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Abstract

Reactive oxygen species (ROS) are believed to be important mediators of muscle atrophy and 

weakness in aging and many degenerative conditions. However, the mechanisms and 

physiological processes specifically affected by elevated ROS in neuromuscular units that 

contribute to muscle weakness during aging are not well defined. Here we investigate the effects 

of chronic oxidative stress on neurotransmission and excitation-contraction (EC) coupling 

mechanisms in the levator auris longus (LAL) muscle from young (4–8 months) and old (22–28 

months) wild type mice and young adult Sod1−/− mice. The frequency of spontaneous 

neurotransmitter release and the amplitude of evoked neurotransmitter release in young Sod1−/− 

and old wild type LAL neuromuscular junctions were significantly reduced from the young wild 

type values, and those declines were mirrored by decreases in synaptic vesicle pool size. 

Presynaptic cytosolic calcium concentration and mitochondrial calcium uptake amplitudes showed 

substantial increases in stimulated young Sod1−/− and old axon terminals. Surprisingly, LAL 

muscle fibers from old mice showed a greater excitability than fibers from either young wild type 

or young Sod1−/− LAL muscle fibers. Both evoked excitatory junction potential (EJP) and 

spontaneous mini EJP amplitudes were considerably higher in LAL muscles from old mice than in 

fibers from young Sod1−/− LAL muscle. Despite a greater excitability, sarcoplasmic calcium 

influx in both old wild type and young Sod1−/− LAL muscle fibers was significantly smaller. 

Sarcoplasmic reticulum calcium levels were also smaller in both mice, but the difference was not 

statistically significant in muscle fibers from old wild type mice. The protein ratio of triad calcium 

channels – RyR1/DHPR was not different in all groups. However, fibers from both Sod1−/− and 

old mice had substantially elevated levels of protein carbonylation and S-nitrosylation 

modifications. Overall, our results suggest that young Sod1−/− recapitulate many neuromuscular 

and muscle fiber changes seen in old mice. We also conclude that muscle weakness in old mice 

might in part be driven by ROS mediated EC uncoupling, while both EC uncoupling and reduced 

neurotransmitter release contribute to muscle weakness in Sod1−/− mice.
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Graphical abstract

INTRODUCTION

Aging is associated with a progressive loss in muscle mass and strength, which causes a 

substantial reduction in quality of life and mobility. Deterioration in skeletal muscle 

structure and function with age is thought to be driven by multiple processes, such as loss of 

trophic factor support, hormonal changes, inadequate nutrition and activity, and reduced 

muscle regenerative capacity; elevated cytosolic reactive oxygen species (ROS) and 

resultant macromolecular damage is believed to be one of their major downstream effectors 

[1,2]. In support of the ROS role in muscle atrophy, a number of studies have shown that 

caloric restriction [3,4] and boosting of cellular stress responses [5,6] result in reduced 

oxidative stress and preservation of muscle function in older animals. Conversely, elevation 

of cellular cytosolic oxidative stress either by the deletion of Cu-Zn superoxide dismutase 

(Sod1−/−) or by introduction of mutations in CuZnSOD (e.g., the SOD1-G93A ALS miutant 

mouse model) increases ROS and causes premature muscle atrophy and weakness in mice 

[7,8,9], which is phenotypically similar to muscle changes seen in older animals. Both 

Sod1−/− and SOD1-G93A mice have dysfunctional mitochondria and a substantial elevation 

in the biomarkers of protein and nucleic acid oxidative damage in skeletal muscles. It has 

also been shown that oxidative stress levels correlate strongly with the extent of muscle 

mass reduction, neuromuscular junction (NMJ) denervation and muscle fiber type switching 

in Sod1−/−, SOD1-G93A and old wild type mice. Those changes can be detected as early as 

4–5 months of age in Sod1−/− animals [9]. However, despite these similarities in old and 

Sod1 mutant mice, the use of SOD1-G93A and other SOD1 mutant models to decipher the 

mechanistic aspects of oxidative stress in muscle atrophy and weakness is confounded by 

the toxic gain of function that results in the formation of CuZnSOD protein aggregates [10], 

an issue that is absent in Sod1−/− mice.

More recent studies have attempted to evaluate the contributions of elevated oxidative stress 

in distinct cell populations to muscle atrophy and weakness. Neuronal rescue of Sod1 

expression in Sod1−/− mice prevented early declines in muscle mass and isometric force 
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[11], whereas muscle specific deletion of Sod1 led to the decline in muscle force without 

muscle atrophy [12]. This suggests that muscle changes observed in Sod1−/− mice might be 

driven by neuronal oxidative stress, which is similar to normal aging wherein motor 

neuronal dysfunction is believed to precede muscular changes [13]. Overall, the Sod1−/− 

mouse is a promising model of sarcopenia in the fact that both Sod1−/− and old mice have 

quite similar neuromuscular phenotypes; however, it still remains to be shown that 

physiological mechanisms underlying those phenotypes are also the same.

In the current study, we used the levator auris longus (LAL) muscle to characterize 

physiological changes in the neuromuscular unit in response to chronic oxidative stress in 

old and young Sod1−/− mice, and also to explore potential links between those changes and 

muscle weakness. We found that presynaptic terminals in LAL muscles from young Sod1−/− 

and old wild type mice had comparable changes in neurotransmitter release and presynaptic 

calcium signaling. Young Sod1−/− and old wild type mice showed ROS-dependent decreases 

in both spontaneous and evoked neurotransmitter release (quantal content) at LAL NMJs. 

