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Abstract

While αsk-actin isoforms predominate in adult striated muscle, skeletal muscle-specific knockouts 

of non-muscle cytoplasmic βcyto- or γcyto-actin each cause a mild, but progressive myopathy 

affected by an unknown mechanism. Using transmission electron microscopy, we identified 

morphological abnormalities in both the mitochondria and the sarcoplasmic reticulum in aged 

muscle-specific βcyto- and γcyto-actin knockout mice. We found βcyto- and γcyto-actin proteins to 

be enriched in isolated mitochondrial associated membrane preparations, which represent the 

interface between mitochondria and sarco-endoplasmic reticulum important in signaling and 

mitochondrial dynamics. We also measured significantly elongated and interconnected 

mitochondrial morphologies associated with a significant decrease in mitochondrial fission events 

in primary mouse embryonic fibroblasts lacking βcyto- and/or γcyto-actin. Interestingly, 

mitochondrial respiration in muscle was not measurably affected as oxygen consumption was 
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similar in skeletal muscle fibers from 12 month-old muscle-specific βcyto- and γcyto-actin 

knockout mice. Instead, we found that the maximal rate of relaxation after isometric contraction 

was significantly slowed in muscles of 12 month-old βcyto- and γcyto-actin muscle-specific 

knockout mice. Our data suggest that impaired Ca2+ re-uptake may presage development of the 

observed SR morphological changes in aged mice while providing a potential pathological 

mechanism for the observed myopathy.

Graphical Abstract

Gene knockout of either cytoplasmic actin isoform (βcyto- or γcyto-actin) results in elongated 

mitochondrial morphology and decreased mitochondrial fission in mouse embryonic fibroblasts. 

Ablation of either βcyto- or γcyto-actin in skeletal muscle also results in altered mitochondrial and 

sarcoplasmic reticulum morphologies in aged skeletal muscle, as well as impaired skeletal muscle 

relaxation.
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Introduction

While abundantly expressed skeletal (αsk-actin) and cardiac (αca-actin) actins are essential 

constituents of sarcomeric thin filaments in adult striated muscle [1,2], non-muscle 

cytoplasmic actins (βcyto- and γcyto-actin) are the predominant isoforms in myoblasts [3,4] 

and have been implicated in several key steps of myogenesis during development [5–8]. 

After myogenesis, very low levels of βcyto- and γcyto-actin remain in adult skeletal muscle 

and localize to an extra-sarcomeric cytoskeleton that includes the subsarcolemmal costamere 

[9–12], regions of the sarcoplasmic reticulum (SR) flanking the Z-disk, and mitochondria 

[9,13–16].
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Several studies have shown that γcyto-actin colocalizes with isoforms of ankyrin, 

tropomyosin and tropomodulin at the extra-sarcomeric cytoskeleton [13,14,17,18]. 

Knockout of the tropomyosin isoform TM5NM1 [19], or disruption of tropomodulin 3 

(Tmod3) localization as a result of tropomodulin 1 (Tmod1) knockout [20] both perturb the 

peri-Z-disk elements with associated defects in triad morphology and excitation-contraction 

coupling. Knockdown of clathrin heavy chain was shown to drive γcyto-actin displacement 

from the sarcolemma and loss of contractile force presumably due to uncoupling of 

myofibrils from costameres [21]. A recent proteomic study reported that γcyto-actin was 

found in an isolated complex containing four-and-a-half LIM domain protein 1 (FHL1) 

protein [22], while gene knockout of FHL1 causes a progressive skeletal myopathy 

associated with sarcoplasmic reticulum and mitochondrial disorganization in mice [23]. 

Collectively, these studies suggest that extra-sarcomeric cytoplasmic actins contribute to the 

function of several organelles in adult skeletal muscle.

To more directly test the functional importance of non-muscle cytoplasmic actins in skeletal 

muscle, we previously generated muscle-specific knockout mice lacking either γcyto-actin 

(Actg1-msKO, Sonnemann et al., 2006), or βcyto-actin (Actb-msKO, Prins et al., 2011). 

These two single gene knockouts developed qualitatively similar phenotypes characterized 

by a progressive myopathy with significant myofiber degeneration/regeneration and muscle 

weakness, but without any detectable perturbations of the costameric lattice or intracellular 

organelles in mice 3–6 months old [12,24]. Notably, ultrastructural defects in the 

sarcoplasmic reticulum of Tmod1 knockout mice were not apparent until 6 months of age 

[14,20]. The progressive nature of both Actg1-msKO and Actb-msKO suggests that partial 

functional redundancy of βcyto- and γcyto-actins may slow the development of the 

phenotypes observed after knockout of other actin-associated proteins in the extra-

sarcomeric cytoskeleton [14,20].

Here, we examined muscle ultrastructure as a function of age using transmission electron 

microscopy (TEM) and show that skeletal muscles from 22–25 month old Actg1-msKO and 

Actb-msKO mice exhibit misshaped mitochondria and dilated and vesiculated sarcoplasmic 

reticulum compared to age-matched control animals (Actg1-msCT and Actb-msCT mice), or 

younger knockout animals. We also demonstrate that both βcyto- and γcyto-actin co-enrich 

with biochemically isolated mitochondrial-associated membrane fractions. While mouse 

primary embryonic fibroblasts ablated for βcyto- and/or γcyto-actin exhibited markedly 

increased mitochondrial lengths and decreased rates of fission, no significant deficit in 

mitochondrial respiration, oxygen consumption, or ROS was measured in isolated Actg1-

msKO or Actb-msKO skeletal muscle fiber bundles or intact Actb-msKO mice. Finally, we 

measured a small but significant decrease in the maximal relaxation rate in extensor 

digitorum longus (EDL) muscles of Actg1-msKO and Actb-msKO mice which was not 

linked to a defect in SERCA function. Collectively, our present data are consistent with 

previous studies [20,23,25–27], and extend them by showing that specific loss of either 

βcyto- or γcyto-actin from mouse embryonic fibroblasts causes a defect in mitochondrial 

fission while their loss from the extra-sarcomeric cytoskeleton of skeletal muscle mildly 

perturbs sarcoplasmic reticulum physiological function.
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Results

Altered Sarcoplasmic Reticulum and Mitochondrial Morphologies in Aged Cytoplasmic 
Actin KO Skeletal Muscle

