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Abstract 

This dissertation investigates the roles of subsynaptic myonuclei (SSM) and the nuclear envelope 

protein Lamin A/C in maintaining neuromuscular junction (NMJ) health, particularly during 

aging and after nerve injury. SSM, a specialized subset of myonuclei located beneath the motor 

endplate, are thought to support NMJ development and maintenance, yet their relationship to 

NMJ integrity and response to denervation remains unclear. To begin to address this knowledge 

gap, SSM counts and NMJ innervation status were analyzed in three mouse models of acute and 

chronic NMJ disruption: surgical denervation, aging, and chronic oxidative stress (Sod1-/- mice). 

SSM were identified via Nesprin 1 immunolabeling and anatomical localization. SSM numbers 

remained stable during aging, chronic oxidative stress, and after 7 days of denervation following 

a nerve transection injury.  Despite significant NMJ degeneration and denervation in aged and 

Sod1-/- mice, SSM counts showed no relationship to NMJ innervation status, challenging the 

hypothesis that SSM loss drives NMJ decline. These findings highlight the need to explore other 

SSM characteristics, such as transcriptional profiles and structural roles, to better understand 

their contribution to NMJ health. We then shifted focus to explore the critical role of Lamin A/C, 

a protein encoded by the Lmna gene, in maintaining myonuclear integrity and reinnervation. 

Lamin A/C, a key intermediate filament protein in the nuclear lamina, is expressed in skeletal 

muscle and decreases with age, and with muscle-specific deletion reported to accelerate NMJ 

degradation, resembling age-associated NMJ decline. The role of Lamin A/C was examined in 

the context of NMJ regeneration following sciatic nerve injury in wildtype (WT) and muscle-



 xii 

specific heterozygous knockout mice (AC-Lmna+/−). Lamin A/C expression, significantly 

upregulated post-injury at both transcript and protein levels, returned to baseline by 14–28 days. 

NMJ morphology analysis revealed no structural differences across several features of the NMJ 

between genotypes. Despite intact NMJ morphology, AC-Lmna+/− mice exhibited delayed 

recovery of nerve-stimulated force generation and impaired NMJ transmission fidelity post-

injury, implicating Lamin A/C in functional recovery rather than or perhaps in addition to 

structural maintenance. Notably, this response was specific to Lamin A/C and not part of a 

general nuclear envelope response. These results suggest that while Lamin A/C is non-essential 

for NMJ reinnervation, its partial loss delays functional recovery, raising questions about nuclear 

integrity disruptions in age-associated NMJ decline. Together, this work provides new insights 

into NMJ maintenance and regeneration by decoupling SSM count from NMJ integrity and 

highlighting Lamin A/C’s role in functional recovery. These findings underscore the complexity 

of NMJ regulation and reinnervation, suggesting Lamin A/C has a marginal role and additional 

targets influence muscle decline and NMJ deterioration.  
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Chapter 1 Introduction 

1.1 The Dynamic Nature of Skeletal Muscle: Structure and Functions 

Skeletal muscle is a highly dynamic and plastic tissue that accounts for approximately 

40% of total body weight and contains the majority (50-75%) of the body’s proteins by mass. 

Skeletal muscle performs numerous critical functions in the body, including providing 

locomotion, contributing to basal energy metabolism, storing energy substrates, and producing 

heat to maintain core temperature. Muscle fibers can be broadly classified into two types: slow-

twitch (type I) and fast-twitch (type II). Slow-twitch fibers are more fatigue-resistant and 

primarily use aerobic metabolism to produce energy, making them well-suited for activities that 

require sustained muscle contraction, such as long-distance running (Frontera & Ochala, 2015a). 

They are rich in mitochondria and myoglobin, which gives them their reddish color (Bourdeau 

Julien et al., 2018). Fast-twitch fibers, on the other hand, comprise a broad continuum from 

fibers that display capacities for oxidative metabolism equivalent to or even greater than slow 

twitch fibers (Blemker, Brooks, Esser & Saul, 2024) to fibers that primarily use anaerobic 

metabolism to produce energy. These so-called fast fatiguable fibers are well-suited for activities 

that require quick, powerful muscle contractions, such as sprinting or weightlifting  (Frontera & 

Ochala, 2015b). They are pale in color due to their lower myoglobin content. Other 

characteristics that differentiate the two types of fibers include their sensitivity to calcium and 

their sarcoplasmic reticulum calcium handling (fast vs. slow). The makeup of muscle fibers is 

unique to each muscle and is influenced by factors such as the pattern of neuronal activating 
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stimuli, the level of physical activity, and the specific demands of the muscle (Bourdeau Julien et 

al., 2018; Frontera & Ochala, 2015b). 

Satellite cells, also known as muscle stem cells (MuSC), are a population of quiescent 

stem cells located between the sarcolemma and the basal lamina of skeletal muscle fibers. They 

play a crucial role in muscle growth, repair, and regeneration, differentiating into new muscle 

cells when needed for recovery from an injury or fusing with existing fibers to increase their size 

(Sinha-Hikim et al., 2003). These cells are activated in response to various stimuli, such as 

muscle loading, damage, and aging, and proliferate to maintain their pool and facilitate muscle 

homeostasis. The activation and differentiation of satellite cells are regulated by numerous 

signaling pathways and transcription factors that support increased protein synthesis (Sinha-

Hikim et al., 2003). As myofibers grow in length and cross-sectional area, additional nuclei from 

stem cells are required to provide the necessary trophic support for muscle growth. Recent 

studies have demonstrated that specialized populations of muscle stem cells are localized near 

neuromuscular junctions (NMJs) and act to support NMJ integrity by developing into synaptic 

myonuclei (W. Liu et al., 2017; Urzi et al., 2023). Furthermore, depletion of MuSCs impairs 

NMJ regeneration following injury, and MuSCs have been shown to respond to perturbed NMJs 

(Larouche et al., 2021; W. Liu et al., 2015). Due to their essential roles, it is not surprising that 

dysregulation of MuSC function has been implicated in muscle disorders such as atrophy and 

weakness (Bourdeau Julien et al., 2018).  

1.2 Developmental Dynamics of the Neuromuscular Junction 

Neuromuscular junctions (NMJs) are the fundamental site where the nervous system 

transmits signals responsible for voluntary movements such as locomotion to skeletal muscle. 



 3 

This intricate membranous and cytoskeletal structure forms and develops early in life through a 

series of steps that involve complex signaling events between the nerve terminal, muscle fiber, 

and Schwann cells to produce a chemical synapse (Sanes & Lichtman, 1999). Deficits occurring 

in NMJ formation and development lead to neuromuscular disorders such as myasthenia gravis. 

This section will encompass neuromuscular junction development from a structural and 

functional lens and make comparisons between humans and mice.  

Initially, myoblasts fuse to form myotubes, and before innervation, acetylcholine receptor 

(AChRs) genes are transcribed. The AChR genes are then translated and spontaneously cluster 

uniformly at a density of ~1000/µm2 throughout the post-synaptic membrane forming aneural 

clusters during a phenomenon called muscle prepatterning. As motor nerve terminals innervate 

muscle fibers, the axon terminal, also known as a synaptic bouton, secretes agrin, a potent 

activator of AChR cluster formation at the synaptic cleft that is approximately 50 nm across 

(Kummer et al., 2006; L. Li et al., 2018). Synapse development continues over the course of 

weeks in which AChR clusters mature and structurally organize into a pretzel-like morphology. 

Once formed, the adult muscle AChR density of the endplate is >10,000 AChRs/µm2, the 

stability of the NMJ increases upon maturation, and it is capable of neurotransmission. enabling 

lifelong motor performance (Sanes, n.d.; Slater, 2020). 

The sequence of events responsible for muscle fiber excitation has been well 

characterized. Action potentials propagate down the motor neuron triggering the release of 

acetylcholine-carrying vesicles into the synaptic cleft (Fig. 1). Each synaptic vesicle contains on 

the order of 10,000 acetylcholine (ACh) neurotransmitter molecules, which cross the synapse 

and bind to post-synaptic AChRs. Upon the binding of two acetylcholine molecules, the AChR 
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channel will open to allow sodium influx and potassium efflux resulting in a positive net flow of 

positive charge into the cell leading to depolarization and an excitatory post-synaptic potential 

(EPSP) or endplate potential (EPP). At a normal healthy neuromuscular synapse, the AChR in 

response to the neuron action potential causes an EPP that reaches threshold to trigger an action 

potential in the muscle fiber membrane. The muscle action potential triggers muscle contraction 

(Aidley, 2012). 

 

Figure 1 Components of the neuromuscular junction (NMJ). Action potentials are propagated down the presynaptic 
motor neuron that is surrounded and supported by perisynaptic Schwann cells. Depolarization of the motor neuron 
results in the opening of voltage-sensitive calcium channels leading to an influx of calcium ions, which contributes 
to synaptic vesicle fusion and the release of the neurotransmitter, acetylcholine (ACh). ACh crosses the synaptic gap 
and binds to acetylcholine receptors (AChR) on the muscle membrane leading to Na+ ion influx, depolarization, and 
muscle contraction. Created with BioRender.com. 

Much of what is known about synapse formation and maturation has been established 

through extensive studies in rodents  (Cetin et al., 2020). Therefore, it is likely that not all 
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aspects directly apply to humans. Comparative analysis suggests a high degree of heterogeneity 

exists in mammalian NMJ morphology. Interestingly, mice have among the largest NMJs despite 

have the smallest muscle fiber diameters. The NMJ morphology of sheep closely matches 

humans and may be the best model for studying human endplates; however, mice are a more 

practical animal model for laboratory study (Boehm et al., 2020). The ligand-gated nicotinic 

AChR ion channel in muscle are heteropentamers composed of two-α, one-β, and one fetal-

specific subunit that forms a central pore. The ε-subunit replaces the embryonic-specific γ-

subunit in AChRs during early development, marking a critical transition in the maturation of the 

NMJ. In mice, this transition occurs within the first two weeks of the postnatal stage, (Missias et 

al., 1996; Villarroel & Sakmann, 1996), whereas in humans the transition occurs during the 

second to the third trimester of fetal development  (Hesselmans et al., 1993). The γ-to-ε subunit 

transition has a major functional impact on the receptor. The embryonic γ-subunit forms 

receptors with longer channel open times and slower kinetics, which is suited for the less 

frequent synaptic activity during early muscle development. When the ε-subunit replaces the γ-

subunit, the receptor's kinetics become faster, and channel open times shorten, leading to a more 

rapid response to acetylcholine. This results in more efficient synaptic transmission and is 

essential for the increased precision and control required for mature muscle function (Villarroel 

& Sakmann, 1996). Disorders to this developmental milestone are related to the onset of null 

mutations to the CHRNE gene responsible for the production of the ε-subunit and lead to NMJ 

disorders such as congenital myasthenic syndrome (Croxen et al., 2001). 

Each AChR contains two agonist binding sites in the extracellular domain, where the α-γ 

site shows the greatest affinity for acetylcholine in mice (Nayak et al., 2014, 2016). Complex 

molecular pathways certainly regulate the γ-to-ε subunit change; however, motor neuron 
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innervation seems critical in stimulating subsynaptic nuclei to initiate transcription of the epsilon 

subunit. The gamma subunit is actively transcribed in all myonuclei in the initial formation of 

myotubes but becomes restricted to subsynaptic myonuclei upon the nerve arrival of the nerve. 

mRNA expression of the ε-subunit also seems to be exclusive to the adult subsynaptic nuclei 

(Missias et al., 1996; Sakmann & Brenner, 1978). One core group of proteins has been shown to 

be required for beginning the AChR clustering event and synapse formation through the activity 

of the synaptic organizer agrin, low-density lipoprotein receptor-related protein 4 

(LRP4), muscle-specific tyrosine kinase (MuSK), Docking Protein 7 (Dok7) (Tintignac et al., 

2015; Wu et al., 2010) and rapsyn which directly interacts with AChRs (Borges et al., 2008). 