Presynaptic cytosolic calcium concentration and mitochondrial calcium uptake were 

significantly elevated in stimulated young Sod1−/− and old LAL axon terminals. 

Surprisingly, LAL muscle fibers from old wild type mice showed increased excitability and 

higher evoked EJPs. LAL sarcoplasmic calcium influx during both twitch and titanic stimuli 

in old wild type and young Sod1−/− mice was significantly smaller than in young animals, 

which was potentially the result of oxidative modification to muscle calcium channels, as 

the protein levels of RyR1 and DHPR were unchanged. Therefore, LAL muscles from 

young Sod1−/− and old wild type mice have reduced EC coupling and muscle fiber 

recruitment compared to young wild type LAL muscles, which suggests that ROS induced 

EC uncoupling might be one of the causes of muscle weakness in old mice.

MATERIALS AND METHODS

Animals

All animal procedures and manipulations were performed in accordance with the Guide for 

the Care and Use of Laboratory Animals by the NIH and approved by the Institutional 

Animal Care and Use Committees at UTHSCSA and Audie L. Murphy Memorial Veterans 

Hospital. Sod1−/− (a gift from Dr. Charles Epstein, UCSF) mice were generated by crossing 

breeder Sod1−/+ animals previously backcrossed to C57/BL6 mice. Thy1-EYFP+/tg mice 

(YFP-16; Jackson Laboratory, Bar Harbor, ME) were crossed with Sod1−/− mice to generate 

Thy1-EYFP+/tg;Sod1−/− mice. All genotypes were confirmed by PCR of DNA isolated from 

mouse tail tips and performed according specific genotyping protocols described at 

www.jax.org. C57/BL6, Sod1−/−, Thy1-EYFP+/tg, and Thy1-EYFP+/tg;Sod1−/− mice were 

maintained until ~ 22–28 month old under specific pathogen-free conditions to generate the 

“old” experimental group. Mice of 4–8 months old were assigned to the “young” group.

Chemical and antibodies

Unless otherwise mentioned chemical reagents were purchased from Sigma-Aldrich (Saint 

Louis, MO). Primary DHPR α1 (Cav1.1), Mouse RyR1 (clone 34C) and G3PD (GAPDH) 

antibodies and secondary goat anti-mouse IgG HRP-conjugated antibody were bought from 
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Thermo Scientific (Rockford, IL). anti-MHCIIa-FITC antibody was from Biorbyt (San 

Francisco, CA). β-actin antibody was bought from GenScript (Piscataway, NJ). 

Synaptobrevin (VAMP1) mouse antibody was bought from Invitrogen (Carlsbad, CA).

Muscle electrophysiology

Mice were euthanized by an intraperitoneal injection of pentobarbital (200 mg/kg of body 

weight). The levator auris longus (LAL) muscle together with the nerve was surgically 

dissected from the mouse neck by following the procedure described in ref. 14. LAL was 

pinned to the bottom of a 35 mm Sylgard covered Petri dish and perfused with oxygenated 

(95% O2/5% CO2) Ringer’s solution (mM: 120 NaCl, 5 KCl, 2 CaCl2, 1 MgCl2, 0.4 

NaH2PO4, 23.8 NaHCO3 and 5.6 D-glucose) at room temperature. After ~ 1 hour of 

recovery, the nerve was drawn into a glass stimulating pipette filled with Kreb’s solution 

and 1 μM μ-conotoxin GIIIB (Peptide International, Louisville, Kentucky, USA) was added 

to the bathing solution to block muscle action potentials. Recordings began after the muscle 

stopped producing twitches in response to single stimuli (3V, 300 μs), and were done at 

room temperature. Nerve stimuli were delivered via a Master-8 stimulator (AMPI, Israel) 

connected to a digitimer - DS2A Mk.II (Digitimer, Hertfordshire, UK). The 

electrophysiological recording setup consisted of an upright BX51WI Olympus microscope 

equipped with 20X and 40X Olympus water immersion lenses, and a 1.0 gain head stage 

connected to an Axoclamp 900A amplifier (Molecular Devices). Microelectrodes used for 

recordings were filled with a mixture of 1.5M KCl and 1.5M KAc solution to give the final 

resistance of ~ 50 MΩ. Data were digitized (4/30, PowerLab) and recorded with Chart 5.5.6 

software package (AD Instruments). Data analysis was performed using both Chart and 

AxoGraph software. EJP amplitude, miniature EJP frequency and amplitude, and quantal 

content were measured and calculated in the same way as described in our earlier study ref. 

15.

Fluorescent measurements

LAL for fluorescent imaging of both presynaptic and muscle variables was prepared in the 

same way as for electrophysiological recordings. Muscle contractions were inhibited either 

by applying 10 μM tubocurarine (Sigma-Aldrich, Saint Louis, MO) to the bathing solution 

for presynaptic pH and mitochondrial calcium imaging or by stretching the muscle at ~1.5x 

of its resting length for muscle fiber calcium imaging. Fluorescent images were captured 

using an Andor iXon DU-860D back illuminated EMCCD camera (Andor Technology, 

South Windsor, CT) controlled by Andor IQ software (ver 1.8) and wide-field microscopy 

on an upright BX51WI Olympus microscope fitted with a 60X and 100X Olympus water 

immersion lenses. A xenon arc lamp in a Lambda DG-4 illumination system (Novato, CA) 

was used as the excitation light source. Emitted light was filtered by using a Lambda 10-B 

optical filter changer. Optical filters and dichroic mirrors were purchased from Chroma 