Several other groups have observed age-dependent morphological defects in sarcoplasmic 

reticulum and mitochondria after genetic ablation of actin binding proteins associated with 

the extra-sarcomeric actin cytoskeleton [14,20,23]. Therefore, we utilized TEM to examine 

the muscle ultrastructure from Actg1-msKO and Actb-msKO animals at 6, 12, and 22–25 

months of age (Figure 1). Consistent with our previous studies [12,24], analysis of 

longitudinal sections from 6 month-old animals showed muscle architecture, including Z-

disk alignment that was not different from age-matched Actg1-msCT or Actb-msCT control 

mice (Figure 1 A–C, P; Figure 2A). While muscles from most 12 month-old animals were 

also not different from Actg1-msCT or Actb-msCT (denoted with a white arrowhead in 

Figure 1D, F, P), one Actg1-msKO sample displayed dilation of the sarcoplasmic reticulum 

(denoted with a white arrow in Figure 1 E, P). At 22–25 months of age, all Actg1-msKO and 

Actb-msKO muscles displayed normal Z-disk alignment, but presented with sarcoplasmic 

reticulum dilation (Figure 1 G–I, M; Figure 2 B). TEM examination of skeletal muscle in 

cross section revealed abnormal mitochondrial morphology in Actg1-msKO and Actb-msKO 

muscles at 22–25 months of age (Figure 1 J–L, Q). Actg1-msKO and Actb-msKO muscle 

exhibited a subset of mitochondria which appeared rounded in the two-dimensional images 

(white arrows, Figure 1 K, L) in comparison to the more prevalent elongated mitochondria 

observed in age-matched Actg1-msCT or Actb-msCT muscle (white arrow heads, Figure 1 

J–L). The measured mitochondrial length to width ratios confirmed the qualitative 

observation (Figure 1 Q). Although these measurements were made on two-dimensional 

images and mitochondria are three-dimensional structures, the observed change in the length 

to width ratio in cross section, is suggestive of an overall change in mitochondrial 

morphology. Higher magnification images reveal internal mitochondrial morphology which 

is unchanged between control and knockout samples (Figure 1 M–O). Mitochondrial 

electron density and cristae morphology appear to be maintained in knockout muscle. 

Another cytoskeletal protein, the intermediate filament desmin is known to be important for 

proper mitochondrial morphology [28,29]. However the observed mitochondrial phenotype 

in Actg1-msKO and Actb-msKO is likely not impacted by changes in desmin, which was 

expressed at similar levels (Figure 3 A–B) and localization (Figure 3 C–E) relative to control 

muscle. Consistent with other studies [14,20,23], our TEM data reveal age-dependent 

ultrastructural defects in the sarcoplasmic reticulum and mitochondria of Actg1-msKO and 

Actb-msKO muscles, but which take longer to manifest than previously observed with 

genetic ablation of Tmod1 or FHL1 [14,20,23].

Morphological defects in both the sarcoplasmic reticulum and mitochondria of Actg1-msKO 

and Actb-msKO muscles suggested that βcyto- and γcyto-actin may interact with both 

organelles at their site of close apposition. Mitochondrial associated membranes (MAMs) 

are a functionally important interface between mitochondria and the sarco-/endo-plasmic 

reticulum involved in mitochondrial respiration, Ca2+ crosstalk, cell death signaling, lipid 

metabolism, and mitochondrial dynamics [30–34]. Therefore, we biochemically isolated 

MAM, mitochondrial, and endoplasmic reticulum fractions from wildtype mouse liver [35] 

O’Rourke et al. Page 4

FEBS J. Author manuscript; available in PMC 2019 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



and performed western blot analysis to identify the fractions containing βcyto- and γcyto-

actin immunoreactivity using previously established antibodies specific to each isoform 

(Figure 4) [24,12,36,37]. As expected, both γcyto- and βcyto-actin were present in the 

cytosolic fraction (verified by tubulin immunoreactivity), weakly present in the crude 

mitochondrial fraction (identified by cytochrome C), and most enriched in the isolated 

MAM fraction verified by the presence of FACL4, a lipid enzyme localized to the MAM 

[38,39]. Thus, both βcyto- and γcyto-actin co-enrich with a membrane fraction thought to 

represent the interface between the sarcoplasmic reticulum and mitochondria, which each 

display age-dependent perturbations in morphology when βcyto- or γcyto-actin are knocked 

out (Figure 1).

Perturbation of Mitochondrial Dynamics in Cytoplasmic Actin-Null Mouse Embryonic 
Fibroblasts

Abnormalities in mitochondrial morphology imply a defect in mitochondrial dynamics 

controlled by the opposing processes of fission and fusion [40]. Both the endoplasmic 

reticulum and actin have recently been shown to play key roles in mitochondrial fission in 

many cell types [25,26,41], however, mitochondrial dynamics are challenging to measure in 

adult skeletal muscle fibers [42]. Therefore, we imaged mitochondria in primary mouse 

embryonic fibroblasts (MEFs) homozygous for floxed Actb or Actg1 alleles which were 

treated with adenovirus-5 CRE to knockout the target gene or adenovirus-5 GFP as a control 

[36]. MEFs ablated for either βcyto-actin, γcyto-actin, or both actins displayed individual 

mitochondria which were significantly larger by surface area compared to mitochondrial size 

in control MEFs (Figure 5 A–G). Mitochondria in Actg1, Actb, and Actb/Actg1 KO MEFs 

compared to control (Actg1-CT or Actb-CT) MEFs have similar numbers of individual 

mitochondria, or mitochondria without branches (Figure 5 H) as measured using the Fiji 

plug-in MiDA [43]. However, MEFs lacking either βcyto-actin or γcyto-actin have an 

increase in network or branched mitochondria (Figure 5 I). While the number of 

mitochondria with branches (Figure 5 I) is greater in knockout MEFs compared to controls, 

the length of the branches (Figure 5 J) and the number of branches per network (Figure 5 K) 

is not different. The most likely explanations for the measured increase in mitochondrial size 

or network formation would be a decrease in the rate of mitochondrial fission, or an increase 

in mitochondrial fusion. Therefore, mitochondria were live-imaged and the frequencies of 

fission and fusion events were quantified. While the frequency of fusion events was not 

different across all MEF pools analyzed (Figure 5 I), the frequency of fission events were 

significantly decreased in Actg1, Actb, and Actb/Actg1 KO MEFs compared to control 

(Actg1-CT or Actb-CT) MEFs (Figure 5 J). The observed decrease in fission could be linked 

to a decrease in the abundance of proteins known to be critical for mitochondrial dynamics 

however, we found that proteins involved in mitochondrial fission, mitochondrial fission 1 

(Fis1; Figure 6 A–B) or fusion, mitofusin2 (MFN2) and dominant optic atrophy1 (OPA1; 

Figure 6 C–F) were not depleted in Actg1-msKO or Actb-msKO muscle relative to controls. 

