaining the slower twitch/tetanus ratio
and time to peak (Table 1).

Force-frequency parameters
The half frequency and hill coefficient are a measure
of the sensitivity of the contractile proteins to Ca2+.
The lower the half frequency and the higher the hill
coefficient, the greater the degree of sensitivity, so in
this case (Fig. 1D and E), the aged mdx EDL has become
less sensitive to activation by Ca2+ as a result of the
eccentric contractions consistent with our earlier prelim-
inary findings with the dKO mouse (10). The mouse EDL
muscle contains a mixture of fast-twitch fibres ∼79%
type 2B, ∼16% type 2X and ∼ 4% type 2A (34), and it has
been shown that fast-twitch fibres, especially the largest
diameter fastest fibre type 2B (19) are highly susceptible
to EC-induced force deficits (25,35–40), and normally
contain α-actinin-3 in the Z-discs (39), which will be the
primary transductor of the eccentric force. Given this, it
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Figure 5. Examples of light microscope images (X100) of enzymatically digested EDL muscle fibres taken from dKO mice (n = 3 muscles). Scale bar
provided at 200 μm in the bottom right corner applies to all panels. Straight fibres with no branching are seen in panels A&D as well as examples of
complex branched fibres in panels H&L were also seen in the dKO EDL muscles. The majority of dissociated fibres resemble the morphology in all other
panels containing between 1 and 3 branches per fibre.

is likely that the absence of α-actinin-3 in the dKO mice
has conferred the fast-twitch fibres with some degree of
protection from eccentric damage (see discussion below)
and hence there is greater damage to the fast-twitch
fibres in the aged mdx EDL, which presents itself as a drop
in sensitivity as a result of the remaining force is being
generated by the pool of ‘slower’ fast-twitch fibres that
remain functional after the eccentric damage. The force
frequency parameter values presented here for 12 month
old mdx EDL (Fig. 1) are consistent with the values we
reported earlier in aged mdx EDL muscles from mice in
this age range (25,38,41).

dKO EDL muscles from 12 month old animals are
protected from eccentric contraction induced
force deficits despite undergoing a greater ‘work
done’ during eccentric contractions
In the dystrophinopathies absence of dystrophin trig-
gers skeletal muscle necrosis followed by regeneration,
this process continues throughout the life span of mdx
mice and DMD boys. The regenerated skeletal muscle
fibres are characterized by the presence of centralized
nuclei and increasing numbers of abnormal branched
fibres, which increase in both number and complexity
as the mouse or boy ages. In the later parts of the mdx
mouse life (12–24 months), some fibres can have up to

10 branches (25) in a single syncytium with all branched
fibres have a single neuromuscular junction (42–44). In
fast-twitch muscles, we and others have found a correla-
tion between the extent and complexity of fibre branch-
ing and susceptibility to damage from eccentric con-
tractions (18,25,36,38,45–48). In boys with DMD, extensive
fibre branching has been associated with an increase in
pathological symptoms, such as a reduction in mobility
(49,50). We have previously provided evidence that in the
absence of α-actinin-3 there is a reduced susceptibility
to stretch-induced damage in fast-twitch EDL dystrophic
muscles from aged 12 month mdx mice, however, in
young 8 week old mice the absence of α-actinin-3 confers
no protection from EC force deficits (10). It is important
to note that in these 8 week old muscles 100% of the EDL
fibres have undergone at least one round of degeneration
and regeneration (51), these mice are also from the same
α-actinin-3-deficient backgrounds with muscles lacking
dystrophin from the inner surface of the sarcolemma.

Here, we extend our earlier finding that absence of
α-actinin-3 protects the 12 month fast-twitch mdx EDL
muscles from eccentric force deficits even when the work
done by our EC protocol is markedly larger in the dKO
compared to the more severely damaged aged mdx mus-
cles (Fig. 2C). The reason more work was done in dKO for
a given eccentric stretch is because the protective effect
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Figure 6. Examples of light microscope images (X100) focusing on the fibre branch point in dKO muscle fibres over one field of view. Cartoon inserts have
been added to help visualize the various examples of branching in each image also highlighting broken (Red) and necrotic areas (Yellow). Branchpoint
patterns such as simple splits or offshoots towards the end of the fibre shown in panels A, G, I & J to splits that re-join in the middle of fibres shown in
panels B, C, F, H, K and L as well as tapered fibres in panels D & E. Scale bar provided at 200 μm in panel L applies to all of Figure 6.