Technology (Rockingham, VT) and Semrock (Rochester, NY). Image processing was 

performed with either Andor iQ or ImageJ software package. ROS production by 

presynaptic mitochondria was imaged using MitoSox Red (Invitrogen, Carlsbad, CA). 5 mM 

MitoSox stock solution in DMSO was added to LAL in Ringer’s solution to the final 

concentration of 10 μM and incubated for 30 min in the dark at room temperature. After a 

brief rinse, basal MitoSox fluorescence (emission 580 nm) was collected from visually 
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identified NMJs. LAL was next stimulated with a 10 Hz train of stimuli for 30 min, and 

imaged again. To obtain maximal values of MitoSox fluorescence, LAL was incubated with 

50 μM antimycin A (Sigma-Aldrich, Saint Louis, MO) for 30 min. MitoSox fluorescent 

intestines were background subtracted, averaged and normalized to background subtracted 

fluoresce obtained with antimycin A. Presynaptic pH changes were imaged at LAL NMJs by 

monitoring EYFP fluorescence (emission 525 nm, 120 ms/frame) changes in response to 2s 

of 30 Hz and 100 Hz stimulus trains. EYFP fluorescence was background subtracted and 

normalized to the resting fluorescence. Presynaptic mitochondrial calcium uptake was 

measured with rhod-2AM (Invitrogen, Carlsbad, CA). 1 mM rhod-2AM dissolved in DMSO 

was added to LAL in Ringer’s solution to the final concentration of 1 μM and incubated for 

30 min in the dark at room temperature. The preparation was then distained for 30 min in 

dye free solution. Rhod-2 fluorescence was imaged (emission 580 nm, 5 Hz acquisition rate) 

during LAL stimulations with 2s, 30 Hz and 100 Hz stimulus trains. Rhod-2 fluorescence 

values 2s after termination of the stimulus for both 30 Hz and 100 Hz were background 

subtracted and averaged. Muscle fiber sarcoplasmic calcium transients were imaged with 

fluo-4AM (Invitrogen, Carlsbad, CA). LAL was incubated with 1 μM of fluo-4AM for ~ 15 

min and distained in dye free solution for additional 30 min at room temperature. Fluo-4 

fluorescent responses (emission 510 nm) were recorded in response to 3 single pulses 

(twitches) and a 2s 30 Hz stimulus train at an image acquisition rate of 55 Hz. Raw fluo-4 

fluorescence values were background subtracted and normalized to the resting fluorescence. 

Sarcoplasmic reticulum calcium content was estimated by measuring the peak intensity of 

fluo-4 fluorescent response and normalizing it to the resting fluo-4 intensity in muscles 

exposed to 10 mM caffeine (Sigma-Aldrich, Saint Louis, MO).

Western immunoblot

LAL was isolated and homogenized in 5 volumes of ice cold homogenation solution (50 

mM Tris, 10 mM EDTA, pH 8.3). An equal volume of extracting solution (120 mM Tris, 

4% SDS, 20% glycerol, pH 6.8) was added to the homogenate. The sample was mixed 

thoroughly and heated in a 50 °C waterbath for 15 min and then, centrifuged at 13,400 rpm 

for 20 min in an Eppendorf minispin centrifuge (Eppendorf, Hamburg, Germany). The 

supernatant was collected and aliquoted for further use in protein assays. Protein 

concentrations were determined spectrophotometrically using a Pierce BCA protein assay 

kit (Thermo Scientific, Rockford, IL) and an Ultrospec 3000 spectrophotometer (Pharmacia 

Biotech, Pittsburgh, PA). For a regular immunoblot, protein samples were diluted with an 

equal volume of Laemmli sample buffer plus β-mercaptoethanol (Bio-Rad, Hercules, CA) 

and heated at 95 °C for 5 min. After cooling, the samples together with a PAGE-MASTER 

protein standard (GenScript, Piscataway, NJ) were loaded 10 μg/lane onto a pre-cast 4–15% 

Mini-PROTEAN TGX polyacrylamide gel (Bio-Rad, Hercules, CA) and separated at 200V 

for 60 min. Separated proteins were then transferred to PVDF membrane (Bio-Rad, 

Hercules, CA) and blocked in 5% non-fat dry milk TBS (20 mM Tris, 150 mM NaCl, 0.3% 

Tween 80, pH 7.5) for 1 hour. The membrane was then incubated for 3 hours with a primary 

antibody diluted in TBS followed by 3×5 min washes with TBS, and then an HRP 

conjugated secondary antibody. After the final wash, the membrane was incubated with 

Pierce ECL western blotting substrate (Thermo Scientific, Rockford, IL) and exposed to an 

X-ray film (Thermo Scientific, Rockford, IL). Proteins samples for carbonyl (Oxidized 
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Protein Western Blot Detection Kit, Abcam, Cambridge, MA) and S-nitrosothiol (Pierce S-

Nitrosylation Western Blot Kit, Thermo Scientific, Rockford, IL) group detection were 

derivatized before loading onto a gel according to the manufacturer instructions.

Statistical analysis

Statistical analysis was performed either in Microsoft Excel or SigmaPlot. Fluorescence 

values and electrophysiological data in the text are shown as group mean ± standard error of 

mean. Statistical significance was tested using paired Student’s t-test (two tails) unless 

otherwise mentioned. P values as shown in figures: * p<0.05, **p<0.01, ***p<0.001.