Our results are consistent with the previously defined role for actin in mitochondrial fission 

[25,26] and extend previous studies by demonstrating that both βcyto- and γcyto-actin 

isoforms non-redundantly support mitochondrial fission.
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Normal Mitochondrial Respiration in Cytoplasmic Actin KO Skeletal Muscle

Because perturbations in mitochondrial shape, dynamics, and function are often interlinked 

[44–46], we investigated whether mitochondrial respiration was altered in muscle fiber 

bundles from the red portion of the gastrocnemius muscle from 12 month-old Actg1-msKO 

and Actb-msKO mice. No change was detected in the abundance of protein components of 

electron transport chain (ETC) complexes I–IV (Figure 7), which correspond to no 

measureable differences in respiratory function. Specifically, no differences were detected in 

Complex I Leak or ADP-stimulated Complex I or Complex I and II respiration between 

fiber bundles isolated from age-matched Actg1-msKO and Actg1-msCT, or Actb-msKO and 

Actb-msCT animals (Figure 8 A–C). Nor were differences detected in Complex II or IV-

mediated respiration (Figure 8 D–E). Complex I control and succinate control: the portion of 

respiration attributed to complex I or complex II, respectively, via the Q-junction (Figure 8 

F–G), respiratory control ratio (RCR) and coupling efficiency: indicators of mitochondrial 

coupling (Figure 8 H–I), E-Super-C; a measure of incomplete channeling of electrons 

through the Q-junction during Complex I and II respiration (Figure 8 J) were also not 

different among fiber bundles from each group. Taken together these data indicate that the 

absence of either βcyto-actin or γcyto-actin does not lead to perturbations in mitochondrial 

respiration at 12 months.

As defects in mitochondrial morphology were most evident in aged Actg1-msKO and Actb-

msKO muscles (Figure 1 J–L, Q), we also measured whole body energy expenditure in 22–

25 month-old Actb-msCT and Actb-msKO mice (Figure 9). Consistent with our 

measurements of oxygen consumption in isolated gastrocnemius muscles (Figure 8) and 

primary mouse embryonic fibroblasts [36], there was no difference between aged Actb-

msCT and Actb-msKO mice in any measured parameter of whole body respiratory function 

(Figure 9).

Though respiration wasn’t detectibly perturbed in Actg1-msKO or Actb-msKO muscle, 

another aspect of mitochondria function which could be affected is the emission of reactive 

oxygen species (ROS). Examination of the ROS species H2O2 in isolated skeletal muscle 

fibers indicated that buffered and non-buffered H2O2 emission is not significantly different 

in knockout muscle compared to controls (Figure 10 A). The scavenger index, which is the 

percent increase of non-buffered over buffered H2O2 production, is also similar in control 

and knockout muscle (Figure 10 B). These results indicate that the alterations in 

mitochondrial morphology and dynamics caused by genetic ablation of Actg1 or Actb 

(Figures 1, 3) are not associated with a measurable impairment in mitochondrial function.

Impaired Relaxation in Cytoplasmic Actin KO Skeletal Muscle

In the absence of a measurable deficit in mitochondrial function (Figure 8, Figure 9) to 

explain the mild, but progressive myopathy caused by muscle-specific ablation of Actb or 

Actg1 [12,24], we characterized contractile function of isolated EDL muscles from 12 

month-old Actg1-msCT and Actg1-msKO animals, and 12 and 22–25 month-old Actb-

msCT and Actb-msKO mice. Further analysis of tetanic isometric contractions showed that 

specific force, maximal rate of contraction, force development time, loss of force during a 

fatigue protocol as well as recovery of force following a submaximal fatigue protocol were 
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not different (Table 1, Figure 11 A–C), indicating that the ability of Actg1-msKO and Actb-

msKO muscles to respond to electrical stimuli, release Ca2+, and produce force [47–49] 

were largely unaffected. Interestingly, the maximal rate of relaxation was significantly 

slowed in 12 month-old Actg1-msKO and Actb-msKO muscles compared to age matched 

Actg1-msCT and Actb-msCT muscles, as was ½ relaxation time in the Actg1-msKO (Table 

1, Figure 11 D). By 22–25 months of age, the maximal rate of relaxation in Actb-msCT 

muscles slowed to the point that it was no longer significantly different from Actb-msKO 

muscles (Table 1, Figure 11 D).

While Ca2+ reuptake by the sarco-/endo-plasmic reticulum Ca2+-ATPase (SERCA) is 

primarily responsible for muscle relaxation rate [48,50], western blot analysis revealed 

similar levels of immunoreactivity in Actg1-msKO compared to Actg1-msCT, and in Actb-

msKO compared to Actb-msCT skeletal muscle lysates against the primary isoform of 

SERCA expressed in skeletal muscle and a regulator of SERCA, small Ankyrin 1 (Figure 12 

A–C) [51]. Calsequestrin also did not show any detectible change in abundance between 

Actg1-msKO or Actb-msKO and control SR (Figure 12 D–E), suggesting that the SR 

phenotype we observe by TEM (Figure 1 G–I, M; Figure 2 B) is likely due to SR dilation 

rather than SR proliferation. The similar levels of SERCA1a as well as small Ankyrin 1 in 

control and knockout samples indicate that it is unlikely to be a deficit in SERCA 

availability or activation that causes the observed phenotype. We also measured SERCA 

ATPase activity in SR isolated from control and knockout muscle in the presence or absence 

of inhibitors. We found no significant differences in SERCA activity between Actb-msKO 

(Figure 13 A–B) and controls. Dysregulation of Ca2+ can result in the activation of the 

unfolded protein response (UPR) as a result of cellular stress [52–55]. However, we 

observed no change in the abundance of several UPR proteins in Actg1 and Actb KO 

skeletal muscle (Figure 14). None-the-less, the dilated sarcoplasmic reticulum (Figure 1) and 

slowed relaxation (Table 1, Figure 11) both suggest that sarcoplasmic Ca2+ regulation is 

impaired in Actg1-msKO and Actb-msKO skeletal muscles.

Discussion

Though only accounting for a minute fraction of the total actin pool in adult skeletal muscle 

[56], non-muscle cytoplasmic γcyto- and βcyto- actin isoforms have been shown to localize to 

a diverse array of cellular structures in skeletal muscle. Some structures to which 

cytoplasmic actin has been localized in adult skeletal muscle include subsarcolemmal 

costameres [9–12], mitochondria [9] and the peri-Z-disk region where SR localizes [13–16]. 