During postnatal maturation of the NMJ, alterations in AChRs transform clusters into pretzel-

like shapes with an expected half-life of receptors being about 14 days at fully functional 

synapses (Akaaboune et al., 1999). During the lifespan of an animal, AChRs at the NMJ undergo 

both recycling and degradation processes. Recycled AChRs are those that have been internalized 

and then reinserted into the postsynaptic membrane, while preexisting AChRs are the original 

receptors that have been stably embedded in the membrane since their initial synthesis (Bruneau 

et al., 2005, 2006). It has been reported that recycled AChRs turnover more rapidly than pre-

existing AChRs however, the mechanism is still unclear. Several regulatory signaling molecules 

converge on the metabolic stability of AChRs and are well-reviewed (Martinez-Pena Y 

Valenzuela & Akaaboune, 2021). As AChRs are remodeled, the post-synaptic membrane 

specializes by forming invaginations known as junctional folds (JFs). These folds are unique to 

the NMJ and contain high-density clusters of nicotinic acetylcholine receptors; thus, they are 

thought to increase the reliability of transmission and enhance depolarization. The mechanism of 

JFs formation is unknown.  A leading theory suggests that JFs develop opposite to the active 
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zone, the area where vesicles release acetylcholine across the synapse, but this does not explain 

what physically draws the membrane in to form the invaginations  (Hong & Etherington, 2011; 

S. Zou & Pan, 2022). Nevertheless, defects in JFs are a consistent phenotype in disease states 

such as amyotrophic lateral sclerosis (ALS), Myasthenia gravis (MG), and muscular dystrophy 

(MD)(York & Zheng, 2017). 

Table 1 Feature comparisons of adult neuromuscular junctions across species 

 

 

 

 

 

 

 

 

 

 

 

 

The physiology of the neuromuscular junction is dictated by the structure and function of 

the presynaptic motor neuron and the post-synaptic acetylcholine receptors. The size of the 

active zone is significantly smaller in mice (80 x 73 nm)  (Fukuoka et al., 1987) compared to 

humans (153 x 96 nm) (Fukunaga et al., 1983) with a similar density seen between species (2.6/ 

µm2 vs. 2.3-2.7/µm2) (J. Chen et al., 2012; Fukunaga et al., 1982; Fukuoka et al., 1987). The 

mouse NMJ is also estimated to have more than double the quantal content of human NMJs (20 

– 30  vs. 50 - 100 in mice) (C. Slater, 2017), and mouse nerve terminal areas are also much 

 Feature Human Mouse 

Pre-synaptic 
 

  

Active zone size 153 x 96 nm 80 x 73 nm 

Active zone density 2.6/ µm2 2.3 - 2.7/ µm2 

Quantal content 20 - 30  50 - 100 

Nerve terminal area 122.7  µm2 304.0  µm2 

Post-synaptic     

Endplate area 351.5  µm2 678.2  µm2 

Number of AChR/NMJ 1.3 - 3.4 x 10^7 3.1 - 8.7 x10^7 
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greater (122.7 µm2 vs. 304.0 µm2 in mice) (Boehm et al., 2020). Functionally, fetal AChRs differ 

from adult endplates in several species. The channel open time varies between species and 

between maturity. The human fetal AChR open time has been reported to be 7.9 ms vs 5.7 ms in 

mice with a significant reduction compared to adult AChR open times or 4.1 ms vs 1.5 ms in 

mice (Fucile et al., 2006; Ragozzino et al., 1998). The adult AChR also consistently displays 

greater Ca2+ permeability compared to developing fetal AChRs consistent in both humans and 

mice, leading to greater cytoplasmic calcium levels (Shen et. al., 2009), and modulation of 

neurotransmitter release, synaptic plasticity, and cell motility (Fucile et al., 2003, 2006). The 

post-synaptic endplate also varies across species, likely driving variation in NMJ physiology. 

Mice display larger (351.5 µm2 vs 678.2 µm2) and denser (1.3 - 3.4 x 107 vs 3.1 – 8.7 x 107 

AChR number per NMJ) (Albuquerque, 1974; Bollen et al., 1992; Pestronk et al., 1985) 

endplates. A summary of this information can be found in table 1.  

1.3 The Molecular Mechanisms Regulating Myonuclei Number and Positioning 

The proper arrangement of myonuclei within skeletal muscle fibers is important for 

normal muscle physiology, and an imbalance and improper localization of myonuclei is linked to 

skeletal muscle pathologies such as centronuclear myopathy and muscular dystrophies. Despite 

this, our understanding of the mechanisms that control myonuclei number, positioning, and 

anchorage is incomplete (Cadot et al., 2015; Cisterna & Malatesta, 2024; Folker & Baylies, 

2013). 

Myofibers are a unique type of cell that are multinucleated and post-mitotic, meaning that 

the myonuclei do not undergo cell division once they have matured, although this dogma has 

recently been challenged (Borowik et al., 2022). The myonuclear domain (MND) theory 
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proposes that each nucleus in a muscle regulates the proteins synthesized in its region in a 

controlled manner (Teixeira & Duarte, 2011). Myofibers gain nuclei through satellite cell-

mediated myonuclear accretion, which involves the incorporation of new myonuclei into muscle 

fibers through the fusion of satellite cells. This process is thought to be critical for driving 

hypertrophy, or to compensate for a loss of existing myonuclei that may occur during muscle 

atrophy (Abou Sawan et al., 2021). Interestingly, studies have found no loss of nuclei with age-

related atrophy, but rather an alteration in the spatial organization of myonuclei. This alteration 

may affect the local quantity of DNA per muscle fiber volume through decreased activity or 

cooperativity of myonuclei in a gender- and muscle fiber type-specific manner (Cristea et al., 

2010). Furthermore, Type-2 fibers seem to hypertrophy without the accretion of myonuclei, in 

contrast to Type-1 fibers, which show an increase in myonuclear density during exercise-induced 

hypertrophy. These observations provide just a few examples that highlight the nuanced and 

complex behaviors and roles of myonuclei in muscle (Conceição et al., 2018; Kadi et al., 2004; 

Petrella et al., 2006). Further challenges of the myonuclear domain theory are well-reviewed 

(Murach et al., 2018). Nevertheless, it is well established that the products of a myonucleus 

associate with the Golgi remain localized near their myonuclear origin (Pavlath et al., 1989), and 

single-nuclei RNA-seq and fluorescent in-situ hybridization (FISH) reveal unique populations of 

myonuclei including but not limited to; body myonuclei, myotendinous junction nuclei, and 

subsynaptic myonuclei. Furthermore, myonuclei display spatial transcriptional heterogeneity and 

gene expression related to innervation (Dos Santos et al., 2020). Collectively, the data supports 

regional specialization of myonuclei and neural control of transcription in muscle tissue and the 

following discussion focuses on mechanisms of regional positioning of myonuclei and resultant 

regulation of gene expression by myonuclei in muscle fibers, with a specific focus on the NMJ. 
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The SYNE (synaptic nuclear envelope) genes play a crucial role in the positioning and 

anchorage of myonuclei within muscle tissue through their encoding of Nuclear Envelope 

Spectrin Repeat proteins (Nesprins) (Apel et al., 2000). Nesprins, which are highly expressed in 

both skeletal and cardiac muscle (Duong et al., 2014; Grady et al., 2005), specifically associate 

with synaptic nuclei in adult muscle fibers and are essential for anchoring myonuclei at the NMJ 

in mice (Packard et al., 2015). Notably, the deletion of the KASH domain of SYNE1, but not 

SYNE2, abolishes the formation of the nucleus cluster associated with the NMJ and disrupts the 

organization of non-synaptic nuclei in skeletal muscle (Zhang et al., 2007). During development, 

SYNE1 gene networks are believed to facilitate the localization of mRNAs that migrate from the 

nucleus to the NMJ (Holt et al., 2019). In both humans and rodents, a Nesprin1-α2 (N1-α2) 

isoform is specifically expressed in skeletal muscle and colocalizes with subsynaptic myonuclei 

(Packard et al., 2015). Nesprins interact with SUN (Sad1p-UNC-84) proteins, which span the 

inner nuclear envelope membrane and form the LINC (Linker of Nucleoskeleton to 

Cytoskeleton) complex (X. I. N. Chen et al., 2019; Crisp et al., 2006). SUN1 and SUN2 proteins 

function redundantly to anchor myonuclei (Lei et al., 2009). Additionally, a muscle-specific 

isoform of the cardiac islet-1 interaction protein (CIP), which is critical for connecting the LINC 

complex with the microtubule system, plays a significant role in myonuclei alignment and 

positioning (J. Liu et al., 2020). Loss of CIP and SUN genes results in severe positioning defects 

and muscular dystrophy. Finally, the LINC complex can physically interact with nuclear lamins, 

linking the nuclear lamina with chromatin factors in the nucleoplasm (Barton et al., 2015) and 

enabling transcriptional regulation (Tajik et al., 2016). 

Lamins are type-V intermediate filament proteins that provide structural support to the 

nucleus by forming a mesh-like scaffold known as the nuclear lamina. There are two types of 
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lamins: A-type (lamin A and C) and B-type (lamin B1, B2, and B3). A-type lamins are encoded 

by the LMNA gene and are mostly located at the periphery of the nucleus, while B-type lamins 

are encoded by the LMNB1 and LMNB2 genes and are important during development. Lamins, 

much like the LINC complex, have been shown to play a role in mechanotransduction, a process 

by which mechanical signals are converted into biological responses to impact various cell 

functions (Donnaloja et al., 2020). Lamin A/C has been found in the nucleoplasm (Briand & 

Collas, 2020; Naetar et al., 2017) and participates in chromatin organization, DNA replication, 

and transcription regulation (Alcorta-Sevillano et al., 2020; De Leeuw et al., 2018; Zhang et al., 

2019) through interactions with inner nucleus membrane proteins, transcriptions factors, and 

DNA. Lamin proteins can undergo molecular rearrangements in response to mechanical stimuli, 

which can affect the structure of the nuclear lamina. 

Mutations in LMNA result in a wide range of diseases known as laminopathies (Worman 

& Bonne, 2007). Mutations in A-type lamins can cause the accelerated aging disease, 

Hutchinson-Gilford progeria syndrome (HGPS) (Chang et al., 2019). Emery-Dreifuss muscular 

dystrophy (AD-EDMD) and limb-girdle muscular dystrophy (LGMD) are two of the most 

common laminopathies which impact skeletal and cardiac muscles (Broers et al., 2006). 

Interestingly, in a mouse model of AD-EDMD, endplates were severely disorganized and 86% of 

synapses had altered morphology with mislocalized synaptic nuclei and increased histone 

acetylation (Méjat et al., 2009). More recently, muscle-specific deficiency of lamin A/C were 

found to cause progressive degeneration of NMJs in mice, which also had fewer subsynaptic 

myonuclei (Gao et al., 2020). These findings suggest that lamins are important for positioning 

myonuclei at the NMJ, although it is unclear if the decrease in subsynaptic myonuclei is the 

cause or consequence of NMJ degeneration. 
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In conclusion, it is clear that the complex interplay between myonuclei, the SYNE gene, 

and the nuclear lamina plays a crucial role in the proper functioning and organization of skeletal 

muscle. The myonuclear domain theory suggests that each nucleus within a muscle regulates the 

proteins synthesized in its region in a controlled manner. However, the specific mechanisms by 

which changes in myonuclei number and fiber type specificity occur in relation to the 

myonuclear domain theory are not fully understood. The SYNE gene is thought to play a crucial 

role in myonuclei positioning and anchorage, while the nuclear lamina is a key structural 

component that is essential for proper myonuclei organization. Mutations in proteins of the 

nuclear lamina have been linked to disruptions in the organization of the neuromuscular junction, 

highlighting the importance of this structure for normal muscle function and as a potential cause 

for NMJ decline. 