RESULTS

We investigated the effects of age-related oxidative stress and experimentally induced 

reactive oxygen species (ROS) overproduction by the deletion of the Cu-Zn superoxide 

dismutase gene (Sod1−/−) on muscle-nerve communication at neuromuscular junctions 

(NMJs) in the levator auris longus muscle (LAL) in mice. LAL is an exceptionally thin and 

flat fast-twitch skeletal muscle, which makes it an ideal preparation for both imaging and 

electrophysiological assays. Moreover, its relatively invariant daily activity unlike in other 

skeletal muscles provides for a greater control over NMJ response variability with age. LAL 

was isolated from young (4–8 months) and old (22–28 months) mice of mixed sex. The 

caudal (smallest) segment of the LAL has been reported to undergo a substantial denervation 

and atrophy with age and also, in ALS and spinal muscular atrophy [16]. Morphologically, 

LAL from old wild type mice had more split muscle fibers than LAL from young mice, but 

overall LAL muscle fibers from old mice did not appear to be significantly atrophied. 

Muscle fiber typing analysis performed using wild type mice expressing DsRed fluorescent 

protein under the control of Myh2 promoter or with anti-MHCIIa antibody revealed that 

LAL from old mice had significantly fewer pure type IIa fibers (the predominant muscle 

fiber type in young LAL muscle, [17]) than LAL from young mice (Fig. 1A, Young 

50.7±4.1%, n=5 (muscles); Old 35.1±3.3%, n=5 (muscles), p=0.019). In addition, a number 

of weakly stained fibers could be detected in old but not young LAL, which were 

categorized as mixed type and were not used for type IIa fiber counting. The average muscle 

fiber diameter (Ferret’s diameter) measured in bright-field muscle images was not 

significantly different between the groups (Young 17.8±1.1 μm, n=72 (fibers); Old 18.3±1.1 

μm, n=100 (fibers)).

We used MitoSOX to quantify the relative rates of ROS production by presynaptic 

mitochondria in young and old LAL NMJs. Both basal (unstimulated) and stimulated rates 

(facial nerve electrical stimulation) of ROS production normalized to the maximal rate 

obtained with antimycin A were substantially elevated in presynaptic mitochondria in LAL 

muscles from old mice (Fig. 1B, F/Fantimycin, basal: Young 4.4±1.4%, n=14 (NMJs), Old 

15.0±3.4%, n=12 (NMJs); 10Hz 30 min stimulation: Young 15.3±1.7%, n=14 (NMJs), Old 

56.7±8.6%, n=12 (NMJs)). This suggests that dysfunctional mitochondria and elevated rates 

of ROS production are important markers of old LAL.

To further elucidate the role of oxidative stress in aging, and more importantly, the impact of 

oxidative stress on physiological mechanisms involved in motor neuron – muscle fiber 
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communication, we employed a mouse model lacking the antioxidant enzyme Cu-Zn 

superoxide dismutase (Sod1−/− mice), which has been used previously as a model of 

accelerated aging and sarcopenia [4,8]. In this study we used 4–8 month old Sod1−/− mice to 

avoid any overlap with NMJ/muscle early developmental changes. Previous studies showed 

that young Sod1−/− mice have substantial muscle atrophy and weakness typical of much 

older mice. These atrophic changes were accompanied by elevated rates of mitochondrial 

O2
·− and hydrogen peroxide production, similarly to the increase in ROS generation 

measured in muscle mitochondria from old wild type mice [9]. Immunochemistry for 

MHCIIa revealed that the number of type IIa fibers in Sod1−/− LAL was reduced 44.3±3.1% 

n=35 (fibers) compared to young LAL (difference was not significant), and the Ferret’s fiber 

diameter was unchanged 17.1±1.5 μm n=35 (fibers). Electrophysiological recordings in 

LAL showed that EJP and mini EJPs amplitudes were increased in old and decreased in 

Sod1−/− mice when compared to young controls Fig. 2A. Membrane input resistance was 

considerably higher in LAL muscle from old mice compared to muscles from either young 

wild type or Sod1−/− mice, see Table 1. Together, these results and LAL morphological 

findings suggest that changes in muscle fiber electrical properties rather than muscle fiber 

diameter are likely responsible for the augmented EJP/mini EJP amplitudes in old mice. 

There was no significant difference in the resting membrane potential between the groups. 

Conversely, the quantum content (QC), a number of synaptic vesicles released per action 

potential, was reduced at old and Sod1−/− LAL NMJs. Also, both old and Sod1−/− LAL 

muscles had substantially reduced mini EJP frequencies than younger controls, Fig. 2A. 

Decreased synaptobrevin (VAMP1) protein levels in both old and Sod1−/− LAL muscle 

extracts, Fig. 2B, indicate that synaptic vesicle pool sizes are substantially smaller at old and 

Sod1−/− LAL NMJs, which is in agreement with the calculated QC values. These findings 

suggest that elevated oxidative stress at old and Sod1−/− NMJs likely has a common 

mechanism of action, which results in reduced neurotransmitter release.