Figure 7. Expression of SERCA1 in age matched WT, mdx and dKO EDL muscles. A: SERCA1 protein densitometry values normalized to α-skeletal actin
and the average of all WT samples. B: Representative western blots that correspond to A. All data shown are mean ± SD (n = 3 WT; n = 3 Aged mdx; n = 3
dKO). P-values shown are assessed by unpaired t-test with a significance established at 0.05, ∗∗∗0.0001 < P < 0.001.

of an absence of α-actinin-3 in the mdx mouse means
that dKO produce more absolute and specific force when
compared to age matched mdx (see supplementary fig-
ures). Work done has been a parameter reported previ-
ously when comparing EC damage in dystrophic studies
(25,52–57). Given that less work was done on aged mdx
muscles compared with dKO during ECs means it is likely

that the protective effect of the absence of α-actinin-3 is
even larger than we report here.

There are less complex branched fibres in EDL muscles
from dKO mice, which correlates with the protection
from eccentric contraction force deficits.

In the dystrophinopathies, the number and complexity
of pathologically branched fibres increases with age

https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddab326#supplementary-data
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(18,25,36,38,42,45–48,51,58–61). A significant number
of published reports have demonstrated a correlation
between the extent and complexity of fibre branching in
fast-twitch fibres and increased susceptibility to damage
from eccentric contractions (25,36,38,48,62). Branching is
an important and often overlooked pathological feature
of the muscles in the dystrophinopathies and it has been
shown that branching is responsible for the hypertrophy
of fast-twitch skeletal muscles reported in the mdx
mouse (42). We propose the increased susceptibility
to injury during eccentric contractions in aged fast-
twitch mdx muscles is due to morphological changes
(branching) of fibres, which lead to weakened regions
(branch points) that are the site of pathology and
acute rupture during contraction (Fig. 6), rather than
as a direct consequence of the absence of dystrophin
(18,25,46,47). In support of this, Pavlaths group have
demonstrated that reducing fibre branching in the mdx
mouse induced by expression of the muscle specific
olfactory receptor mOR23 protects against eccentric
damage (48). In our initial study (10), we showed that
it was only in 12 month dKO mice that the absence of
α-actinin-3 was protective against eccentric damage, at
younger ages the absence of α-actinin-3 conferred no
protection despite the absence of dystrophin in both age
groups. Here we show the protective effect of α-actinin-3
in mdx fast-twitch muscles at 12 months is even greater
than we previously reported (10), furthermore, we show
the Actn3KO protection is correlated with a reduction
in both the number and complexity of branched fibres
present in the mdx mouse at this age (Figs 3–5).

Eccentric force loss is gradual and reduced in
dKO muscles
Further investigation into the isometric force loss at each
of the three eccentric contractions used in the current
study reveal that the force deficit in dKO muscles was
graded (Fig. 2A). The aged dKO muscles lost ∼36% of
their starting force on the first contraction, dramatically
different to the ∼75% in aged mdx muscles (Fig. 2B left).
This supports our earlier studies where we showed it was
only the aged mdx EDL muscles, which lost the majority
of their force on the first EC (18,25,36,38). We have pro-
posed that this abrupt EC induced force loss in the aged
mdx mouse is correlated with fibre rupture and tearing
at branch points (25). The gradual force loss observed
in dKO muscle resemble the drops in isometric force
following EC seen in wild-type (WT) muscles with no
branching (25,30,63–66) and young mdx muscles (25,30),
which contain a simpler branching morphology, lacking
the complex branches observed in aged mdx animals that
cause the abrupt loss in isometric force.