However, it is still unclear how ablation of γcyto- or βcyto-actin in skeletal muscle causes a 

mild, but progressive myopathy [12,24]. Here we show that knockout of γcyto- or βcyto- actin 

causes perturbation in both mitochondrial morphology and fission, supporting a link 

between γcyto- or βcyto- actin localization at the mitochondria and a functional role in 

mitochondrial dynamics.

Dynamic mitochondria in skeletal muscle are critical for maintaining bioenergetics [57,58]. 

As a consequence of the high energy demand of skeletal muscle, perturbations in multiple 

aspects of mitochondrial dynamics can be fatal in mice [46,59]. Mitochondria are distributed 

in skeletal muscle to enable maximal functional connectivity with surrounding structures 
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[30,60,61] including other mitochondria [62] with which they regularly undergo fusion [57]. 

In non-muscle cells, both actin and the endoplasmic reticulum have been implicated in the 

fission process [25,26,63]. Because mitochondrial dynamics are critical in all cell types and 

occur with higher frequency in non-muscle cells, we utilized a MEF model to study 

dynamics and found decreased fission in γcyto-, βcyto-, and double actin KO MEFs, 

indicating that γcyto- and βcyto- actin isoforms are individually important for mitochondrial 

fission.

The observed alterations in mitochondria morphology and measured changes in 

mitochondrial dynamics were not paired with detectable differences in mitochondrial 

respiration or an alteration in redox balance, specifically reactive oxygen species (ROS) 

emission. This finding supports the idea in the mitochondrial dynamics field that elongated 

mitochondria may act as a protective feature.

At the mitochondrial-SR/ER interface, Ca2+ signaling can influence mitochondria 

respiration rates and even initiate cell death [60,64–66]. Here, we demonstrate enrichment of 

both γcyto- and βcyto- actin with the MAM. The MAM forms a small microenvironment 

which is important for a large array of functions in addition to Ca2+ signaling, including but 

not limited to: mitochondrial fission, ER stress, ROS signaling, and lipogenesis 

[25,26,61,67–72]. We observed alterations in the morphology of both organelles which form 

the MAM. Dysregulation of the signaling cascades can be caused by structural 

malformations of the MAM [73–75]. Therefore, loss of γcyto- or βcyto- actin from the 

mitochondrial-SR/ER interface may impair inter-organelle signaling.

Ca2+ signaling is critical to regulating skeletal muscle contraction and relaxation. Problems 

with Ca2+ sequestration can occur at a number of points including: leak through the RYR, 

SERCA, the membrane, or ryanodine receptor or SERCA dysfunction. However we did not 

observe changes in the abundance or activity of SERCA (Figure 12 and Figure 13) 

suggesting that Ca2+ leak through RYR or the dilated SR membrane may be the cause of the 

observed perturbations in relaxation rate. Swelling of the SR, similar to what we observed 

here, has been seen alongside defective skeletal muscle Ca2+ release [20], supporting a role 

for Ca2+ in the γcyto- and βcyto- actin skeletal muscle KO relaxation defect. Cellular 

stressors can induce Ca2+ dysregulation (Ermak and Davies, 2002). One such stress is 

muscle aging, or sarcopenia, which has been linked to alterations in Ca2+ flow [76]. 

Oxidation of the RYR with aging leads to SR Ca2+ leak, further ROS elevation and 

ultimately loss of muscle [76]. The decreased relaxation rate seen here in 12 month old 

Actg1-msKO and Actb-msKO skeletal muscle preceded a similar decrease in Actb-msCT 

skeletal muscle at 22–25 months of age (Figure 11D), suggesting that knockout of either 

cytoplasmic actin may accelerate aging in skeletal muscle.

The partial redundancy of the cytoplasmic actin isoforms, illustrated by the similar but 

modest phenotypes displayed when either are knocked-out, indicates that both are important 

but can likely compensate in some aspects for the other. An explanation for this partial 

overlap is likely that the sequences of γcyto- and βcyto- actin are highly conserved and differ 

only by the 3’UTR sequences and 4 biochemically similar amino acid changes [77,78]. 

Despite the high degree of sequence identity, γcyto- and βcyto- actin have differing 

O’Rourke et al. Page 8

FEBS J. Author manuscript; available in PMC 2019 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



polymerization dynamics and modifications [77,79,80]. The presence of the phenotypes 

observed here suggests that each isoform does play a unique and vital role in the actin 

cytoskeleton.

Methods

Mouse Lines

Mice (Mus musculus) containing the conditional floxed Actb [81] and Actg1 [24] alleles as 

described previously were each backcrossed on to the C57BL/6 background for a minimum 

of five generations. To generate knockout mice, each line was crossed to mice expressing 

cre-recombinase under the skeletal muscle specific human skeletal actin promoter (HSA-Cre 

mice were provided by Judith Melki, INSERM, Evry, France; Miniou et al., 1999). 

Knockout animals were homozygous for either the Actb or Actg1 floxed alleles, and 

hemizygous for HSA-cre, controls were age-matched floxed mice lacking HSA-cre that are 

referred to as either Actb-msCT or Actg1-msCT. All mice examined were male. Standard 

PCR analysis was used to confirm genotype. All animals were cared for according to the 

University of Minnesota Institutional Animal Care and Use Committee policy.

Muscle Fiber Imaging

Extensor digitorum longus (EDL) muscles were harvested from 13–14 month old perfusion-

fixed mice and immunostained for desmin (D93F5; Cell Signaling Technology, Danvers, 

MA, USA). Perfusion media (50 mM Pipes, 5 mM EGTA, 2 mM MgSO4, 10% (vol/vol) 

DMSO, and 0.1% Triton X-100, pH 6.8) contains 4% (wt/vol) paraformaldehyde. Muscles 

were further postfixed in 4% (wt/vol) paraformaldehyde in PBS (PBS: 8 mM NaH2PO4, 42 

mM Na2HPO4, and 150 mM NaCl, pH 7.5) for 24 hours while rotating. Single muscle 

fibers were mechanically teased apart and incubated with anti-desmin overnight with 

rotation. Goat anti-rabbit secondary antibody coupled to Alexa Fluor 488 was used for 

visualization. Fibers were mounted on slides using Prolong Gold antifade reagent with DAPI 

(Cell Signaling Technology, Danvers, MA, USA) to visualize nuclei. Fibers were imaged on 

the Olympus FluoView FV1000 with the 60× oil immersion objective using the 

accompanying software. ImageJ sum slices projection was used to combine two Z-stacks for 

a total 0.8 microns depth. Brightness and contrast were adjusted using ImageJ [83]. Images 

are representative of n = 2 mice per genotype and n = 10 fibers per mouse.