1.4 The Role of the Neuromuscular Junction in Sarcopenia 

Sarcopenia, the age-related loss of muscle mass and strength, is a significant concern for 

the elderly population due to its negative impacts on mobility, overall health, and quality of life  

(Rosenberg, 1989). Aging is the primary risk factor for developing sarcopenia, with individuals 

over the age of 50 generally experiencing a yearly loss of around 1% of muscle mass (Koster et 

al., 2011; Lexell et al., 1988.). While physical activity is currently the main treatment option for 

sarcopenia, it is only moderately successful, and its effectiveness decreases with advanced age. 

(Yoo et al., 2018). The loss of muscle mass can also lead to frailty and increase the risk of falls 

and fractures. The major mechanisms behind the age-related loss of muscle mass and function 

are not fully understood, but inflammation, impaired muscle regeneration due to a loss of 

satellite cell number and function, the loss of motor neurons, mitochondrial dysfunction, the 
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accumulation of reactive oxygen species (ROS), and degenerative changes at the neuromuscular 

junction have all been proposed as potential contributing factors (T. N. Kim & Choi, 2013; 

McCormick & Vasilaki, 2018). 

Reactive oxygen species (ROS) are highly reactive molecules produced during the 

process of mitochondrial oxidative phosphorylation that can cause oxidative damage and are 

thought to contribute to aging (Scialò et al., 2017). However, ROS also play a role in normal 

physiological processes and cell signaling (Ray et al., 2012). The enzyme Cu/ZnSOD, which 

removes free radical superoxide anions in cells and mitochondria, is a key antioxidant enzyme. 

Mice lacking Cu-Zn superoxide dismutase 1 (Sod1-/-) display markers of oxidative stress and 

damage in essentially all tissues, including muscle, and exhibit premature muscle atrophy and 

weakness, similar to what is observed in aged wild-type mice (Muller et al., 2006). In addition, 

Sod1-/-  mice display accelerated AChR fragmentation, a shared phenotype with aged wild-type 

mice (Deepa et al., 2019; Ivannikov & Van Remmen, 2015). Boosting NAD+ levels to reduce 

age-related and transgenically elevated oxidative stress appears to be promising in reducing ROS 

and improving the function of the aged NMJ (Cameron et al., 2019; Ito et al., 2022). 

Additionally, dietary restriction has also been shown to alleviate sarcopenia by decreasing 

mitochondrial ROS accumulation and structural changes at the NMJ (Jang et al., 2012). While 

the exact cause of sarcopenia remains unknown, these data strongly support a link between 

oxidative stress in vivo with muscle wasting and weakness with fragmentation of the 

postsynaptic apparatus and functional decline at the NMJ as key contributing factors. 

The structure of neuromuscular junctions (NMJs) in mammals changes as they age (Y. Li 

et al., 2011). These changes often include the formation of new branches of the terminal axon, 
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which contact muscle at previously non-synaptic sites and acquire features of postsynaptic 

differentiation, including accumulations of acetylcholinesterase and acetylcholine receptors. 

Studies using antibodies and genetically expressed fluorescent cellular markers have confirmed 

that NMJ structure changes with age at the light microscope level, including an increase in the 

extent and complexity of terminal axon branching and in the total number and area of 

postsynaptic fragments. Ultrastructural studies of NMJ aging have shown a decrease in the 

density of synaptic vesicles within the nerve terminal (Cheng et al., 2013; Rosenheimer & Smith, 

1985; Valdez et al., 2010). Aging is also associated with decline in the postsynaptic side, 

including a decrease in the number and regularity of postsynaptic folds and an increase in the 

width of the synaptic cleft. Changes in the number of synaptic myonuclei also may be a driving 

factor of degradation of the postsynaptic apparatus (Cossins et al., 2020; Gao et al., 2020; 

Willadt et al., 2016). Reductions of the NMJ could be mechanistically linked to a variety of 

factors, including oxidative stress, inflammation, and changes in gene expression, but the finding 

of fewer myonuclei at NMJs of older animals is not universal, and neither the structural of 

functional significance of a reduction is not yet fully understood. 

Fragmentation, or the breaking up of the neuromuscular junction (NMJ) into smaller, 

isolated areas of postsynaptic differentiation, has sometimes been thought to be a sign of NMJ 

degeneration and a decline in function (Willadt et al., 2016). However, there is no evidence to 

suggest that NMJ fragmentation alone would reduce transmission efficacy at the NMJ (C. R. 

Slater, 2020). In fact, in certain situations where new synapses are formed on previously non-

synaptic regions of mature muscle fibers, such as after blockage of nerve impulses by 

tetrodotoxin (Ribchester & Taxt, 1984), muscle fiber damage, or recovery from botulinum 
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intoxication (Duchen & Strich, 1968; Rogozhin et al., 2008), NMJs with many spot-like contacts 

are still able to function effectively.  

Few studies have correlated structural and functional deficits of the NMJ. The lack of the 

protein desmin has been shown to affect the structure and function of NMJs in mice, as well as 

the transcription of genes that code for postsynaptic proteins. Desmin knockout mice exhibit 

fragmentation of NMJs in the soleus muscle, but not in the extensor digitorum longus muscle. In 

addition, the soleus muscle fibers of these mice have larger NMJs. The transcription levels of 

acetylcholine receptor (AChR) genes are also increased in the muscles of these mice, particularly 

in the AChRγ subunit, which is typically associated with muscle fiber regeneration. 

Electrophysiological recordings in these mice showed a pathological decrement in nerve-

dependent endplate potentials and an increased rise time in nerve-independent miniature endplate 

potentials, which may be linked to the fragmentation of NMJs in these mice (Eiber et al., 2020). 

A study of Lamin associated protein (LAP) knockout mice revealed that changes in NMJ 

structure were accompanied by a decline in electrophysiology readings of synaptic transmission. 

Furthermore, an increase in fragmentation in LAP knockout mice was found to be correlated 

with an increase in the number of synaptic nuclei, indicating that lamin associate proteins are 

involved in maintaining the structure of the endplate (Cossins et al., 2020). The deletion of 

Lamin A/C specifically in muscle led to the degeneration of NMJs, both structurally and 

functionally, and levels of this protein were found to decrease with age (Gao et al., 2020). These 

findings suggest that Lamin A/C may have a protective role in preserving the integrity of NMJs. 

In summary, the structural changes that occur at the neuromuscular junction (NMJ) 

during aging may affect the function of the NMJ and transmission of nerve impulses. The 
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functional impact of these changes is not fully understood, but it is possible that they contribute 

to a decrease in transmission efficacy at the NMJ. The precise causes of these structural changes 

in the NMJ remain unclear and warrant further investigation.  Studies have produced conflicting 

results regarding the number of subsynaptic myonuclei at a given endplate and the status of NMJ 

fragmentation (Ang et al., 2022; Bai et al., 2022, Cossins et al., 2020; Gao et al., 2020, W. Liu et 

al., 2017), therefore, greater clarity on the number of SSM at a given NMJ is warranted. 

Additionally, the role of Lamin A/C in NMJ function and aging is also an area of active research. 

Reports that Lamin A/C levels in muscle decline with aging and deletion of Lamin A/C 

specifically in muscle lead to degeneration of NMJs suggest that Lamin A/C may represent a 

target of intervention for preventing the decline of NMJs and alleviate sarcopenia (Gao et al., 

2020). 

1.5 The Effects of Nerve Injury on the Neuromuscular Junction 

To better understand the mechanisms underlying sarcopenia, sciatic nerve transection and 

sciatic nerve crush are commonly used models to study the effects of nerve injury on the 

neuromuscular junction (NMJ) and skeletal muscle. Sciatic nerve transection involves the 

complete severing of the sciatic nerve, while sciatic nerve crush is a mechanical injury that 

damages the nerve without completely severing it. Both models lead to muscle atrophy, 

characterized by a decrease in muscle mass, strength, and function. Investigating the processes of 

nerve injury and regeneration is essential for developing therapies to preserve muscle function 

and mitigate muscle atrophy. 

Sciatic nerve transection is a widely used model to study the effects of denervation on 

skeletal muscle. This procedure triggers a sequence of events known as Wallerian degeneration, 
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a process in which the damaged axons and myelin of motor neurons undergo systematic 

breakdown. Wallerian degeneration involves a coordinated cellular response, including Schwann 

cells, fibroblasts, endothelial cells, and macrophages, along with signaling molecules that 

facilitate the phagocytosis of the damaged axon. This process is crucial for initiating nerve repair 

and has been observed in vivo as early as 30 hours (Kerschensteiner et al., 2005) and as late as 6 

weeks post injury (Conforti et al., 2014; Farrar et al., 2012; Zou et al., 2022).  

Sciatic nerve crush, another model used to study axonal injury followed by reinnervation, 

involves applying pressure to the sciatic nerve with a small clamp. Studies using this model have 

shown that muscle function and mass decrease by approximately 30% following the injury but 

recover to nearly pre-injury levels by 30 days post-crush (dpc). Although there is no loss of 

muscle fibers or significant change in the number of nuclei per fiber, a shift in fibers expressing 

myosins I and II occurs, which reverts to control levels by 30 dpc (Grönholdt‐Klein et al., 2019). 

Recent research has also uncovered gene regulatory network reprogramming associated with 

denervation-induced muscle atrophy, revealing molecular mechanisms such as metabolic 

remodeling and myonuclear transition (Lin et al., 2022). Myonuclear transition refers to the 

process by which myonuclei within a muscle fiber adapt or shift their transcriptional programs in 

response to physiological or pathological conditions. For example, in studies investigating 

responses to denervation, distinct subgroups of myonuclei in type II myofibers undergo 

transitions characterized by the emergence of specialized states, such as type IIb2 myonuclei 

(Lin et al., 2022). This process reflects the dynamic ability of myonuclei to reprogram gene 

expression, contributing to fiber type-specific adaptations, giving insights into new targets for 

improving the health of myofibers or the NMJ after injury. 
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The NMJ is a dynamic structure that continuously remodels throughout an organism's life 

and in response to injury. Functional recovery after nerve injury is largely dependent on the 

reinnervation of denervated motor endplates (Rich et al., 2023). Structurally, in 3-month-old 

mice, nearly all (98%) endplates are denervated one week after nerve injury. However, by 8 

weeks, endplates are either partially (28.3%) or fully (71.7%) reinnervated, and by 16 weeks, 

NMJ reinnervation reaches 87.3%. Functionally, the compound muscle action potential (CMAP) 

amplitude, which ideally correlates with muscle contraction strength, recovers to 83% of the 

level seen in uninjured mice at 16 weeks, correlating with the percentage of fully reinnervated 

NMJs. Researchers also observed morphological differences between injured and non-injured 

NMJs further highlighting the ability of the NMJ to adapt after nerve injury (Vannucci et al., 

2019). 