Why does the absence of α-actinin-3 reduce fibre
branching in the mdx EDL?
Our group has previously reported that Actn3 polymor-
phism switches the metabolism in type 2B fibres towards
a slower oxidative metabolic state and reduces the 2B

fibre diameters compared with WT muscles (17,19,22).
There would be less shear stress on the fast-twitch fibres
in dKO, thus protecting them from EC and potentially pro-
viding an explanation for the reduction in fibre branching
we report here. Our argument here is that the Actn3
polymorphism switch of the 2B fibres to a slow-twitch
metabolism is protective against EC force deficits, this
notion is further supported by our recent publication
showing that mdx slow-twitch soleus muscles are pro-
tected from eccentric force deficits throughout the life
span of the mdx mouse due to reduced numbers and
complexity of branched fibres relative to EDL muscles
(30). Furthermore, there has been a long history in the
muscular dystrophy field, which proposes shifting of the
fast skeletal muscle fibres to a slow profile will con-
fer protection to DMD boys (for a review see Hardee
et al. (67)). Here we provide evidence that Actn3 polymor-
phism, which switches the anerobic metabolic profile
of fast 2B fibres in mice to a slower oxidative pathway
without altering the expression of the 2B myosin heavy
chain, confers a protection from eccentric force deficits
in 12 month mdx fast-twitch EDL, and this protection is
correlated with a reduction in the number and complex-
ity of branched fibres.

The molecular mechanism of Actn3KO protection
is also likely due to an increase in SERCA1
It is well accepted that the absence of dystrophin in the
dystrophinopathies, like DMD, triggers skeletal muscle
fibre necrosis due to pathological [Ca2+]in regulation (40).
Several studies have shown that the skeletal muscle
pathology in the dystrophin-deficient mdx mouse can
be ameliorated by overexpressing or pharmacologically
activating the SR Ca2+ pump, SERCA1 (27,28,31). Previ-
ously, our group has shown that one consequence of
the Actn3KO is a marked increase of SERCA1 protein in
fast-twitch skeletal muscle (20,29). In this study we have
shown that at 12 months of age dKO mice have a two-
fold increase in the SR Ca2+ pump SERCA1 compared to
age-matched dystrophin-deficient mdx mice (Fig. 7). This
level of increase is similar to that described by Mázala
et al. (28) when using SERCA1 overexpression, and is one
likely explanation for the protection conferred by the
Actn3 polymorphism in our dKO mouse. Furthermore,
this work provides additional support for the physio-
logical activation of SERCA1 in the skeletal muscle as
a potential novel therapeutic target for the treatment
of DMD.

If branches are weak, why do they persist
in the dystrophic muscle?
We have hypothesized (25,38,46,68) that branches are rel-
atively stable within the intact muscle until their number
and complexity reach ‘tipping point’. Below this ‘tipping
point’ a muscle can contain branched fibres with no
loss of mechanical stability (see Kiriaev et al. (30)). Past
‘tipping point’ fibre branching makes the fibre suscep-
tible to mechanical strains, which elicit rupture at one
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or more branch nodes in the branched fibre syncytium
and results in catastrophic failure of the branched fibre
unit. If these structural branch failures occur during a
strong EC, like the ones we use here in vitro, there will be
a positive feedback loop placing additional stress on the
remaining complex branched fibres and as they rupture
so will the remaining branched fibres, which have passed
‘tipping point’. However, if the mouse does not encounter
eccentric strains of this magnitude these dystrophin-
deficient animals can live largely asymptomatically past
108 weeks of age. It is only in the old mdx mouse that we
start to see them die earlier than age matched controls
(69,70), and we correlate this shortened life span with
the degree and complexity of muscle fibre branching
passing the ‘tipping point’ where a significant proportion
of branches can no longer withstand the normal stresses
and strains of muscle contraction.

Summary
The total absence of α-actinin-3 from the Z-discs of fast-
twitch skeletal muscle fibres results in a switch to an
oxidative metabolic pathway and increases in the sar-
coplasmic reticulum Ca2+ pump protein SERCA1. These
changes are correlated with a reduction in the occur-
rence of fast-twitch muscle fibre branching in aged dKO
mice, which we propose confers the fast-twitch EDL mus-
cles with some protection from EC induced force deficits.
These results have implications for disease progression
in the ∼16% of boys with dystrophin-deficient DMD who
also have the common null polymorphism (R577X).

Materials and Methods
Ethics approval
Research and animal care procedures were approved
by the Western Sydney University Animal Ethics Com-
mittee (A12346) and Murdoch Children’s Research Insti-
tute (MCRI) animal ethics committees and performed in
accordance with the Australian Code of Practice for the
Care and Use of Animals for Scientific Purposes as laid
out by the National Health and Medical Research Council
of Australia.