Cell Culture and Imaging

Primary MEFs were cultured from E13.5 ActbL/L, Actg1L/L and double ActbL/L/Actg1L/L 

mouse embryos as described previously [36,84]. Briefly: MEFs from individual embryos 

were cultured at 37°C in 5.0 % CO2 in DMEM media (supplemented with 10% FBS, 1% 

Pen/Strep, 0.5ug/mL Fungizone; Invitrogen Carlsbad, CA, USA), counted, and split into two 

pools. One pool was treated with the control adenovirus Ad5-GFP (Ad5CMV-hrGFP) the 

other group was treated with Ad5-Cre (Ad5CMV-Cre-eGFP) virus purchased from The 

University of Iowa Viral Vector Core (Iowa City, IA, USA) explicitly following the Core’s 

Adenovirus Adfection protocol (http://www.medicine.uiowa.edu/vectorcore).
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On the seventh (ActbL/L, Actg1L/L MEFs) or ninth (ActbL/L/Actg1L/L MEFs) day post 

infection cells showed complete knockout of protein by western blot as previously published 

[36]. Once knockout was confirmed by western blot, MEFs were stained with 0.01nM 

MitoTracker CMXRos (ThermoFisher Scientific M7512; Waltham, MA, USA) in Opti-

MEM with 10%FBS for 15 min. Media was replaced and cells were imaged using a GE 

Applied Precision DeltaVision Deconvolution Microscopy system (Little Chalfont, 

Buckinghamshire, UK) with a 60x numerical aperture 1.42 objective and Photometrics 

Coolsnap HQ camera (Tucson, AZ, USA). Using a z-stacked image Imaris Imaging software 

by Bitplane (Belfast, Northern Ireland, UK) was used to define individual mitochondria 

(overlapping mitochondria were excluded from this analysis) and determine the surface area 

of all individual mitochondrion. To assess the overlapping mitochondria and network 

formation the Mitochondria Network Analysis (MiNA) toolset plugin for Fiji was 

used[43,83]. Briefly, MiNA defined the mitochondrial network and converted it to binary, 

then a mitochondrial skeleton was defined, this skeleton was then assessed for the number of 

mitochondria with or without branches. If branches were present the length and number of 

branches per mitochondrion were quantified. To quantify fission and fusion events cells were 

imaged every 10s for 2min. The time-lapse images were then examined frame by frame for 

any mitochondrial fission or fusion events. MEFs from at least 3 different individual 

embryos per genotype were examined.

Transmission Electron Microscopy and Quantification

Mice at 6, 12, or 22–25 months were anesthetized using avertin. Once anesthetized the mice 

underwent intra-peritoneal perfusion with PBS, followed by perfusion fixation with 4% PFA 

and 1.5% glutaraldehyde in 0.1 M Na-cacodylate buffer. The lower limb was removed and 

further fixed in the same solution at 4°C for 2 hours. Tibialis Anterior (TA) muscles were 

dissected and incubated overnight at 4°C in a secondary fix of 2.5% Glutaraldehyde in 0.1M 

Na-Cacodylate. Muscles were washed in Na-cacodylate buffer, post-fixed in 1% OsO4 in 0.1 

M Na-cacodylate for 1 hour, and rinsed in Na-cacodylate buffer. After dehydration with 

increasing concentrations of ethanol, muscles were embedded in Epon 812 resin. 65 nm 

ultrathin sections were stained with uranyl acetate and lead citrate and visualized on the 

transmission electron microscope (FEI Technai Spirt BioTWIN, Hillsboro, OR, USA) at 

120kV. The samples were de-identified and Images were acquired in every field which 

contained non-overlapping muscle sections free from staining debris and free from section 

rips, fields were not repeat imaged to prevent overlap of quantification. All chemicals were 

purchased from Electron Microscopy Sciences, Hatfield, PA, USA. Quantification of 

mitochondria length:width ratio was done using Fiji’s measurement tool [83], briefly 

mitochondria were measured on the longest axis for length and the widest axis for width. Z-

disk alignment was measured using Fiji as performed by Gokhin et al. [83,20] briefly, the 

sarcomere length was measured from Z-disk to Z-disk the offset of Z-disks from 

neighboring sarcomeres was measured allowing for the determination of shift in Z-disks.

Mitochondrial Respiration

In these studies, muscle fiber bundles were used to assess mitochondrial respiration as this 

approach allows for the assessment of mitochondria in their native state[85]. The technique 

for preparing and permeabilizing muscle fiber bundles has previously been described [86]. 
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12 month old mice were anesthetized and red portions of the gastrocnemius muscle were 

dissected and immediately added to ice-cold buffer × ([mM] − 7.23 K2EGTA, 2.77 

CaK2EGTA, 20 imidazole, 20 taurine, 5.7 ATP, 14.3 phosphocreatine, 6.56 MgCl2·6H2O, 50 

MES, pH 7.1, 295 mosmol/kgH2O). Under a dissecting microscope, connective tissue and 

fat were removed from the red portions before separating muscle into fiber bundles of ~ 1 

mg wet wt. Muscle fiber bundles were then permeabilized in buffer × containing 30 µg/ml 

saponin for 30 min with continuous rotation at 4°C. Muscle fiber bundles were transferred to 

ice-cold buffer Z ([mM] – 110 K-MES, 35 KCl, 1 EGTA, 5K2HPO4, 3 MgCl2·6H2O, 

5mg/ml BSA, pH 7.4, 295 mosmol/kgH2O) and washed for 15 min at 4°C with continuous 

rotation.

Measurements of high-resolution O2 consumption were made using the OROBOROS 

Oxygraph-2K (Oroboros Instruments, Innsbruck, Austria) at 37°C with a starting oxygen 

concentration of ~350µM oxygen as previously described (Ryan et al. 2014). Experiments 

were conducted in buffer Z supplemented with 20mM creatine monohydrate and 25µM 

blebbistatin. Mitochondrial respiration was assessed by delivery of the substrates in the 

following order and at a final concentration of pyruvate 4mM, malate 2.5 mM, glutamate 5 

mM, ADP 2.5 mM, succinate 5 mM, cytochrome c 5 µM, rotenone 10 µM, antimycin A 5 

µM, ascorbic acid 2 mM and TMPD 0.5 mM (N,N,N’,N’-Tetramethyl-p-phenylenediamine 

dihydrochloride). Preservation of mitochondrial membrane integrity was confirmed by 

excluding muscle bundles that produced a >10% increase in respiration in response to 

exogenous cytochrome c addition. Following completion of the protocol, muscle bundles 

were washed in distilled H2O, freeze-dried (Labconco, Kansas City, MO, USA) and 

weighed (Orion Cahn C-35, Thermo Electron, Beverly, MA). All chemicals and reagents 

were purchased from Sigma-Aldrich (St. Louis, MO, USA).