We next examined presynaptic terminal morphology and cytosolic calcium/pH kinetics in 

Thy1-EYFP+/tg and Thy1-EYFP+/tg; Sod1−/− transgenic mice. Old wild type and Sod1−/− 

mice appeared to have very similar LAL NMJ morphologies, both were smaller in size and 

more fragmented than young control NMJs, but without the signs of possible denervation 

(Fig. 3A). Calcium influx into the nerve terminal could be assessed indirectly by monitoring 

cytosolic pH changes with EYFP. Cytosolic acidification is produced through fast calcium 

extrusion by the plasma membrane calcium ATPase, and it can be used as an indirect and 

crude measure of calcium influx. It has been previously demonstrated that NMJ electrical 

stimulation results in calcium-dependent cytosolic acidification, which reversibly decreases 

EYFP fluorescence in presynaptic terminals, Fig. 3B. On the other hand, the rate of 

following re-alkalization and recovery in EYFP fluorescence is proportional to the extent of 

exocytosis (the number of synaptic vesicle fused with the membrane) [18]. 2s, 30 and 100 

Hz stimuli produced cytosolic acidifications in nerve terminals from old wild type and 

Sod1−/− LAL muscles that were substantially larger than in young controls (Fig. 3C; 100Hz, 

−dF/Fo: Young 1.9±0.2%, n=10 (NMJs); Old 3.3±0.2%, n=12 (NMJs); Sod1−/− 4.2±0.6%, 

n=9 (NMJs)). Acidification amplitudes at 30Hz, however, were larger but not statistically 

significant, which is likely the result of fast pH buffering by the Na+/H+ exchanger at lower 

stimulation magnitudes [18]. Moreover, realkalization rates at 100Hz were also slower in 
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NMJs from old wild type and Sod1−/− mice, suggesting that fewer synaptic vesicles were 

released from those junctions despite higher calcium influx/cytosolic acidifications.

Increased cytosolic calcium levels might in part be the result of lost mitochondrial cytosolic 

calcium sequestration. Mitochondrial cytosolic calcium uptake is necessary for the 

stimulation of oxidative phosphorylation and synchronization of mitochondrial ATP 

synthesis with synaptic activity [19,20]. However, excessive mitochondrial calcium levels 

are known to cause ROS production and trigger mitochondrial dependent apoptosis. We 

measured cytosolic calcium uptake by presynaptic mitochondria at LAL presynaptic 

terminal loaded with rhod-2, a calcium sensitive fluorescent dye. Mitochondrial calcium 

concentration was expressed as the background subtracted increase in rhod-2 fluorescence 

intensity after 2s, 30 and 100Hz stimuli. Fig. 4. Presynaptic mitochondrial calcium in old 

and Sod1−/− NMJs rose to considerably higher levels at 100Hz than in young controls 

(100Hz, F−Fo: Young 323±22, n=9 (NMJs); Old 443±41, n=9 (NMJs); Sod1−/− 662±52, 

n=11 (NMJs)). Even after a 30Hz stimulation, mitochondrial calcium uptake in Sod1−/− 

NMJs was also higher than in either young or old NMJs (30Hz, F−Fo: Young 279±30, n=9 

(NMJs); Old 264±34, n=9 (NMJs); Sod1−/− 412±43, n=11 (NMJs)), which indicates a 

potentially heightened vulnerability of Sod1−/− presynaptic mitochondria for calcium 

overload. Overall, these results are in agreement with our findings of higher cytosolic Ca2+ 

levels and elevated ROS production rates seen in presynaptic terminals from old and 

Sod1−/− LAL muscles.

Reduction in neurotransmitter release may potentially cause a failure in muscle action 

potential generation and inhibition of muscle contraction. It is especially critical for old 

muscles as they typically show a reduction in neurotransmission safety factor [21]. 

Moreover, elevated ROS may also affect muscle contractility directly [22]. Here, we 

employed single muscle fiber sarcoplasmic calcium ([Ca2+]i) kinetics measurements in LAL 

loaded with fluo-4 (Fig. 5A) to assess both muscle action potential failures and excitation-

contraction coupling. Titanic stimulation of the facial nerve innervating the LAL muscle 

revealed that 20±2% of young, 37±4% of old and 49±2% of Sod1−/− muscle fibers (n=70, 

each) failed to elevate their [Ca2+]i. In the muscle fibers that responded, single pulse 

stimulation (twitch) of the nerve led to an increase in [Ca2+]i which was substantially 

smaller in old and Sod1−/− (Fig. 5 B,C) than in young muscle fibers (F/Fo: Young 

2.52±0.10, n=20 (fibers); Old 1.85±0.09, n=24 (fibers); Sod1−/−1.94±0.16, n=22 (fibers)). 

30Hz, 2s stimulation similarly resulted in a lower [Ca2+]i in old and Sod1−/− LAL compared 

to young controls (F/Fo: Young 3.34±0.20, n=20 (fibers); Old 2.34±0.14, n=24 (fibers); 

Sod1−/− 2.52±0.25, n=22 (fibers)). However, twitch [Ca2+]i half-clearance times (τ1/2) 

appeared to be unchanged in all muscles (Fig. 5D; ms: Young 61.0±1.4, n=20 (fibers); Old 

62.6±2.7, n=20 (fibers); Sod1−/− 62.0±3.2, n=22 (fibers)). Furthermore, sarcoplasmic 

reticulum calcium ([Ca2+]s) contents of LAL muscles was also significantly lower in 

Sod1−/− compared to young mice, as revealed by the activation of ryanodine receptors 

(RyR) with 10 mM caffeine. Caffeine induced [Ca2+]i peak was significantly lower in 

Sod1−/− than in young LAL, Fig. 5E. However, [Ca2+]s in old LAL was lower but not 

significantly different than young controls (F/Fo: Young 3.12±0.37, n=12 (fibers); Old 

2.79±0.19, n=10 (fibers); Sod1−/− 2.04±0.22 n=14 (fibers)).
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The observed declines in [Ca2+]i and [Ca2+]s could potentially be the result of changes in 

muscle calcium channel protein levels such as ryanodine receptor (RyR) and 

dihydropyridine receptor (DHPR) or their oxidative posttranslational modification, both of 

which have been reported to occur in old skeletal muscles [23,24]. We evaluated RyR1 and 