Animals
Mdx (C57 BL/10SnSn-Dmdmdx/J) mice were obtained
from Jackson Laboratories (Bar harbor, Me, USA). The
Actn3 knockout line created in this laboratory (23)
was backcrossed onto the C57BL/10 background for 10
generations before being crossed with the mdx line to
produce mice lacking both α-actinin-3 and dystrophin,
(dk)Actn3KO/mdx (dKO). Animals were housed at a
maximum of four to a cage in an environment controlled
room with a 12–12 h light–dark cycle and had access to
food and water ad libitum according to animal holding
facility arrangements.

Experiments were performed on 12 month old male
mice with the dKO backgrounds (12.3 ± 0.09 months)

and age matched mdx control mice (12.1 ± 0.1 months),
genetic backgrounds were distinguished by genotyping.
A total of 13 male mice were used in this study (n = 5 aged
mdx and 8 dKO mice).

Muscle preparation
Animals were overdosed with isoflurane in an induction
chamber, delivered at 4% in oxygen from a precision
vaporizer. Animals were removed when they were not
breathing and a cervical dislocation was immediately
carried out. The fast-twitch EDL muscle was dissected
from the hind limb in solution and tied by its tendons
from one end to a dual force transducer/linear tissue
puller (300 Muscle Lever; Aurora Scientific Instruments,
ON, Canada) and secured to a base at the other end using
6–0 silk sutures (Pearsalls Ltd, Somerset, UK). The muscle
was kept at room temperature during preparation in an
organ bath containing Krebs solution with composition
(in mM): 4.75 KCl, 118 NaCl, 1.18 KH2PO4, 1.18 MgSO4,
24.8 NaHCO3, 2.5 CaCl2 and 10 glucose, 0.1% foetal calf
serum and bubbled continuously with carbogen (95% O2,
5% CO2) to maintain pH at 7.4. Krebs solution was used
for dissecting, storage and contractile procedures.

The muscle was stimulated by delivering a current
between two parallel platinum electrodes, using an
electrical stimulator (701C stimulator; Aurora Scientific
Instruments). All contractile procedures were designed,
measured, and analyzed using the 615A Dynamic Muscle
Control and Analysis software (DMC version 5.417 and
DMA version 5.201; Aurora Scientific Instruments). At the
start of the experiment, the muscle was set to optimal
length (Lo), which will produce maximal twitch force,
and measured using vernier muscle callipers. These
contractile experiments were conducted on the EDL
muscle and at a room temperature of ∼20–22◦C.

Initial maximum force
An initial supramaximal stimulus was given at 1 ms,
125 Hz for 1 s, and force produced for muscles recorded
as Po, the maximum force output of the muscle at opti-
mal/resting length Lo. Muscles then underwent an initial
force frequency protocol, left to rest for 5 min (during
which muscle length was reset to Lo with no stimula-
tion in the organ bath), followed by the EC sequence
and another 5 min rest before a final force frequency
protocol.

Force frequency curve
Force-frequency curves were generated before and after
the EC sequence to measure muscle contractile function
throughout the study. Trains of stimuli were given 30s
apart by different frequencies, including 2, 15, 25, 37.5,
50, 75, 100, 125, 150 Hz at 1 ms duration (width) width for
1 s and the force produced was measured.

A sigmoid curve relating the muscle force (P) to the
stimulation frequency (f) was fitted by linear regression
to this data.
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The curve had the equation:

P = Pmin + Pmax − Pmin

1 +
(

Kf
f

)h
(1)

From the fitted parameters of the curve, the following
contractile properties were obtained: force developed at
minimal (Pmin) and maximal (Pmax) stimulation at the
conclusion of the force-frequency curve. Half-frequency
(Kf) is the frequency at which the force developed is
halfway between (Pmin) and (Pmax), and Hill coefficient (h),
which provides a way to quantify the calcium binding
affinity of the muscle during contraction. These were
used for population statistics.

Eccentric contractions
A series of eccentric (lengthening) contractions where
the contracted muscle was stretched 10% from Lo. At
t = 0 s, the muscle was stimulated via supramaximal
pulses of 1 ms duration (width) and 125 Hz frequency.
At t = 0.9 s, after maximal isometric force was attained,
each muscle was stretched 10% longer than their optimal
length. The muscle was then held at this length for 2 s
before returning to optimal length. Electrical stimulus
was stopped at t = 5 s. This EC procedure was performed
3 times at intervals of 3 min. The force measured at each
EC was expressed as a percentage of the force produced
during the first (initial) contraction.