Maximum Succinate H2O2 production

In these studies, muscle fiber bundles were used to assess succinate induced H2O2 

production. The technique for preparing and permeabilizing muscle fiber bundles is as 

described above [86]. 0.2–0.3mg dry weight of mouse muscle was combined with 30ug/ml 

saponin and incubated 30 minutes at 4°C. Amplex Red Assay Buffer [25µM], horseradish 

peroxidase [1U/ml] was added to the fibers and background was determined. Then succinate 

[10µM] and for the buffered solution inhibitors auranofin (AF) [1µM] and carmustine 

(BCNU) [100µM] were added. The Amplex Ultra Red Assay was run at 37°C with 

excitation/Emission of 565/600 for 10 seconds, with an integration time of 1 second.

Indirect calorimetry and body composition

22–25 month old male mice were individually housed for metabolic testing and were 

habituated to the metabolic chamber for 1 day prior to the collection of data over 2.5 days (n 

= 4–7). Oxygen consumption (VO2) and carbon dioxide production (VCO2), activity, and 

energy expenditure were measured using metabolic monitoring systems including the 

Oxymax Comprehensive Lab Animal Monitoring System (Columbus Instruments, 

Columbus, OH, USA). VO2 (volume O2), VCO2 (volume CO2), and respiratory exchange 

ratio (RER) were calculated from the gas-exchange data. Activity was measured on the x- 

and z-axes with the use of infrared beams. Mice were analyzed for total body fat, lean tissue, 
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and body water content using an EchoMRI quantitative magnetic resonance system (Echo 

Medical Systems, Houston, TX, USA). Energy expenditure was calculated with the formula 

provided by the manufacturer, expressed as Kcal/h and analyzed with body weight as 

continuous predictors in an ANCOVA model [87].

MAM Fractionation

Mouse liver from 12 month male animals was fractionated according to the protocol in 

Wieckowski et al [35]. Briefly: the mouse was anesthetized using avertin, sacrificed by 

cervical dislocation. The liver was immediately removed and successively washed in buffer 

(225mM mannitol, 75-mM sucrose, 0.5% BSA, 0.5mM EGTA and 30mM Tris-HCL, 

followed by 225mM mannitol, 75-mM sucrose, 0.5% BSA, and 30mM Tris-HCL, and 

225mM mannitol, 75-mM sucrose, and 30mM Tris-HCL). The liver was minced, 

homogenized using a Teflon and glass mortar and pestle at 4°C, and spun at 740g for 5min, 

supernatant was collected and respun under the same conditions. The supernatant was 

collected and spun at 9,000×g for 10min, the pellet contains the crude mitochondria (the 

supernatant containing the cytoplasm and ER were centrifuged at 20,000×g for 30min, the 

supernatant was spun for 1h at 100,000×g, the resulting supernatant is the cytoplasmic 

fraction and the pellet is the ER fraction). The pellet containing the crude mitochondria was 

washed and spun at 10,000×g for 10min twice. The washed pellet was gently homogenized 

in buffer and layered on top of percoll media. The fractionation of the crude mitochondria 

into pure mitochondria and MAM was done by centrifuging the percoll layered suspension 

at 95,000×g for 30min using a swinging rotor (SW32 Beckman-Coulter, Brea, CA, USA). 

The resulting upper band (the MAM) and lower band (pure mitochondria) were each 

collected, washed, and centrifuged at 6,300×g for 10 min. The pellet from the pure 

mitochondrial sample was collected. The MAM supernatant was centrifuged at 100,000×g 

for 1h, the pellet was the MAM fraction (rotor 50.2 Beckman-Coulter, Brea, CA, USA). All 

spins were done at 4°C in a Beckman JS-HS high-speed centrifuge (20,000×g and under) or 

Beckman L8-M ultra high-speed centrifuge (over 20,000×g). All reagents from Sigma-

Aldrich, St. Louis, MO, USA.

Western Blotting

12 or 22–25 month old male mice were anesthetized using avertin and sacrificed by cervical 

dislocation. The whole quadriceps femoris muscle was immediately dissected and any fat or 

connective tissue was removed. Protein was then extracted through mechanical tissue 

disruption via homogenization in liquid nitrogen and chemical disruption using 1%SDS 

buffer in 1×PBS with a cocktail of protease inhibitors (Aprotinin 100uM, Benzamide 

0.79mg/mL, E-64 10nM, Leupeptin 10uM, Pepstatin 0.1mg/mL, PMSF 1mM; Sigma-

Aldrich, St. Louis, MO, USA). Lysate was boiled for 5 min and centrifuged at 20,000×g for 

3 min to remove the insoluble fraction. Protein concentration was determined by A280 on a 

NanoDrop ND-1000 Spectrometer (Thermo Fisher Scientific; Waltham, MA, USA). For 

comparison of relative immunoreactivities, 40ug of protein lysate was run on a 10% 

polyacrylamide gel for 1h at 150v. Samples were transferred onto PVDF membrane for 1h at 

100v. Antibodies to ATP5A (ab14748; Abcam, Milton, Cambridge, UK), BiP (C50B12; Cell 

Signaling Technology, Danvers, MA, USA), βcyto-Actin AC-15 (A5441; Sigma-Aldrich, St. 

Louis, MO, USA), γcyto-Actin (mAb 2–4; as published in [37]), Cytochrome C (ab13575; 
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Abcam, Milton, Cambridge, UK), calsequestrin (3516; Abcam, Milton, Cambridge, UK), 

Fis1 (HPA017430; Sigma-Aldrich, St. Louis, MO, USA), OPA1 (612606; BD Biosciences, 

San Jose, CA, USA), MFN2 (D2D10; Cell Signaling Technology, Danvers, MA, USA), 

FACL4 (ab155282; Abcam, Milton, Cambridge, UK), desmin (D1033; Sigma-Aldrich, St. 