Notably, even though reversible nerve damage led to complete reinnervation after 11 

days, studies have shown that more than 30% of NMJs remain poly-innervated and around 65% 

of postsynaptic domains remain fragmented even 3 months after injury (Bermedo-García et al., 

2022). These observations of long-term abnormalities in NMJ morphology following 

denervation injury suggest that while nerve injury may be reversible and synaptic transmission 

may be fully recovered two months after injury, postsynaptic stability at the NMJ may be 

irreversibly compromised after chronic denervation.  There are many emerging therapeutic 

approaches and advanced techniques with promising findings for aiding NMJ recovery after 

nerve injury. Targets such as DOK7 and AAV-NRIP have shown potential (Chen et al., 2024; 

Kosco et al., 2023), while single-nuclei sequencing experiments continue to identify novel NMJ-

specific targets (Ham et al., 2024). However, further studies are needed to fully understand and 

validate these approaches, particularly regarding the role of nuclei in proximity to the NMJ. 
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These developments and gaps in understanding of subsynaptic myonuclei, underscore the critical 

importance of studying the long-term effects of nerve injury on the NMJ and exploring therapies 

that can enhance postsynaptic stability in the context of chronic denervation. 

1.6 Goals of thesis and outline of chapters 

Several unresolved questions in the current landscape of skeletal muscle physiology are 

highlighted in the forthcoming exploration into the role of subsynaptic myonuclei and their 

engagement at the NMJ to maintain homeostasis and the facilitate reinnervation post nerve 

injury. The overall goal is to unravel some of the complexities of aging and reinnervation 

following injury, employing advanced in vivo and in situ techniques to systematically investigate 

the factors influencing neuromuscular health and integrity in mouse models. 

Chapter 2 critically examines the existing literature, focusing on inconsistencies in 

methodologies and techniques used to quantify subsynaptic myonuclei. It raises important 

questions about the physiological impact of minor fluctuations, such as changes in just 1-2 

nuclei. The experimental efforts in this chapter aim to demonstrate the stability of subsynaptic 

myonuclei numbers across three models of NMJ degradation, offering valuable insights into the 

current understanding of these dynamics and to clarify inconsistencies found within the 

literature. 

Chapter 3 extends from and expands upon a pivotal discovery revealing a notable 

upregulation of the Lmna gene subsequent to nerve injury. The Lmna gene, renowned for its 

protein product Lamin A/C, plays a crucial role in constructing the structural framework of 

myonuclei (Figure 2). The experiments outlined in this chapter delve into the interdependence of 
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skeletal muscle innervation and Lmna expression, investigating the repercussions of its removal 

and its influence on the reinnervation process. 

Chapter 4 summarizes the thesis's contributions to the fields of myonuclei biology and 

aging, emphasizing the knowledge gaps that have been addressed. Additionally, this chapter 

outlines potential avenues for future research, building on the findings of this work and 

identifying remaining gaps in understanding that warrant further investigation. 

 

Figure 2 Schematic of structurally intact subsynaptic myonuclei (SSM) maintaining the synaptic domain. 



 21 

Chapter 2 Maintenance of Subsynaptic Myonuclei Number is Not Driven by Neural Input 

 

2.1 Abstract 

The development and maintenance of neuromuscular junctions (NMJ) are supported by a 

specialized population of myonuclei that are referred to as the subsynaptic myonuclei (SSM). 

The relationship between the number of SSM and the integrity of the NMJ as well as the impact 

of a loss of innervation on SSM remain unclear. This study aimed to clarify these associations by 

simultaneously analyzing SSM counts and NMJ innervation status in three distinct mouse 

models of acute and chronic NMJ disruption. SSM were identified using fluorescent 

immunohistochemistry for Nesprin 1 expression, which is highly enriched in SSM, along with 

anatomical location beneath the muscle fiber motor endplate. Acute denervation, induced by 

surgical nerve transection, did not affect SSM number after seven days. Additionally, no 

significant changes in SSM number were observed during normal aging or in mice with chronic 

oxidative stress (Sod1-/-). Both aging WT mice and Sod1-/- mice accumulated degenerating and 

denervated NMJ in skeletal muscle, but there was no correlation between innervation status of a 

given NMJ and SSM number in aged or Sod1-/- mice. These findings challenge the notion that a 

loss of SSM is a primary driver of NMJ degradation and leave open questions of the mechanisms 

that regulate SSM number as well as the physiological significance of the precise SSM number. 

Further investigations are required to define other properties of the SSM, such as transcriptional 

profiles and structural integrity, to better understand their role in NMJ maintenance.  
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2.2  Introduction 

Maintenance of the neuromuscular junction (NMJ), the synapse between a motor neuron 

and muscle fiber, relies on a specialized population of muscle fiber nuclei referred to as 

subsynaptic myonuclei (SSM). Positioned beneath the muscle endplate, SSM play a crucial role 

in locally enriching acetylcholine receptors (AChRs) and other proteins essential for establishing 

NMJ structure and function(Apel et al., 2000; Bourdeau Julien et al., 2018, 2018; Sanes & 

Lichtman, 2001; Schaeffer et al., 2001; Shi et al., 2012). The specialization of SSM involves 

both activity- and load-dependent mechanisms (Haddix et al., 2018; Purves & Sakmann, 1974a, 

1974b; Ruegg, 2005) and likely receives trophic support from the associated motor neuron (Saini 

et al., 2021). Consequently, disruption of NMJ integrity is anticipated to impact anterograde 

signaling, as well as the structure, function, or number of SSM. Simultaneously, alterations in 

SSM structure, number, or function may trigger degenerative changes at the NMJs. The impact 

of acute loss of innervation on SSM remains undefined, and the role of SSM loss in NMJ 

degeneration has yet to be fully elucidated. 

Degeneration of NMJs and loss of innervation are often cited as important contributors to 

the age-associated loss of muscle referred to as sarcopenia (Delbono et al., 2021; Doherty et al., 

1993; Hashizume et al., 1988). The hypothesis of a causative link between decreased integrity of 

the NMJ and sarcopenia is based largely on reports of an accumulation of NMJs that display 

morphological abnormalities including partial or complete loss of overlap of pre- and post-

synaptic structures and discontinuous staining pattern of postsynaptic AChRs during aging 
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(Deschenes et al., 2022; Jang & Van Remmen, 2011; Y. Li et al., 2011; Valdez et al., 2010; 

Verma et al., 2022; Willadt et al., 2016). 

Recent studies of the relationship between NMJ degeneration and SSM number have 

produced conflicting results. While Liu et al. (2017) found a reduction in SSM number in old 

animals compared to adults, a recent report by Ang et al. (2022) concluded that age-associated 

differences in SSM number are modest and may be secondary to NMJ structural modifications. 

Furthermore, Larouche et al. (2021) found no differences in baseline SSM numbers between 

young and old mice; however, an increase in perisynaptic nuclei 28-days after sciatic nerve 

transection appeared in young mice only. In contrast to the findings of Larouche et al. (2021), 

Bai et al. (2022) reported a decrease in synaptic nuclei number 16 days after denervation, with 

the decreased number remaining stable out to 30 days. Finally, Bai et al. (2022) also found that 

the number of SSM in the mouse model of amyotrophic lateral sclerosis (SOD1G93A) was less 

than that of its wildtype counterpart 90-days after birth, suggesting a relationship between 

innervation and SSM number. These collective findings indicate that questions of whether the 

loss of innervation triggers loss of SSM or whether the loss of SSM triggers degenerative 

changes at NMJs are in need of further investigation. 

The goal of the present study was to further clarify the association between SSM number 

and NMJ integrity. We addressed this goal through simultaneous analysis of counts of total 

perisynaptic myonuclei and specific SSM along with assessments of NMJ innervation status 

using identical methods across models of both acute and chronic NMJ disruption. SSM were 

identified using an antibody specific to Nesprin1. Nuclear envelope spectrin repeat proteins 

(Nesprins) are highly expressed in skeletal muscle (Duong et al., 2014; Grady et al., 2005) and 
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act to anchor myonuclei at the NMJ (Grady et al., 2005; Holt et al., 2019; Packard et al., 2015). 

The nesprin-1-alpha-2 isoform is specifically expressed in the synaptic nuclei in adult muscle 

fibers (Holt et al., 2019). A novel aspect of the present study was the use of Nesprin1 staining in 

conjunction with markers for pre- and post-synaptic structures to establish associations of SSM 

with innervation status. 

Based on the known importance of the motor neuron in SSM specialization (Ruegg, 

2005; Saini et al., 2021) along with reports of fewer SSM at NMJs in muscle fibers of old 

compared with adult animals (W. Liu et al., 2017) and links between SSM number and NMJ 

structural modifications (Ang et al., 2022; Bai et al., 2022), our overall hypothesis was that a 

relationship exists between the loss of innervation and a loss of SSM or vice versa, i.e., a loss of 

SSM drives disruption of NMJ structure. To address this hypothesis, we determined SSM 

number in three models of NMJ degeneration in mice. First, we asked whether acute denervation 

induced by surgical nerve transection triggered a loss of SSM. We next examined muscles from 

adult and old wild type mice to establish whether SSM number changed during normal aging. 

Lastly, we studied muscles from mice deficient in the antioxidant enzyme superoxide dismutase 

1 (Sod1−/− mice). Sod1−/− mice develop degenerative changes at NMJs during adulthood, 

including fragmentation of the endplates and frank muscle fiber denervation (Deepa et al., 2019; 

Ivannikov & Van Remmen, 2015). We tested the specific hypotheses that the number of 

Nesprin1 positive nuclei sub-adjacent to muscle fiber endplates would be lower 1) in muscles 

following nerve transection compared with innervated controls, 2) for muscles of old compared 

with adult wild type mice, and 3) for muscles of Sod1−/− compared with wild type mice. We 

further hypothesized that in all cases, the loss of nesprin positive myonuclei would be correlated 

with the extent of NMJ disruption, from fully innervated through to fully denervated. 



 25 

2.3 Materials and Methods 

2.3.1 Animals 

Male and female mice of the C57BL/6 background and male and female Sod1−/− mice 

and wild type (WT) littermates were used in this study. All mice were housed in specific-

pathogen-free conditions, with ad-libitum access to standard laboratory food and water and were 

subjected to a 12-hour light/dark cycle. The animal experiments described here were reviewed 

and approved by the University of Michigan Institutional Animal Care and Use Committee 

(IACUC). 

2.3.2 Sciatic Nerve Transection 

C57BL/6 mice approximately 6-months of age were subjected to sciatic nerve transection 

(SNT) and randomly assigned to either a 3-day or 7-day recovery group. The procedure was as 

follows. First, mice were anesthetized with 5% isoflurane as required to ensure no response to 

tactile stimuli, followed by continuous administration of 2% isoflurane for maintenance. Next, 

carprofen (5 mg/kg) was administered as a preoperative analgesic. The hindlimbs were carefully 

shaved and the skin was cleaned with chlorhexidine and 70% alcohol. A small skin incision (<10 

mm) was made 1 mm posterior and parallel to the femur, and the superficial biceps femoris was 

split to expose the sciatic nerve. The sciatic nerve was then transected, and a 5 mm segment was 

removed. The incision was closed with wound clips (Autoclip, BD Clay Adams, Franklin Lakes, 

NJ). The same procedure was performed on the contralateral leg. After surgery, the mice were 

placed on a heating pad and closely observed until they recovered from the anesthetic. Mice 

recovered for three or 7 days before being sacrificed. 
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2.3.3 Tissue collection 

For tissue collection, mice were anesthetized with intraperitoneal injection of avertin (0.5 

mg/g). The bilateral gastrocnemius (GTN) muscles were carefully dissected from mice exposed 

to SNT (N = 3/time-point, 2 males and 1 female at each timepoint), as well as from 6-month-old 

young WT mice, 28-month-old aged WT mice, 6-month-old Sod1−/− mice, and 12-month-old 

adult Sod1−/− mice (N = 5/group, 3 males and 2 females). Muscles were briefly fixed for 10 min 

in 4% paraformaldehyde for immunohistochemical analysis. Tissue was then cryoprotected in a 

20% sucrose solution, then snap-frozen in embedding medium O.C.T compound (Fisher 

Scientific) with liquid nitrogen cooled isopentane to maintain the integrity of the membranes. 