DHRP α1S protein levels in whole LAL muscle lysates by Western blot. No substantial 

differences in either RyR1 or DHRP α1S protein levels were observed between young, old 

and Sod1−/− LALs Fig 6A. The ratio of RyR1/DHRP α1S proteins appeared to be slightly 

but not significantly elevated in old and Sod1−/− LALs (RyR1/DHRP α1S band density: 

Young 1.25±0.11, n=5 (muscles); Old 1.29±0.14, n=5 (muscles); Sod1−/− 1.37±0.13, n=3 

(muscles); p=0.79). Oxidized protein and S-nitrosylation western blots of the same muscle 

lysates showed that old and Sod1−/− LALs had elevated levels of protein carbonylation and 

S-nytrosylation, Fig 6B,C. Notably, these protein modifications were most prominent in 

heavy proteins, which are typically structural and integral membrane proteins that have slow 

turnover rates.

DISCUSSION

In this work, we evaluate the contributions of increased reactive oxygen species (ROS) to 

the physiological changes seen in old skeletal muscles by looking at both neuronal and 

muscle physiological properties in young Sod1−/−, and young and old wild type levator auris 

longus (LAL) muscles. One of the advantages for using the LAL, apart from its great 

accessibility for both electrophysiological and optical assays, is the decreased rate of muscle 

fiber denervation compared to other old skeletal muscles. This, in turn, allows for the 

analysis of elevated oxidative stress influence on neuromuscular unit properties without 

interference from the already well known denervation effects in old skeletal muscles. As a 

result of slow muscle denervation, LAL undergoes a delayed atrophy with age [17], Fig 1A. 

Nevertheless, like many limb skeletal muscles, LAL exhibits many common early aging 

changes, such as the fast to slow muscle fiber type switch, and an increase in presynaptic 

mitochondrial dysfunction accompanied by elevated ROS levels Fig 1B, which suggests 

some overlap between the mechanisms for the age-dependent neuromuscular unit 

dysfunction in LAL and other skeletal muscles.

The results of our previous [15] and present study show that elevated oxidative stress leads 

to the inhibition of neurotransmitter release at NMJs in Sod1−/− mice. Similarly, old LAL 

NMJs had also decreased levels of both spontaneous (mini EJP frequency) and evoked 

(quantal content) neurotransmitter release Table 1. Decreased synaptic vesicle pool sizes 

seen at old and Sod1−/− LAL NMJs, Fig. 2B, are likely responsible in part for the reduced 

neurotransmission. Elevated ROS have been shown to interfere with synaptic vesicle axonal 

transport [25] and formation of new vesicles in the trans-Golgi network [26]. This, in turn, 

may lead to the accumulation of fewer synaptic vesicles at NMJs resulting in reduced 

neurotransmitter release. However, ROS may also directly modulate synaptic vesicle release 

in neurons. External application of low concentration H2O2 led to LTP potentiation, whereas 

high concentrations (>20 μM) inhibited both LTP and synaptic release in rat hippocampal 

slices [27]. Similarly, frog and mouse NMJs showed an acute inhibition of both spontaneous 

and evoked neurotransmitter release after a brief treatment with H2O2 [28]. These effects are 

believed due to the direct ROS action on the synaptic fusion proteins, particularly, 
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SNAP-25, a member of SNARE proteins that has a number of redox sensitive cysteine 

residues [29]. ROS-dependent inhibition of evoked neurotransmitter release might be in part 

responsible for muscle weakness typical of old and Sod1−/− mice. As the amount of 

neurotransmitter released per action potential falls, it gets more difficult for each incoming 

stimulus to reach the threshold to set off muscle fiber contraction. It is particularly true for 

some old muscles wherein a lower neurotransmission safety factor have been reported even 

without denervation [21]. However, our electrophysiological measurements found that LAL 

muscle input resistance was significantly higher in older than in either young or Sod1−/− 

samples, Fig 2A. It means that even with fewer vesicles released, muscle fiber plasma 

membrane in old LAL is sensitive enough to reach the threshold. The observed differences 

in input resistances without a substantial change in muscle fiber diameter might stem from 

the differential expression of ion channels in old and young muscles, and are the result of an 

adaptation to reduced neurotransmitter release in old muscles. For instance, muscle BK 

channel conductance slightly increases with age [30], but its activity is inhibited by elevated 

ROS [31]. Additionally, it has been shown that the expression of the major CIC-1 chloride 

channel and also, macroscopic chloride conductance in rat fast twitch muscles substantially 

decrease with age [32], thereby increasing muscle excitability. Therefore, ROS effects on 

neurotransmitter release alone cannot fully explain denervation independent muscle 

weakness in old muscles, suggesting that muscle specific ROS mechanisms might possibly 

be involved.