Louis, MO, USA), GAPDH (Sigma-Aldrich, St. Louis, MO, USA), IP3R-3 (610312; BD 

Biosciences), IRE1α (14C10; Cell Signaling Technology, Danvers, MA, USA), PDI 

(C81H6; Cell Signaling Technology, Danvers, MA, USA), PERK (D11A8; Cell Signaling 

Technology, Danvers, MA, USA), SDHA (ab14715; Abcam, Milton, Cambridge, UK), 

SERCA1 (ab2819; Abcam, Milton, Cambridge, UK), sAmk1 (ARP42566-T100; Aviva 

Systems Biology, San Diego, CA, USA), Tubulin B512 (T6074; Sigma-Aldrich, St. Louis, 

MO, USA), and UQCR (ab110252; Abcam, Milton, Cambridge, UK), were used at the 

recommendation concentrations. Membranes were imaged on a Licor Odyssey (Lincoln, 

NE, USA).

In Vitro Contraction

Mice were anesthetized with sodium pentobarbital (100 mg/kg BW; Diamondback Drugs, 

Socttsdale, AZ, USA). Extensor Digitorium Longus (EDL) muscles were removed from 12 

and 22–25 month old mice and mounted on a dual-mode muscle lever system (300B-LR; 

Aurora Scientific Inc., Aurora, ON, Canada) with 5-0 suture in a 1.5 mL bath assembly and 

filled with oxygenated (95 % O2) Krebs Ringer bicarbonate buffer that was maintained at 

25 °C. Muscles were adjusted to their anatomic optimal length (Lo) based on resting tension. 

Muscle length was then measured from myotendinous junction to myotendinous junction 

using digital calipers. Muscles remained quiescent in the bath for 5 min before beginning a 

protocol for testing contractile function. Maximal isometric tetanic contractions (Po) were 

performed every 2 min until plateaued by stimulating the muscle for 200ms at 150Hz (Grass 

S48 stimulator delivered through a SIU5D stimulus isolation unit; Grass Telefactor, 

Warwick, RI, USA). Peak twitch force was measured by stimulating the muscle with a 0.5-

ms pulse at 150 V. A second twitch was elicited 30s later followed 30s later by an isometric 

tetanic contraction. Every two minutes, isometric tetanic contractions were performed until 

the muscle reached a plateau of force (three contractions within 0.98 mN). Maximal rates of 

contraction and relaxation were derived from the slopes of the force-time traces. Two 

minutes of rest were followed by a fatigue protocol of submaximal (60Hz) isometric 

contractions every 7.5s for 200ms over 5min. Fatigue recovery was monitored by isometric 

tetanic contractions (200ms at 150 Hz) every 5min for 30min.

SERCA Activity

SR fractions were purified from muscle using the procedure outlined above. An enzyme-

coupled, NADH-linked ATPase assay was used to measure SERCA ATPase activity in 96-

well micro-plates. Each well contained 50 mM MOPS (pH 7.0), 100 mM KCl, 1 mM EGTA, 

0.2 mM NADH, 1 mM phosphoenol pyruvate, 10 IU/mL pyruvate kinase, 10 IU/mL lactate 

dehydrogenase, 7uM calcium ionophore A23187, and CaCl2 added to set free [Ca2+] to the 

desired values. Then, 1.0 µg mouse skeletal SR vesicles was used in each well. The assay 

was started upon the addition of magnesium adenosine triphosphate (MgATP) at a final 

concentration of 5 mM and read in a SpectraMax Plus microplate spectrophotometer 

(Molecular Devices, Sunnyvale, CA, USA), bringing the total volume to 200 µL.
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Inhibition of SERCA activity was evaluated in mouse skeletal SR vesicles. Thapsigargan 

was dissolved in DMSO and adjusted to 100 times the concentration used in the final assay 

wells. Then, either 2uL of compound or DMSO only was added to each well to keep the 

final [DMSO] at 1% (v/v) during the assay. A 20min incubation at room temperature with 

the compound/DMSO, assay mix mentioned above, and skeletal SR vesicles was conducted 

prior to adding MgATP and read in a SpectraMax Plus microplate spectrophotometer 

(Molecular Devices, Sunnyvale, CA, USA).
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Abbreviations

SR Sarcoplasmic Reticulum

ER Endoplasmic reticulum

MEF Mouse Embryonic Fibroblast

TEM transmission electron microscopy

EDL extensor digitorum longus

MAMs Mitochondrial associated membranes

SERCA sarco-/endo - plasmic reticulum Ca2+ - ATPase

ms muscle specific

KO knockout

RCR respiratory control ratio

CT control

UPR unfolded protein response

ROS reactive oxygen species

RYR ryanodine receptor

UTR untranslated region

RER respiratory exchange ratio

PDI protein disulfide isomerase
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IRE1α inositol-requiring enzyme 1

BiP binding immunoglobulin protein

PERK protein kinase RNA-like endoplasmic reticulum kinase

FACL4 long-chain-fatty-acid-CoA ligase 4

UQCR ubiquinol Cytochrome c Reductase

IP3R-3 inositol 1, 4, 5-trisphosphate

ATP5A ATP synthase subunit alpha
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Figure 1. Altered sarcoplasmic reticulum and mitochondrial morphology in aged Actg1 and Actb 
KO skeletal muscle
(A–I) Longitudinal sections of TA from control, Actg1-msKO, and Actb-msKO mice at 6 

(A–C), 12 (D–F), and 22–25 (G–I) months of age. White arrowheads denote normal SR, 

white arrows denote dilated SR. Scale bars = 1µm. (P) Quantification of the percentage of 

images examined that displayed dilated SR. (J–L) Transverse sections of TA from control, 

Actg1-msKO, and Actb-msKO mice at 22–25 months of age. Scale bars = 1µm. (M–O) High 

magnification image of mitochondria internal structure, white arrow heads denote cristae. 

Scale bar = 250nm. (Q) Quantification of mitochondrial length:width ratio. 1-way ANOVA 
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with Tukey’s post hoc test were performed to determine significance. ** is 0.01<p<0.001. 