The tissue samples were stored at −80°C until thawed and used for analysis. Following removal 

of the tissues, deeply anesthetized mice are euthanized by an overdose of anesthetic followed be 

the creation of a pneumothorax. 

2.3.4 Immunohistochemistry 

Myofiber bundles were mechanically teased from GTN muscles under a dissecting 

microscope and processed for immunohistochemistry. The myofiber bundles were first blocked 

for 1 h at room temperature with a solution of 5% goat serum (Gibco), 1% bovine serum albumin 

(Fisher Scientific), 0.5% Triton X-100 (Sigma-Aldrich), and 0.01% sodium-azide (Sigma-

Aldrich), then blocked for 30 min with 10% Mouse IgG, Fab fragment (Jackson 

ImmunoResearch). The myofiber bundles were then incubated overnight at 4°C with primary 
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antibodies (Nesprin1 rabbit-polyclonal antibody (Invitrogen) at 1:500 dilution and Neurofilament 

(2H3)/Synaptic vesicle glycoprotein 2A mouse-monoclonal antibody (NF/SV2) (2H3 1:50 and 

SV2 1:25 dilutions). 2H3 was deposited to the DSHB by Jessell, T.M./Dodd, J and SV2 was 

deposited by Buckley, K.M. (DSHB Hybridoma Products 2H3 and SV2). The following 

morning, bundles were washed with phosphate-buffered saline (PBS), treated with secondary 

antibodies (goat-anti-rabbit 594 at 1:500 dilution and goat-anti-mouse 647 at 1:1000 dilution) 

(Invitrogen), and co-stained with alpha-bungarotoxin (α- BTX) conjugates 488 (Invitrogen) at 

1:1000 dilution and DAPI (4′,6-diamidino-2-phenylindole, dihydrochloride) (Invitrogen) at 

1:1000 dilution for 1 h at room temperature. The myofiber bundles were then washed with PBS, 

mounted onto slides with DAKO fluorescence mounting media, and imaged using oil immersion 

and Nikon A1 High-sensitivity confocal microscopy. 

To analyze and quantify perisynaptic nuclei and subsynaptic myonuclei (SSM) and assess 

innervation status, Z-stack confocal images were processed and projected as 3-D images in 

ImageJ as described (Schneider et al., 2001). For the purposes of the present manuscript all 

images are presented as 2-D maximum intensity projections. We performed a preliminary 

analysis to confirm that the expression of Nesprin1, a protein involved in the organization and 

anchoring of the nucleus to the cytoskeleton, would differentiate between SSM and terminal 

Schwann cell nuclei associated with the NMJ. This analysis of Nesprin1 expression was 

performed in adult S100-GFP mice. In the S100-GFP animal model, terminal Schwann cells are 

labeled with GFP under the control of the S100 promoter, whereas myonuclei do not express 

GFP (Figure 3). Nesprin1, labeled in magenta, was entirely absent from terminal Schwann cell 

nuclei, as indicated by the solid arrows, highlighting that Nesprin1 expression represents a 

feature of SSM that allows for its use to distinguish SSM from perisynaptic terminal Schwann 
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cell nuclei at the neuromuscular junction (Figure 3). Furthermore, Nesprin-1+/GFP- nuclei that 

didnot overlap with the endplate were also observed. These nuclei were not counted as SSM and 

therefore not included in our analysis but represent an interesting population of nuclei for future 

study. Finally, our analysis also revealed synaptic nuclei, indicated by dashed line arrows, that do 

not express GFP or Nesprin1. These observations emphasize the importance of rigorous scrutiny 

when examining SSM and underscores the relevance of using both anatomical location and 

Nesprin1 expression as our identifying criteria for SSM based on the high likelihood of 

miscounting SSM when relying entirely on proximity to the endplate. 

 

Figure 3 Terminal Schwann cells do not express Nesprin1. Immunofluorescence of 6-month-old S100-GFP 
gastrocnemius fibers with terminal Schwann cells labeled in (green), nuclei (blue), acetylcholine receptors (AChR, 
red), and Nesprin1 (magenta), Solid arrows indicate terminal Schwann cells that do not express Nesprin1, dashed 
line arrows indicate synaptic nuclei that do not 360 express Nesprin1, and asterisks indicate SSM, those that express 
Nesprin1 and overlap with AChRs. Images on the left are individual or partially merged channels. Image on right is 
enlarged merged image of all individual channels. 

 

In the analysis of all images to quantify SSM and innervation status, the nerve and 

presynaptic terminal were labeled by NF/SV2 and postsynaptic acetylcholine receptors were 

stained with α-BTX. Endplates were classified as fully innervated when more than 80% of the 
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NF/SV2 signal overlapped with the α-BTX signal, partially denervated when the overlap was 

between 10% and 80%, and denervated when the overlap was less than 10%. Perisynaptic 

myonuclei were defined as nuclei showing overlap with the α-BTX signal, while Nesprin1 

protein expression served as a marker for SSM. A nucleus was classified as a SSM by expression 

of Nesprin1 along with at least 25% overlap of the DAPI signal with α-BTX. 

2.3.5 Data presentation and statistics 

A minimum of 15 NMJs were analyzed per individual muscle in each mouse. The data 

are presented as means ± standard error of the mean with data points for individual muscles 

included on each figure. Statistical analysis was performed by two-tailed unpaired Student’s t-

test, and one-way ANOVA where applicable. Significance was set a priori at p < 0.05. Only a p 

value of less than 0.05 is labeled in the figure. 

2.4 Results 

2.4.1 Acute nerve injury does not elicit a change in subsynaptic myonuclei number out to 7 

days 

The effect of acute denervation on SSM was quantified in myofiber bundles from GTN 

muscles 3 (3DSNT) and 7 days (7DSNT) following SNT by immunohistochemistry as described 

above. Uninjured control mice displayed fully innervated endplates with pretzel-like 

morphology, with perisynaptic and subsynaptic nuclei labeled by DAPI and Nesprin1 (Fig. 4 

upper panel images). Three days after injury, the nerve began to clear and a loss of innervation 

was evidenced by the remains of only a faint NF/SV2 signal, and by 7 days after injury, NF/SV2 

staining is completely absent (Fig. 4 upper panel images). When assessed by 3-D image analysis, 
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we identified no differences in the average number of perisynaptic nuclei per endplate between 

control (x = 7.2 ± 0.2 nuclei), 3DSNT (x = 7.5 ± 0.2 nuclei), and 7DSNT (x = 7.5 nuclei ±0.2). 

We also found no change from control levels (x = 6.0 ± 0.2 nuclei) (Figure 4A) in subsynaptic 

myonuclei (SSM) number 3 days or 7 days post-SNT (3DSNT: x = 5.0 ± 0.2 nuclei; 7DSNT: x = 

5.5 nuclei ±0.197) (Figure 4B). Our results indicate that acute denervation does not significantly 

impact the number of SSM at the NMJ.

 

Figure 4 Acute denervation does not alter synaptic nuclei number. Upper panel: representative immunofluorescent 
images of gastrocnemius muscle fibers for control (CON) muscles and muscles 3 days and 7 days after sciatic nerve 
transection (3DSNT and 7DSNT) from 6-month-old WT mice stained for DAPI (blue), AChRs (green), NF/SV2 
(white), and Nesprin1 (magenta). Lower panel: same images without AChR and NF/SV2 to highlight Nesprin1 
nuclear staining. Region of interest (ROIs) highlight the endplate and are indicated by dashed boxes (yellow). Scale 
bars = 25 µm. (A) Quantification average number perisynaptic and (B) subsynaptic nuclei number per NMJ. 
Individual data points represent average values for each muscle sample. Bars represent mean values with error bars 
±SEM (n = 3/group, 15 NMJs/sample). There were no significant differences in the average numbers of perisynaptic 
nuclei/NMJ or in subsynaptic myonuclei number in control, 3DSNT, and 7DSNT. 
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2.4.2 Subsynaptic myonuclei number is not influenced by NMJ degeneration associated 

with normal aging or chronic oxidative stress 

To investigate the effect of chronic NMJ disruption on SSM number and the relationship 

of innervation status at the NMJ to SSM, we analyzed isolated myofiber bundles from GTN 

muscles of 6- and 28-month-old WT mice (Fig. 5) and 6- and 12-month-old Sod1−/− mice (Figure 

2.5). In WT mice, we identified an approximately 20% increase in the number of perisynaptic 

nuclei per endplate for muscles of 28-month compared with 6-month mice (Fig. 6A) (p < .01), 

but when SSM specifically were compared we found no differences in SSM number between 6-

month and 28-month mouse endplates (Fig. 6B). We then reanalyzed and further scrutinized the 

data by generating histograms as similarly presented in (Liu et al., 2017) with the number of 

NMJs containing specific numbers of SSM counted. Bin sizes for the histograms were 0–2, 3–4, 

5-6 or 7+ SSM per NMJ (Fig. 6C). While this analysis revealed a greater representation in 

muscles of 28-month-old compared with 6-month-old mice of NMJs with 0–2 nuclei (7% vs 

1%), there was simultaneously a greater proportion at 28 months of NMJs with 7 or more SSM, 

45% and 29% for 28-month and 6-month mice, respectively. There were no differences between 

the age groups for the percentage of endplates containing 3-4 SSM or 5-6 SSM (Fig. 6C). 
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Figure 5 Visualization of synaptic myonuclei in young and old wild type mice. Immunofluorescent images of 
gastrocnemius muscle fibers from (A) 6-month (B) 28-month wild type mice and stained for DAPI (blue), AChR 
(green), NF/SV2 (white), and Nesprin1 (magenta). Scale bars = 25 µm. 
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Figure 6 Number of subsynaptic myonuclei remains unchanged by age. Average number of (A) perisynaptic nuclei 
and (B) subsynaptic nuclei per NMJ. Individual data points represent Average value or each muscle sample. Bars 
represent mean values with error bars ±SEM 

 

Similar analyses were performed on NMJs from muscle fiber bundles of 6- and 12-month 

Sod1−/− mice. The average number of SSM were similar between 6-month Sod1−/− mice and age-

matched WT mice (Fig. 8B; Fig. 6B). There was also no change between 6 and 12 months in 

Sod1−/− mice in the average number of perisynaptic or SSM per NMJ (Fig. 8A,B); however, in 

the case of Sod1 deletion and contrary to the findings in aging WT mice, we observed a trend (p 

= 0.08) toward fewer NMJs with high numbers (7+) of SSM at the older age (Fig. 8C) (6-month 

Sod1−/−: 49% and 12-month Sod1−/−: 35%). This decrease in the percentage NMJs with 7+ SSM 

was accompanied by similarly higher numbers of NMJs with either 3-4 or 5-6 SSM, but neither 

increased reached statistical significance. 
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Figure 7 Visualization of synaptic myonuclei in mice deficient in Sod1−/−. Immunofluorescent images of 
gastrocnemius muscle fibers from (A) 6-month and (B) 12-month Sod1−/− mice stained for DAPI (blue), AChR 
(green), NF/SV2 (white), and Nesprin1 (magenta). Scale bars = 25 µm. 
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Figure 8 Number of subsynaptic myonuclei remains unchanged by Sod1 deletion. Average number of (A) 
perisynaptic nuclei and (B) subynaptic myonuclei per NMJ. Individual data points represent average value for each 
muscle sample. Bars represent mean values with error bars ±SEM (n = 5/group, 15 NMJs/sample). (C) Data on 
subsynaptic myonuclear number expressed as a percentage of the NMJ containing 0–2 nuclei (tan bars), 3-4 nuclei 
(light green bars), 5-6 nuclei (green bars) or 7 or more nuclei (dark green bars). Bars represent mean values with 
error bars ±SEM. 
 