Substantial declines in neurotransmitter release observed at both Sod1−/− and old LAL 

NMJs might be the result of a decrease in cytosolic calcium influx. Surprisingly, cytosolic 

calcium levels at 100 Hz trains measured indirectly by monitoring cytosolic pH changes 

with EYFP were significantly elevated in Sod1−/− and old LAL presynaptic terminals, Fig 

3B,C. Our estimates of cytosolic calcium levels are also quite likely underestimated, since 

the plasma membrane calcium ATPase activity in neurons is reduced by oxidative stress and 

during aging (reduced proton influx [33]) while cytosolic pH buffering capacity is only 

modestly affected with age [34]. Several different mechanisms may cause a rise in the 

cytosolic calcium level such as an increase in the activity or expression of calcium channels, 

action potential prolongation and reduced cytosolic calcium buffering. P/Q voltage-gated 

calcium channels are quite similar to N-type calcium channel, the major neuronal type 

calcium channel, have been shown to increase their activity after oxidation. H2O2 treatment 

of Xenopus oocytes heterologously expressing P/Q voltage-gated calcium channels greatly 

increased the opening probability and ion conductance of the channels [35]. Neuronal 

cytosolic calcium buffering capacity is also decreased with age. The expression of major 

cytosolic calcium buffering proteins such parvalbumin and calbindin D-28k has been shown 

to decline in neurons during elevated oxidative stress and aging [36]. Conversely, 

upregulation of the A-type current potassium channel activity has been reported with 

elevated ROS in many neurodegenerative disorders and aging, which leads to the reduced 

neuronal excitability [37]. Nevertheless, despite these opposing forces, the net effect is still 

increased calcium levels in motor neurons seen during aging and oxidative stress.

Mitochondrial calcium uptake serves to synchronize neuronal activity and mitochondrial 

ATP production [20] by stimulating the TCA cycle enzymes, but presynaptic mitochondria 
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may also buffer cytosolic calcium [38]. Mitochondrial calcium concentration in old and 

Sod1−/− LAL presynaptic mitochondria rose to substantially higher levels than in young 

NMJs during stimulation, Fig 4, which suggests that indeed cytosolic calcium influx is 

increased at old and Sod1−/− LAL NMJs. The increases in cytosolic and mitochondrial 

calcium levels are likely a compensatory response to decreased mitochondrial ATP output 

by already dysfunctional mitochondria, which is necessary for powering both synaptic 

vesicle exocytosis and cytosolic calcium removal. We have previously shown that 

presynaptic mitochondrial density and mitochondrial ATP production correlate with 

synaptic activity in hippocampal synaptosomes [39], and thus, a reduction in mitochondrial 

ATP production will also likely reduce neurotransmitter release at NMJs. However, 

substantial elevations in mitochondrial and cytosolic calcium levels, in return, increase 

energy metabolic demands and also, sensitize mitochondria to calcium overload, which 

might cause axonal degeneration [40].

Elevated oxidative stress may also produce muscle weakness through a direct impact on 

muscle contraction by modifying muscle contractile machinery and excitation-contraction 

(EC) coupling. Skinned muscle fibers from old rodents show a reduction in specific muscle 

force, indicating a probable impairment in the muscle contractile machinery [41]. It has been 

shown that old muscle fibers show only a slight decrease in the actin-myosin filament ratio 

[42], however, the activity of myosin ATPase is substantially reduced [43]. Myosin but not 

actin oxidative modification levels are also increased in old muscles [22]. However, while 

both protein carbonylation and S-nitrosylation levels were increased in Sod1−/− and old 

LAL, Fig 6B,C, Sod1−/− skinned muscle fibers did not show a reduction in specific muscle 

force [44]. Sarcoplasmic calcium amplitude ([Ca2+]i) in stimulated Sod1−/− and old LAL 

muscle fibers was substantially lower than in wild-type LAL, Fig 5, which is a potential sign 

of weak EC coupling in Sod1−/− and old muscle fibers. The direct relationship has been 

shown between [Ca2+]i and specific isometric muscle force [45], suggesting that lower 

[Ca2+]i in Sod1−/− and old LAL muscle fibers contribute to muscle weakness. A number of 

mechanisms may cause a decrease in [Ca2+]i, such as a reduction in sarcoplasmic reticulum 

calcium level ([Ca2+]s), decreased ryanodine receptor 1 (RyR1) and dihydropyridine 

receptor (DHRP) coupling, and calcium channel oxidative modification. [Ca2+]s in old LAL 

was lower, but not significantly reduced from the young LAL [Ca2+]s levels. However, 

Sod1−/− [Ca2+]s was notably reduced. Elevated RyR1 nitrosylation during aging has been 

demonstrated to cause [Ca2+]s leak and muscle weakness [24]. Muscle aging also leads to 

the decline in both DHRP and RyR1 binding sites, which is thought to reduce their coupling 

[46]. However, there was no significant change in either DHRP and RyR1 protein levels or 

their ratio in Sod1−/− and old LAL compared to young LAL, Fig 6A. Nevertheless, this does 

not exclude the possibility of a disrupted physical interaction between DHRP and RyR1 at 

the triad junctions, even if their ratio remains unchanged.

In summary, we show that Sod1−/− and old mice share similarities and some distinctions in 

how their neuromuscular units adapt to chronic oxidative stress. For instance, young Sod1−/− 

and old wild type mice show ROS-dependent decrease in synaptic vesicle pool size and 

neurotransmitter release at NMJs, however, muscle fibers in old LAL muscles show 

increases in their excitability to compensate for that decrease. Although more excitable than 

Sod1−/− LAL, both young Sod1−/− and old LALs have defective EC coupling. This suggests 
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that muscle weakness in old mice might in part be caused by ROS mediated EC uncoupling, 

while both EC uncoupling and reduced neurotransmitter release contribute to muscle 

weakness in Sod1−/− mice. Furthermore, our results are also suggestive of a likely sequence 

of the events that lead to muscle weakness in aging animals, in which neuronal ROS induced 

dysfunction likely occurs before the decline in muscle EC coupling in aging animals. 