Twitch kinetics
Twitch force and kinetics were measured at two time
points throughout the contractile protocol to compared
differences between pre EC and post-EC kinetics. The
twitches were performed at 2 Hz, for 1 ms (width) and
1 s duration immediately after initial maximum force
(before) and 5 min following the EC protocol (after). The
following parameters were collected: peak twitch force
expressed as a ratio of peak tetanic force, half relaxation
time and time to peak.

Work done
Work is an energy quantity given by force times distance,
this measurement was used to provide a quantitative
estimate of the EC-inducing forces. The work done to
stretch the muscle was calculated from the force tracings
through multiplying the area underneath the length-
ening phase of the force tracing with the velocity of
lengthening.

Brooks et al. (71) examined the effect of various param-
eters on the force deficit produced by eccentric contrac-
tions, and found that the work done to stretch the muscle
during the lengthening phase of an EC was the best
predictor of the magnitude of the force deficit (52,57,72).
Hence, this measure serves as a useful estimate of the
mechanical stresses imposed on a muscle during an EC.

Muscle mass
After contractile procedures were completed, the EDL
muscle was removed from the organ bath and tendons
trimmed. The muscles were blotted lightly (Whatmans
filter paper DE81 grade) and weighed using an analytical
balance (GR Series analytical electronic balance).

Western blot and automated western blot
protocol
Snap frozen extensor digitorum longus (EDL) muscles
(n = 3 muscles/genotype) were lysed by sonication in
4% SDS lysis buffer containing 65 mM Tris pH 6.8,
4% SDS, 1:500 Protease Inhibitor Cocktail solution
(Sigma-Aldrich), 1X PhosSTOP Phosphatase Inhibitor
Cocktail solution (Sigma-Aldrich) and Milli-Q water. Total
protein concentrations were then assessed using Direct
Detect (ThermoFisher Scientific) as per manufacturer’s
instructions. Protein simple automated western blot was
then performed using 0.2 mg/mL of protein lysates, and
primary antibodies including α-Sarcomeric actin (A2172,
5C5, Sigma-Aldrich, 1:10 000) and SERCA1 (ab109899,
Abcam, 1:5000), and their respective secondary anti-
bodies in the 12–230 KDa capillary cartridge separa-
tion module (Protein Simple) as per manufacturer’s
instructions. Protein analyses were performed using
Compass software (Protein Simple). All results were then
normalized to α-actin abundance and presented relative
to healthy age matched WT controls (C57BL/10).

Skeletal muscle single fibre enzymatic isolation
and morphology
Following contractile procedures and weighing, EDL mus-
cles were digested in Krebs solution (without FCS) con-
taining 3 mg/ml collagenase type IV A (Sigma Aldrich,
MO, USA), gently bubbled with carbogen (95% O2, 5%
CO2) and maintained at 37◦C. After 25 min, the muscle
was removed from solution, rinsed in Krebs solution con-
taining 0.1% foetal calf serum and placed in a relaxing
solution with the following composition (mM): 117 K+,
36 Na+, 1 Mg2+, 60 Hepes, 8 ATP, 50 EGTA (note: inter-
nal solution due to chemically skinning by high EGTA
concentration). Each muscle was then gently agitated
using pipette suction, releasing individual fibres from the
muscle mass and ensuring fibre distribution throughout
the solution. Using a pipette 0.5 mL of solution was drawn
and placed on a glass slide for examination.

Where a long fibre covered several fields of the micro-
scope view a series of overlapping photomicrographs
were taken and these were then stitched together using
the Corel draw graphic package. A total of 667 fibres from
9 EDL muscles were counted; 207 fibres from 4 aged mdx
and 460 from 5 dKO animals. Only intact fibres with no
evidence of digestion damage were selected for counting.

Statistical analyses
Data was presented as means ± SD, Differences occurring
between genotypes were assessed by individual student’s
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unpaired t-tests (unless specified) conducted at a sig-
nificance level of 5%. All statistical tests and curve fit-
ting were performed using a statistical software package
Prism Version 7 (GraphPad, CA, USA).

Supplementary Material
Supplementary Material is available at HMG online.
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