2.4.2 Subsynaptic myonuclei number is not influenced by innervation status 

Whether the number of SSM is influenced by the innervation state of a given NMJ during 

aging or with exposure to chronic oxidative stress, we grouped SSM numbers based on NMJ 

innervation status (Fig. 9). Consistent with previous reports (Deepa et al., 2019) we found the 

majority of endplates in GTN muscles of 6-month WT mice to be fully innervated, with a very 

small percentage being partially denervated. In contrast, in 28- month WT mice, only 22% of 

endplates are fully innervated, 39% partially denervated and 38% were identified as denervated. 

In GTN muscles of 6-month Sod1−/− mice, more than 84% of the endplates were denervated or 

partially denervated, and by 12 months of age, there were essentially no fully innervated 

endplates remaining in Sod1−/− mice (Fig. 9A). Despite these dramatic shifts in innervation status 

between genotypes and across age, we observed no differences in the number of SSM at a given 

NMJ (Fig. 9B; Fig. 9C). We also analyzed the number of nuclei present at every individual NMJ 

imaged and in 6-month WT mice, we did not observe any denervated endplates (Fig. 9D,E). 

While we observed increased variability in nuclei counts under conditions of significant NMJ 

denervation, in aged WT mice and with deletion of Sod1, the cause of this variability remains 
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unknown. Our results demonstrate that SSM number is not affected by the innervation status in 

aging WT or Sod1-/- mice.  

 

Figure 9 Synaptic nuclei number is not driven by innervation status. (A) Distribution of innervation status of young 
and aged wildtype and Sod1−/− mouse endplates. Endplates were classified as fully innervated if NF/SV2 signal 
overlapped with more than 80% of the endplate, partially denervated if overlap was <80–10%, and fully denervated 
if overlap was less than 10%. (B) Average number of perisynaptic nuclei at fully innervated, partially innervated and 
denervated wildtype and Sod1−/− mice. (C) Average number of subsynaptic nuclei at fully innervated, partially 
innervated and denervated wildtype and Sod1−/− mice. (D) Number of perisynaptic nuclei at an NMJ based on 
innervation status. Each point represents the number of perisynaptic nuclei at an endplate. F, Full; P, Partial; D, 
Denervated. The total number of NMJs analyzed are as follows 6 m WT F = 88, p = 3, D = 0; 28 m WT F = 25, p = 
42, D = 48; 6 m Sod1−/− F = 17, p = 34, D = 42; 12 m Sod1−/− F = 8, p = 33, D = 52. (E) Number of subsynaptic 
nuclei at an NMJ based on innervation status. Each point represents the number of subsynaptic nuclei at an endplate. 
F, Full; P, Partial; D, Denervated. 
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2.5 Discussion 

Based on the knowledge that neural activity is an important regulator of the specialization 

of SSM (Cisterna et al., 2020; Haddix et al., 2018; Purves & Sakmannt, 1974b) we hypothesized 

that a strong relationship would exist between NMJ innervation and the distribution of 

myonuclei at and around the synapse. Contrary to our hypotheses, we observed no effect of acute 

denervation on the number of SSM nor any differences in SSM number between fully 

innervated, partially innervated, and fully denervated endplates in two different models of 

progressive NMJ degeneration. In addition to the rigor in these data provided by our 

simultaneous analysis of multiple muscle fiber denervating conditions, we have also, for the first 

time, used both anatomical position of nuclei as well as a marker reported to be specific for SSM 

(Holt et al., 2019; Grady et al., 2005) in our identification of different populations of myonuclei 

and demonstrated that location is not sufficient to discriminate SSM from other nuclei proximal 

to the NMJ. These findings are significant based on disparate reports in the literature that have 

evaluated individual models separately using purely anatomical definitions of SSM. 

Our studies of sciatic nerve transections allowed us to directly test for the impact of both 

electrical activity at the endplate and anterograde signaling from the motor neuron on SSM 

number. Our observation of no significant changes from innervated controls in the number of 

perisynaptic nuclei or Nesprin1+ SSM at 3 days or 7 days post-injury is contrary to reports of a 

decrease in SSM number 5 days after sciatic nerve axotomy (Picchiarelli et al., 2019). Although 

these data reported 5 days after denervation are inconsistent with our findings at 3 and 7 days, we 

cannot rule out the possibility of transient changes in the localization of nuclei occurring due to 

migration following denervation. In contrast to the report of Picchiarelli et al. (2019) of a 

decrease in SSM following denervation, Larouche et al. (2021) attributed an increase in 
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perisynaptic nuclei 28 days following nerve transection to muscle stem cell engraftment at the 

NMJ as a mechanism to restore the population of SSM following denervation. Again, while 

inconsistent with our findings, we may very well have observed a similar increase in synaptic 

nuclei at this later time point. Physiological injury to the muscle fiber membrane triggers a 

response in which nuclei migrate towards the injury site within 24 h, initiating a repair process 

that is independent of satellite cells (Roman et al., 2021). The number of nuclei is reported to 

subsequently show a significant reduction back toward the pre-injury state by 48 h (Roman et al., 

2021). These findings suggest that muscle nuclei, perhaps due at least in part to their association 

with muscle membranes, are highly responsive to muscle and nerve injury and can initiate rapid 

migratory behavior. 

The possibility that nuclear positioning is dynamic and responsive to neural input and/or 

muscle injury is interesting when considered with our observation of an apparent upregulation of 

Nesprin1 in muscle nuclei after injury. In Drosophila, Nesprin1 has been shown to serve as a 

track upon which RNA is transported to regulate synaptic growth and functionality during 

development (Packard et al., 2015). Following nerve injury, tracks may be formed to transport 

trophic factors towards the synapse and promote stability of the endplate. Alternatively, it is 

possible that nerve injury may cause temporary migration of SSM to initiate a degradation 

process of the NMJ. Following nerve injury, deep bulk RNA sequencing of sciatic nerve samples 

reveals the activation of an acute immune response which remains active for up to 14 days (Yi et 

al., 2015). Additionally, single-nuclei RNA sequencing showcased substantial changes in 

transcription profiles in myonuclei classified as type IIb, further divided into subpopulations of 

type IIb1 and type IIb2 due to the dynamic nature of myonuclei transcription and the significant 

impact of denervation after nerve injury (Lin et al., 2022). Collectively, the characterization of 
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numerous properties of myonuclei strongly supports the notion that, even if they are not lost, the 

emergence of local domains within myofibers likely has a major impact on the responses to 

denervation (Bruusgaard & Gundersen, 2008). 

Our findings of no changes in the number of SSM in GTN muscles of aged (28-months) 

compared with young (6-months) WT mice are contrary to those of previous studies that reported 

fewer SSM in the tibialis anterior and diaphragm muscles of 24-month-old compared to 6-month 

old mice (Liu et al., 2017). Moreover, Ang et al. (2022) recently reported a modest reduction in 

the number of perisynaptic myonuclei in both male and female mice between 6- and 28-months 

of age, but the specific identity of the nuclei counted remains unknown due to the presence of 

alternative cells such as terminal Schwann cells and immune cells at the synapse (Alhindi et al., 

2021; Rios et al., 2021). 

Histograms meant to help visualize the likelihood of specific numbers of SSMs present at 

a given NMJ have been previously used to establish the optimal number of nuclei required to 

maintain the synaptic domain and to provide insight into the functional impact of a loss of 

several nuclei (Liu et al., 2017). Even upon analysis of our data in the manner used by (Liu et al., 

2017), our observation of an increase in the number of NMJs presenting with high numbers of 

SSM in muscles of old mice is contrary to their findings. Further, nearly 50% of the NMJs in 

muscles of 6-month Sod1−/− mice, which are phenotypically similar to aged WT mice (Deepa et 

al., 2019), displayed 7 or more SSM. 

Finally, our observation of a simultaneous increases in muscles of 28- compared with 6-

month-old mice in the proportion NMJs with 0–2 nuclei and NMJs with 7+ SSM precluded any 

general conclusion about an overall increase or decrease with aging in the number of SSM at the 
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NMJ. The numbers of SSM reported in the literature have shown a high degree of variability, 

likely based largely on the different criteria used among studies for identification of SSM (Ang 

et al., 2022; Bai et al., 2022; Liu et al., 2017; Picchiarelli et al., 2019). While some studies 

classify SMM as those with >25% DAPI signal covered by alpha-bungarotoxin, others use a 

more stringent definition requiring >70% of the nuclear volume to be overlapping with alpha-

bungarotoxin. 

In the present study, we utilized Nesprin1 as a marker of SSM (Holt et al., 2019; Mark 

Grady et al., 2005; Packard et al., 2015), in addition to overlap with the endplate to identify SSM 

and avoid the possibility of misidentification of terminal Schwann cells that are integrated into 

the NMJ as SSM. Our findings of a significant increase in the number of perisynaptic nuclei 

defined anatomically in muscles of 28- month compared with 6-month WT mice but no 

difference between the groups when Nesprin1 staining was included as a criterion for 

classification of SSM strongly supports the possibility that using physical location of myonuclei 

and their proximity to alpha-bungarotoxin staining is insufficient to identify SSM in 

immunofluorescent images, even when confocal microscopy is used to generate 3D 

reconstructions. The results of the present study, using the rigorous criteria of both overlap with 

acetylcholine receptors and Nesprin1 staining to identify SSM, support the conclusion that the 

number of SSM remains stable across the lifespan under normal physiological conditions and 

with the presence of chronic oxidative stress. 

Our findings of no changes in the number of SSM in GTN muscles of aged (28-months) 

compared with young (6-months) WT mice are contrary to those of previous studies that reported 

fewer SSM in the tibialis anterior and diaphragm muscles of 24-month-old compared to 6-month 
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old mice (Liu et al., 2017). Moreover, Ang et al. (2022) recently reported a modest reduction in 

the number of perisynaptic myonuclei in both male and female mice between 6- and 28-months 

of age, but the specific identity of the nuclei counted remains unknown due to the presence of 

alternative cells such as terminal Schwann cells and immune cells at the synapse (Alhindi et al., 

2021; Rios et al., 2021). 

Histograms meant to help visualize the likelihood of specific numbers of SSMs present at 

a given NMJ have been previously used to establish the optimal number of nuclei required to 

maintain the synaptic domain and to provide insight into the functional impact of a loss of 

several nuclei (Liu et al., 2017). Even upon analysis of our data in the manner used by (Liu et al., 

2017), our observation of an increase in the number of NMJs presenting with high numbers of 

SSM in muscles of old mice is contrary to their findings. Further, nearly 50% of the NMJs in 

muscles of 6-month Sod1−/− mice, which are phenotypically similar to aged WT mice (Deepa et 

al., 2019), displayed 7 or more SSM. 