However, future studies with neuron specific Sod1 ablation models would be needed to 

elucidate the mechanistic aspects of those transitions in the neuromuscular unit.
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Research highlights

• Induced and age-related oxidative stress produce similar changes in 

neuromuscular transmission.

• Chronic ROS reduce synaptic vesicle size pool and evoked neurotransmitter 

release.

• Neuronal cytosolic and mitochondrial calcium levels show compensatory 

increases.

• Old wild type LAL muscles exhibit higher excitability than young Sod1−/− LAL 

muscles.

• Old wild type and young Sod1−/− LAL muscles have reduced sarcoplasmic 

calcium influx.
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Figure 1. Age-related changes in muscle fiber composition and ROS production in the levator 
auris longus (LAL) muscle
(A) Bar charts showing the abundance of type IIa muscle fibers (right) and the average 

Ferret’s diameter for all muscle fibers in old and young LAL (left). (B) Quantification of 

ROS production in young and old LAL NMJs during rest and nerve electrical stimulation. 

The values shown are MitoSOX fluorescence intensities normalized to the maximal 

MitoSOX responses obtained with antimycin A. Error bars are SEMs.
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Figure 2. Evoked and spontaneous neurotransmitter release properties and synaptic vesicle pool 
size are changed with increased oxidative stress
(A) Representative traces of evoked EJPs (top row) and spontaneous miniature EJPs (bottom 

row) recorded in LAL obtained from young and old wild type and Sod1−/− mice. (B) 

Representative western blot of young, old and Sod1−/− LAL muscle protein extracts (left) 

incubated with anti-VAMP1 antibodies. Quantification of VAMP1 protein levels (integrated 

band density normalized to β-actin levels) in young (n=5) and old BL6 (n=5) and Sod1−/− 

(n=3) LAL muscles (right). Error bars are SEM.
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Figure 3. Oxidative stress leads to large acidification and slow re-alkalization in stimulated 
presynaptic terminals of old and Sod1−/− LAL muscles
(A) Fluorescent images showing morphology of LAL axon terminals in young, old, and 

Thy1-EYFP+/tg;Sod1−/− mice. (B) EYFP fluorescence changes in LAL nerve terminals from 

young, old, and Thy1-EYFP+/tg;Sod1−/− mice in response to 2s trains of 30Hz and 100Hz 

stimuli. (C) Average absolute decrease in EYFP fluorescence recorded from LAL nerve 

terminals from young, old, and Thy1-EYFP+/tg;Sod1−/− mice in response to 2s, 100Hz 

stimulus train. Error bars are SEMs.
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Figure 4. Mitochondrial calcium uptake is increased with age and oxidative stress
Representative fluorescent images of young, old and Sod1−/− LAL NMJs loaded with rhod-2 

and stimulated for 2s with 30Hz and 100Hz stimulus trains (left). LAL presynaptic 

mitochondrial calcium levels were quantified for young, old, and Sod1−/− mice (right) and 

plotted as the background subtracted increases in rhod-2 fluorescence intensities at 30Hz 

and 100Hz stimuli. Error bars are SEMs.
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Figure 5. Old and Sod1−/− LAL muscles have reduced sarcoplasmic calcium levels upon 
stimulation
(A) Bright-field and fluorescent images of a young LAL muscle fiber loaded with fluo-4 and 

stimulated with single stimulus (twitch) and 2s, 30Hz stimulus train. (B) Representative 

traces showing kinetics of fluo-4 fluorescent responses to twitches and a 2s, 30Hz stimulus 

train in young, old and Sod1−/− LAL muscle fibers. The inset is a magnified single fluo-4 

twitch response from young LAL. (C) Average fluo-4 fluorescent response amplitudes to 

twitch (left) and 2s, 30Hz stimulus train (right) in young, old and Sod1−/− LAL muscle 

fibers. (D) Twitch calcium clearance time constants (time to 50% of the peak) calculated for 

young, old and Sod1−/− LAL muscle fibers. (E) Average fluo-4 fluorescent responses in 

muscle fibers induced by application of 2 mM caffeine to young, old and Sod1−/− LAL. 

Error bars are SEMs.
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Figure 6. Old and Sod1−/− LAL muscles show increased levels of protein oxidative modifications 
without significant changes in protein levels of key calcium receptors
(A) Western blot of whole LAL muscle extracts from young, old and Sod1−/− mice probed 

with anti-RyR1, DHPR α1S and β-actin antibodies. (B) Representative western blot with 

anti-DNP antibodies to detect protein carbonyls in young, old and Sod1−/− LAL muscle 

protein extracts. (C) Representative western blot with anti-TMT antibodies to detect 

cysteine nitrosylation in young, old and Sod1−/− LAL muscle protein extracts.
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Table 1

Summary of electrophysiological parameters measured in LAL from young and old wild type mice and 

Sod1−/− mice.

YOUNG
n=20(4)

OLD
n=15(3)

Sod1−/−

n=18(3)

EJP (mV) 31.1±1.1*** 37.5±1.6 24.5±0.9

mini EJP (mV) 0.69±0.03 1.86±0.22*** 0.63±0.09

RMP (mV) 70.8±0.6 70.7±1.1 70.8±1.2

Quantal Content 76.1±5.3*** 42.5±4.8 33.1±4.7

Input Res. (MOhm) 1.8±0.3 2.9±0.4* 1.6±0.2

Freq. mini EJP (Hz) 2.5±0.3* 1.5±0.3 0.7±0.4

t-test p values:

***
p<0.001

*
p<0.05
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