Error bars are S.E.M.
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Figure 2. No shift in Z-disk Alignment in Actg1 and Actb KO skeletal muscle
Z-disk alignment of adjacent sarcomere pairs at 6 months (A) and 22–25 months (B). 2-way 

ANOVA determined no significant difference across genotypes.
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Figure 3. Unaltered desmin abundance and localization in Actg1 and Actb KO skeletal muscle
(A–B) Western blot against desmin in quadriceps muscle from control and Actg1-msKO and 

Actb-msKO animals and quantification of western blot, normalized to GAPDH and relative 

to the average of the control samples. 1-way ANOVA with Tukey’s post hoc test determined 

no significant difference. (C–E) Representative isolated EDL muscle fibers stained for 

desmin localization in green and DAPI in blue. Scale bars = 20µm.
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Figure 4. Enrichment of γcyto- and βcyto-actin in isolated mitochondrial associated membrane
Shown are identical western blots loaded with equal amounts of protein from the fractions 

obtained during the preparation of isolated mitochondrial associated membranes from mouse 

liver and stained with antibodies to the indicated protein.
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Figure 5. Ablation of γcyto- or βcyto-actin results in increased mitochondrial area and decreased 
fission
(A–F) Mitochondria appear elongated in Actg1 KO Actb KO, and Actb/Actg1 dKO MEFs 

compared to control (CT). Scale bar = 10µm. (G) Surface area of each individual 

mitochondrion per genotype. (H) The number of individual (non-branched) mitochondria 

per genotype. (I) The number of network (branched) mitochondria per genotype. (J) The 

mean length of each branch off of a network mitochondria. (K) The mean number of 

branches on a network mitochondria. (L–M). Quantitation of fission and fusion frequencies 

in CT, Actg1 KO, Actb KO, and Actb/Actg1 dKO MEFs. 1-way ANOVA with Tukey’s post 

hoc test determined significance * is 0.01<p<0.05 and *** is p<0.001. Error bars are S.E.M.
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Figure 6. Unaltered abundance of mitochondrial dynamics proteins in isolated mitochondrial 
from Actg1 and Actb KO skeletal muscles
Western blots and quantification of abundance relative to control average for Fis1 (A–B), 

MFN2 (C–D), and OPA1 (E–F). 1-way ANOVA with Tukey’s post hoc test determined no 

significant difference.
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Figure 7. Unaltered abundance of electron transport chain complex proteins in Actg1 and Actb 
KO skeletal muscle
(A) Representative western blot showing immunoreactivity to proteins from complex II, III, 

and V. (B) Quantification of SDHA, a complex II protein, immunoreactivity normalized to 

GAPDH and relative to Actg1-msCT or Actb-msCT mean. (C) Quantification of UQCR, a 

complex III protein, immunoreactivity normalized to GAPDH and relative to Actg1-msCT 

or Actb-msCT mean. (D) Quantification of ATP5A, a complex V protein, immunoreactivity 

normalized to GAPDH and relative to Actg1-msCT or Actb-msCT mean. 1-way ANOVA 

with Tukey’s post hoc test determined no significant difference.
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Figure 8. Mitochondrial function is unaffected in Actg1 and Actb KO skeletal muscle
(A–J) Oxygen consumption parameters measured in isolated gastrocnemius fibers. (A) 

Complex I leak (CI leak), JO2 was measured in the presence of pyruvate, malate, and 

glutamate (state 2). (B) Complex I respiration rate (CI), JO2 was measured in the presence of 

ADP (state 3). (C) Complex I+II respiration rate (CI+II), JO2 was measured in the presence 

of succinate. (D) Complex II respiration rate (CII), JO2 was measured in the presence of 

rotenone. (E) Complex IV respiration rate, JO2 was measured in the presence of antimycin 

A, ascorbic acid, and TMPD. (F) Complex I control is the ratio of (JO2 Complex I+II - JO2 

Complex II)/JO2 Complex I+II. (G) Succinate Control (JO2 CI+II-JO2 CI)/JO2 CI+II. (H) 
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RCR is the respiratory control ratio it is the ratio of JO2 CI/JO2 CI leak. (I) Biochemical 

coupling efficiency is the ratio of (JO2 CI - JO2 CI leak)/JO2 CI. (J) E- supercomplex is the 

ratio of JO2 CI+II/ (JO2 CI + JO2 CII). 1-way ANOVA with Tukey’s post hoc test 

determined no significant difference.
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Figure 9. Unaffected whole body respiration in 22–25 month old muscle-specific Actb KO mice
(A–E) Whole body mitochondrial respirometry of 22–25 month old mice. (A) O2 

consumption. (B) CO2 consumption. (C) Heat released. (D) Respiratory exchange ratio of 

O2 to CO2. (E) Ambulation. (F) Body composition of mice used in study.
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Figure 10. Unaltered H2O2 Production in Actg1 and Actb KO skeletal muscle
(A) Succinate stimulated H2O2 production in 12 month old animals in the absence or 

presence (AF/BCNU) of thioredoxin reductase inhibitor AF (auranofin) and glutathione 

reductase inhibitor BCNU (Carmustine). (B) The scavenger index is the percent increase in 

succinate induced H2O2 production relative to H2O2 production when inhibitors are present.
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Figure 11. Impaired relaxation rates in Actg1 and Actb KO skeletal muscle
(A–B) Representative isometric contraction force tracings of tetanically-stimulated 12 

month old control, Actg1-msKO (A), and Actb-msKO (B) EDL muscles. (C) Peak specific 

forces generated during maximal isometric tetanic contractions. (D) Maximal rates of 

relaxation. 1-way ANOVA with Tukey’s post hoc test were performed to determine 

significance. # or * is 0.01<p<0.05, ** is 0.01<p<0.001, and *** is p<0.001. Error bars are 

S.E.M.
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Figure 12. Unaltered SERCA 1 and SR protein abundance in Actg1 and Actb KO skeletal muscle
(A) Quantification of SERCA 1 immunoreactivity normalized to GAPDH relative to control 

average. (B) Small Ankyrin 1 representative western blot on SR fractions isolated from 

skeletal muscle. (C) Quantification of small ankryin 1 protein by western blot, normalized to 

protein load, relative to control average. (D) Calsequestrin representative western blot on SR 

fractions isolated from skeletal muscle. (E) Quantification of calsequestrin protein by 

western blot, normalized to protein load, relative to control average. 1-way ANOVA with 

Tukey’s post hoc test determined no significant difference.
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Figure 13. Unaffected SERCA ATPase Activity in SR from Actg1 and Actb KO skeletal muscle
Activity of SERCA (A) Actb-msKO in high (pCa5) calcium, low (pCa8) calcium and Vmax 

(pCa5-pCa8). SERCA activity relative to SERCA abundance as measured by western blot 

for (B) Actb-msKO. 1-way ANOVA with Tukey’s post hoc test determined no significant 

difference.
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Figure 14. ER Stress Response Pathway Proteins are not upregulated in muscle-specific Actb KO 
mice at 12 months old
Western blot showing immunoreactivity to ER stress pathway proteins. Quantification of 

immunoreactivity to PDI (A), BiP (B), PERK (C), and IRE1α (D). All samples were 

normalized to GAPDH and relative to Actg1-msCT or Actb-msCT mean. 1-way ANOVA 

with Tukey’s post hoc test determined no significant difference.
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