Finally, our observation of a simultaneous increases in muscles of 28- compared with 6-

month-old mice in the proportion NMJs with 0–2 nuclei and NMJs with 7+ SSM precluded any 

general conclusion about an overall increase or decrease with aging in the number of SSM at the 

NMJ. The numbers of SSM reported in the literature have shown a high degree of variability, 

likely based largely on the different criteria used among studies for identification of SSM (Liu et 

al., 2017; Picchiarelli et al., 2019; Ang et al., 2022; Bai et al., 2022). While some studies classify 

SMM as those with >25% DAPI signal covered by alpha-bungarotoxin, others use a more 

stringent definition requiring >70% of the nuclear volume to be overlapping with alpha-

bungarotoxin. 
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In the present study, we utilized Nesprin1 as a marker of SSM (Grady et al., 2005; 

Packard et al., 2015; Holt et al., 2019), in addition to overlap with the endplate to identify SSM 

and avoid the possibility of misidentification of terminal Schwann cells that are integrated into 

the NMJ as SSM. Our findings of a significant increase in the number of perisynaptic nuclei 

defined anatomically in muscles of 28- month compared with 6-month WT mice but no 

difference between the groups when Nesprin1 staining was included as a criterion for 

classification of SSM strongly supports the possibility that using physical location of myonuclei 

and their proximity to alpha-bungarotoxin staining is insufficient to identify SSM in 

immunofluorescent images, even when confocal microscopy is used to generate 3D 

reconstructions. The results of the present study, using the rigorous criteria of both overlap with 

acetylcholine receptors and Nesprin1 staining to identify SSM, support the conclusion that the 

number of SSM remains stable across the lifespan under normal physiological conditions and 

with the presence of chronic oxidative stress. 

The etiology of sarcopenia, a progressive age-associated loss of skeletal muscle mass and 

function, remains incompletely understood. Evidence suggests that alterations during aging in 

the structure of the synaptic apparatus and a decrease in the degree of muscle fiber innervation 

may contribute to sarcopenia (Deschenes et al., 2022; Jang & Van Remmen, 2011; Y. Li et al., 

2011; Valdez et al., 2010; Willadt et al., 2016)  

Although recent studies postulate that SSM, which provide support to the synaptic 

apparatus, may be linked to the integrity of the NMJ (Dos Santos et al., 2020; Saini et al., 2021), 

our findings of no change with aging in either WT mice or Sod1−/− mice, a model of accelerated 

neuromuscular aging (Deepa et al., 2019), in SSM indicates that any contribution of alterations 
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in SSM to breakdown of the NMJ and loss of innervation is not related to SSM number. This 

conclusion is further supported by our analysis of the relationship between the state of 

innervation of a given endplate and the associated number of SSM. 

Although our data on the extent of denervation during normal aging and with Sod1 

deficiency aligned well with previous literature, in which muscles of Sod1−/− mice showed a 

similar distribution of innervated endplates at 12 months of age as observed in WT mice at 28 

months (Deepa et al., 2019; Pollock et al., 2023), we observed no substantial differences based 

on innervation status in the number of SSM nuclei present. These observations showing a lack of 

any relationship between innervation status and SSM number were contrary to the recent report 

of Ang et al. (2022), who concluded that any changes with aging in SSM number were likely 

secondary to NMJ structural modifications. 

Interestingly, we observed a higher degree of variability in SSM number in the muscles 

of mice subjected to sciatic nerve transection and in Sod1−/− mice compared with muscles of 

young WT mice. The degree of variability was comparable to the variance in synaptic nuclei 

number previously reported in Sod1−/− mice(Bai et al., 2022) and in 4EBP1-transgenic mice(Ang 

et al., 2022). An increase in variability is perhaps not surprising based on the heterogeneity of the 

state and duration of denervation or reinnervation across NMJs. Together these findings suggest 

that the position of nuclei may not necessarily be static, rather that migration of myonuclei and 

other cell types is ongoing in response to changes in innervation status or other signals that may 

trigger changes in both position and function of nuclei as well as NMJ disruption. 

A dynamic population of nuclei may explain some of the disparate findings in the 

literature. It is important to note that our study has limitations, such as examining only two time 
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points for each genotype, which are unlikely to capture transient changes in myonuclei number 

that may occur throughout the mouse lifespan, particularly in response to injury as observed by 

Bai and colleagues. In addition, although using Nesprin1 as one of the identifying features of 

SSM is a strength of the study, the mechanisms regulating Nesprin1 expression are not known. 

The hypothesis that neural input is at least in part responsible for maintaining Nesprin1 

expression is not unreasonable. In fact, since many of the NMJs in the muscles of 12-month 

Sod1−/− mice have likely been chronically denervated, our observation of a decrease in the 

percentage of NMJs with high numbers (7+) of SSM in this group is consistent with a loss of 

Nesprin1 expression with “long” term loss of neural input. Future studies defining the regulation 

of Nesprin1 expression are warranted. 

In addition, in this study, we did not control for variations in muscle fiber type, which 

introduces intriguing complexities related to the NMJ. Specifically, within the extensor 

digitorum longus (EDL) muscle of the rat, a notable difference exists between NMJs associated 

with Type 1 fibers, which have been documented to be morphologically larger, compared to 

those linked to Type 2 fibers. In contrast, in the soleus muscles, the observation is reversed, with 

Type 2 fibers exhibiting larger NMJ morphologies (Deschenes et al., 2013). More recent studies 

in mice suggest a correlation wherein fast-twitch fibers are more prone to innervation by smaller 

endplates, while slow-twitch fibers exhibit larger post-synaptic structures, as documented by 

Mech et al. (2020). However, when considering the context of aging, recent findings support the 

prevailing notion that aging primarily affects fast-twitch fibers. Instead, the latest evidence 

suggests that the impact of aging is more likely to be muscle-specific rather than solely 

determined by fiber type, as indicated by Skinner et al. (2021). 
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Nonetheless, it is worth noting that the gastrocnemius muscle of mice contains only 5% 

Type 1 fibers  (Augusto et al., 2017), indicating that we have evaluated NMJs from almost 

exclusively Type 2 Fibers. Further investigation is warranted to delve into the quantity and 

properties of subsynaptic myonuclei in various contexts. Finally, we have not characterized other 

properties of the nuclei, such as shape (Battey et al., 2023; Kalukula et al., 2022; Rader & Baker, 

2022), expression of nuclear proteins, chromatin structure, or transcriptional differences. 

Despite these weaknesses, our findings clearly challenge the notion that a loss of SSM is 

a primary driver of NMJ degradation and suggest that changes in the number of SSM may not 

imbue significant physiological repercussions to the endplate. 

Based on our findings and existing literature, we conclude that maintaining the NMJ is 

not solely dependent on the number of SSM present, but also on other factors including the 

transcriptional profile of pre and postsynaptic nuclei (Kim et al., 2020; Perez et al., 2021). Age-

related alterations to nuclei and their products may also contribute to the degradation of the NMJ 

(Yousefzadeh et al., 2021). While our study does not show acute changes in SSM number 

following nerve injury, future studies should investigate transient and chronic changes in 

myonuclei number after nerve insult. Additionally, identifying DNA damage in SSM and 

isolating Nesprin1 positive nuclei for single nuclei sequencing could provide insights into age-

related changes to the transcriptional landscape of these nuclei and how motor neuron 

innervation defines their transcriptional profile (Bai et al., 2022; Roman et al., 2021). 
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Chapter 3 Evaluating the Role of Lamin A/C in Muscle Fiber Reinnervation 

3.1 Abstract 

Sarcopenia, the age-related decline in skeletal muscle mass and force, is partly attributed 

to denervation-induced muscle fiber loss, yet the mechanisms driving this loss of innervation are 

not well understood.  A diminished ability for neuromuscular junctions (NMJ) to regenerate 

following a disruption of the synapse has been proposed as a contributing factor in age-

associated muscle fiber denervation. Lamin A/C, a key intermediate filament protein in the 

nuclear lamina, is expressed in skeletal muscle and decreases with age, and with muscle-specific 

deletion reported to accelerate NMJ degradation, resembling age-associated NMJ decline. Thus, 

this study investigates the role of lamin A/C in NMJ regeneration as a potential contributor to the 

accumulation of denervated NMJs with aging. We conducted sciatic nerve injuries in wildtype 

(WT) and muscle-specific Lmna heterozygous knockout mice (AC-Lmna+/-), assessing transcript 

and protein expression, lamin A/C localization, specific force (SPo) from nerve and muscle 

stimulation, innervation status, and endplate morphology. Our results revealed a significant 

induction of Lmna concomitant with AChRa by 7 days post-injury, with recovery by day 14 and 

maintenance at day 28. Western blot confirmed lamin A/C induction at 14 days post-injury. 

Immunohistochemistry confirmed lamin A/C upregulation throughout the length of the muscle 

without a specific injury-induced localization pattern. Functional analysis revealed an innate 

specific force deficit in muscles of AC-Lmna+/− mice but no differences compared with WT mice 

in SPo at 7 days post-injury. By 14 days, however, AC-Lmna+/− mice exhibited delayed recovery 
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of nerve-stimulated SPo and impaired neurotransmission fidelity, despite intact NMJ 

morphology across multiple structural features. These results suggest that partial Lmna deletion 

delays functional NMJ recovery without affecting structural maintenance. Importantly, the 

transcriptional response to denervation was specific to Lamin A/C rather than a general nuclear 

envelope response. These findings highlight Lamin A/C as a potential target for therapeutic 

intervention for denervating conditions such as aging. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 48 

3.2 Introduction 

Aging significantly impacts skeletal muscle, leading to a gradual decline in both muscle 

mass and strength. This phenomenon, known as sarcopenia, affects even healthy, active 

individuals, with muscle loss estimated between 1% and 8% annually from ages 60-80 (Ang et 

al., 2022; Bai et al., 2022; Balice-Gordon, 1997). Sarcopenia is linked to reduced functional 

performance, an increased risk of falls, compromised motor function, and various metabolic and 

physiological deficits (Battey et al., 2023a, 2023b; Carboni et al., 2013; Crisp et al., 2006; Cutler 

et al., 2017). Understanding the mechanisms underlying age-related muscle wasting is crucial for 

facilitating development of effective therapeutic strategies against frailty, loss of independence, 

physical disability, and premature death in the elderly. A well-established contributor to 

sarcopenia is age-associated muscle fiber loss that is driven at least in part by breakdown of the 

synaptic apparatus at the neuromuscular junction (NMJ) and resultant loss of innervation 

(Dobrowolny et al., 2021; Iyer et al., 2021; Wilkinson et al., 2018). This conclusion is based 

largely on numerous observations of an accumulation during aging of NMJs that display 

morphological abnormalities including partial or complete loss of overlap of pre- and post-

synaptic structures and loss of the continuous staining of postsynaptic acetylcholine receptors 

(AChR), referred to as endplate fragmentation (Jang & Van Remmen, 2011). The factors that 

trigger the degenerative changes at NMJs are not known, but a diminished ability for NMJs to 

regenerate in older individuals has been proposed (Doherty et al., 1993; Sonjak et al., 2019). The 

cellular processes and molecular pathways that are critical for muscle fiber reinnervation are not 

clear. Thus, there is much room for investigating potential targets to enhance reinnervation to 

protect against age-associated fiber loss.   
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As introduced in Chapter 2 of this dissertation, there is a growing interest in exploring the 

role of changes in the number and function of subsynaptic myonuclei (SSM) as contributors to 

the maintenance of innervation and the relevance in sarcopenia. The SSM are a distinct 

population of myonuclei that reside directly beneath the postsynaptic assembly. Findings 

presented in Chapter 2 show that the number of SSM remains stable with age and it is not 

affected by innervation status of the NMJs during aging (Ruiz et al., 2023). These findings 

indicate that maintenance of the NMJ is not solely dependent on the number of SSM present, but 

perhaps influenced by the transcriptional profile of the nuclei in proximity to the endplate (Kim 

et al., 2020; Perez et al., 2022). Age-related alterations in myonuclear gene expression 

(Yousefzadeh et al., 2021) rather than simply changes in the number of nuclei (Ruiz et al., 2023) 

likely contribute to the degradation of the NMJ. 

The nucleus is responsible for housing DNA and maintaining its spatial organization, 

facilitating gene access for transcription. Nuclei harbor a dense protein network of nuclear 

lamins, which form a scaffold on the inner surface of the nuclear envelope in eukaryotic cells. 

The nuclear lamina contributes to the size, shape, and rigidity (Battey et al., 2023b) of nuclei and 

also interacts with chromatin and nuclear membrane proteins to regulate gene expression. 

Nuclear architecture and membrane function appear to be critical controllers of aging, as 

evidenced by mutations in Lamin A leading to the premature aging syndrome Hutchinson-

Gilford progeria (HGPS), and age-related deterioration of the nuclear pore complexes (D’Angelo 

et al., 2009; López-Otín et al., 2013; Pathak et al., 2021; Scaffidi & Misteli, 2006). In addition to 

these effects, the disruption of nuclear-cytoplasmic transport due to alterations in the nuclear 

envelope and pore complexes has been shown to contribute to age-associated declines in cellular 

homeostasis (D’Angelo, 2018). Moreover, defects in nuclear lamina organization can impair 
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DNA repair mechanisms, accelerating the accumulation of DNA damage, which further 

promotes cellular senescence and organismal aging (Gonzalez-Suarez et al., 2009; Maynard et 

al., 2019). Lamin A/C is the primary intermediate filament protein of the nuclear lamina and 

mutations in its gene (Lmna) lead to progeroid syndromes (Carboni et al., 2013). Further, Lamin 

A/C has long been recognized as important for muscle stem cell differentiation, maintenance of 

nuclear mechanics, and mechanotransduction (Donnaloja et al., 2020; Frock et al., 2006; 

Lammerding et al., 2004; Méjat et al., 2009), and neuronal knockdown of Lamin impaired motor 

function and decreased lifespan in flies (Oyston et al., 2018).  

Recently, Lamin A/C levels have been reported to decrease during aging in muscles of 

mice, and muscle-specific deletion of Lmna accelerate the degradation of NMJs, similar to 

features seen in aging (Gao et al., 2020). These findings led us to question whether an age-

associated decline in muscle Lmna, perhaps specific to the SSM, contributes to the impaired 

NMJ regeneration during aging, or conversely, if muscle Lmna expression is an important 

regulator of muscle fiber reinnervation in denervating conditions. Thus, the goal of this study 

was to examine Lmna expression during reinnervation and to test the hypothesis that muscle 

Lmna is required for effective NMJ regeneration. We approached this goal by examining Lmna 

gene expression and Lamin A/C levels and localization following surgical nerve injuries in wild 

type (WT) mice.  We then compared the reinnervation response following a recoverable nerve 

crush injury in WT mice and in mice with a muscle-specific deficiency of Lmna with the 

expectation that deficiency of Lmna would impair or delay reinnervation following nerve crush.   
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3.3 Materials and Methods 

3.3.1 Animals 

 Male and female wildtype (WT) C57BL/6 mice and muscle-specific Lmna deficient 

mice were used in this study. A floxed Lmna mouse line on the C57BL/6 background (Lmna+/+), 

with exons 10 and 11 of the Lmna gene flanked by loxP sites, was generously provided by 

Ormand MacDougald (University of Michigan) (Fig. 10) (Corsa C. et al., 2021; Wang A.S. et al., 

2015). To investigate the role of lamin A/C in skeletal muscle, we developed a muscle-specific 

Lmna knockout model (AC-Lmna-/-), and a muscle-specific Lmna heterozygous (AC-Lmna+/-) 

knockout by breeding Lmna flox (Lmna+/+) mice with Acta1-Cre (AC) (#006149, Jackson 

Laboratory) transgenic mice, kindly provided by Holly Van Remmen (Oklahoma Medical 

Research Foundation). This breeding strategy facilitated the deletion of Lmna in skeletal muscle 

through Cre-lox recombination. All mice were housed in specific-pathogen-free conditions, with 

ad-libitum access to standard laboratory food and water and were subjected to a 12-hour 

light/dark cycle. The animal experiments described here were reviewed and approved by the 

University of Michigan Institutional Animal Care and Use Committee (IACUC). 

 

Figure 10 LoxP sites flanking exon 10–11 of Lmna, which are removed by Cre recombinase. Boxes represent 
exons, black triangles represent 34-bp loxP sites, and genotyping primers (F1, F2 and R1) are indicated with arrows. 
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3.3.2 Heterozygous mice 

While breeding Lmna knockout mice, we observed that mice with muscle-specific 

homozygous deficiency exhibited a runted phenotype (Fig. 11). Additionally, these runted 

knockouts had an extremely high mortality rate near 90% before 8 weeks of age. Consequently, 

we determined that embryonic deletion of Lmna was not a suitable model for studying the effects 

of nerve injury and reinnervation. In contrast, heterozygous mice (AC-Lmna+/-) were fully viable 

and did not display any runting compared to floxed control mice.  

 

Figure 11 Runted phenotype of 2-month-old constitutive knockout mice. A visual comparison of size between flox 
Lmna+/+ mice (Left) and muscle-specific Lmna knockout AC-Lmna+/- (Right). Acta-Cre (AC). 

 

3.3.3 Sciatic nerve injuries 

To assess the response of Lmna to denervation, we first studied WT mice, which were 

randomly assigned to either a 3-,7-,14-, or 28-day recovery group then subjected to either a 

sciatic nerve transection (SNT) or a sciatic nerve crush (SNC). The procedure was as follows. 

    Lmna
+/+      

AC-Lmna
 -/-
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First, mice were anesthetized with 5% isoflurane as required to ensure no response to tactile 

stimuli, followed by continuous administration of 2% isoflurane for maintenance. Next, 

carprofen (5 mg/kg) was administered as a preoperative analgesic. The hindlimbs were carefully 

shaved and the skin was cleaned with chlorhexidine and 70% alcohol. A small skin incision (<10 

mm) was made 1 mm posterior and parallel to the femur, and the superficial biceps femoris was 

split to expose the sciatic nerve. The sciatic nerve was then transected, and a 5 mm segment was 

removed. If the mouse was assigned to an SNC group, the nerve was crushed with #5 forceps for 

30 seconds at the mid-femur level. The incision was closed with wound clips (Autoclip, BD Clay 

Adams, Franklin Lakes, NJ). The same procedure was performed on the contralateral leg. After 

surgery, the mice were placed on a heating pad and closely observed until they recovered from 

the anesthetic.  

3.4 Force testing and tissue collection 

Mice were anesthetized with an initial induction of 5% isoflurane and maintained with 

2% isoflurane. Gastrocnemius (GTN) muscle contractile properties were measured in situ, as 

described by Larkin et al. (2011). In anesthetized mice, the whole GTN muscle was isolated from 

surrounding muscle and connective tissue using great care not to damage the nerve and/or blood 

vessels during the dissection. A 4-0 silk suture was tied around the distal tendon and the tendon 

was severed. The mouse was then placed on a temperature-controlled platform warmed to 

maintain optimal body temperature throughout the procedure. The hindlimb was securely tied to 

a fixed post with 4-0 monofilament nylon suture at the knee and the foot was clamped to the 

platform. The distal tendon of the GTN muscle was then tied to the lever arm of a servomotor 

(model 6650LR, Cambridge Technology). A continual drip of saline warmed to 37°C was 

administered to the GTN muscle to prevent it from drying. The muscle was activated by 
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stimulation of the sciatic nerve using a bipolar platinum wire electrode. The optimal voltage and 

optimal length (Lo) were determined based on the length that elicited maximal isometric twitch 

force (Po). Lo was measured using calipers based on established landmarks for the proximal end 

and visual inspection of the distal end of the muscle. The same procedure was then repeated, but 

rather than activating the muscle via the sciatic nerve, a cuff electrode was placed around the 

proximal and distal ends of the muscle for direct muscle stimulation. After force measurements, 

the GTN was removed trimmed of tendons, blotted and weighed. GTN muscle fiber length (Lf) 

was calculated by multiplying Lo by 0.45. CSA and sPo were calculated as described above. The 

GTN muscles were also removed, trimmed, and weighed and all muscles were either snap-frozen 

for molecular analyses or coated in tissue-freezing medium (Electron Microscopy Sciences) and 

rapidly frozen in isopentane cooled with liquid nitrogen for histologic analysis. 

3.5 Whole muscle RNA extraction an RT-qPCR 

To assess the denervation response in muscle, we analyzed whole muscles by RT-qPCR 

using the gastrocnemius muscles from two-month or six-month old WT uninjured control mice 

and mice with either 7-day, 14-day, or 28-day sciatic nerve injuries.  GTN muscles were 

homogenized in TRIzol reagen (Invitrogen, Thermo Fisher Scientific) using a bead mill. RNA 

isolation was performed by phenol/chloroform extraction and RNA yield was determined using a 

NanoDrop spectrophotometer (NanoDrop 2000C, Thermo Fisher Scientific). Contaminating 

genomic DNA was removed by incubation with DNase I (Ambion, Thermo Fisher Scientific, 

AM2222) followed by heat inactivation. Total RNA (1 μg) was reverse-transciber to cDNA 

using SuperScript III Master Mix, Random Hexamers, and dNTPs (Invitrogen, Thermo Fisher 

Scientific) and RT-qPCR was conducted using a CFX96 Real-Time PCR Detection System (Bio-

Rad, 1855195) in triplicate 20 μl reactions of iTaq universal SYBER Green Supermix (Bio-Rad, 
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1725124) with 1 μM forward and reverse primer. Relative mRNA expression was determined 

using the 2−ΔΔCT method with GAPDH serving as a control for the samples. 

3.6 Western blot for Lamin A/C 

A lysis cocktail using RIPA buffer (Thermo Fisher Scientific #89900), protease inhibitor 

(Thermo Fisher Scientific #78425), and phosphatase inhibitor (Thermo Fisher Scientific #78428) 

at a 1:100 dilution. Tissue homogenization was performed using a bead homogenizer. 

Approximately 30 mg of frozen gastrocnemius muscle was weighed, followed by the addition of 

10x tissue weight of lysis buffer. The lysate was centrifuged at 15,000 RPM for 20 minutes at 

4°C, and the supernatant containing protein was collected, avoiding the pellet and DNA layer. 

Protein concentrations were determined using the Pierce BCA Protein Assay Kit (Thermo Fisher 

Scientific #23225) following the manufacturer’s instructions. Standards and samples were 

prepared, incubated with working reagent at 37°C for 30 minutes, and absorbance was measured 

at 562 nm using a plate reader. Gels were cast using the Bio-Rad TGX Stain-Free Acrylamide 

Kit (Bio-Rad #1610180) following the manufacturer's protocol. Proteins were denatured using 

Laemmli buffer (Bio-Rad #1610737), resolved by SDS-PAGE, and transferred to a PVDF 

membrane using the Trans-blot Turbo system. Membranes were blocked in 5% milk/TBS-Tween 

0.1% for 1 hour and incubated with primary antibodies (Cell Signaling, Lamin A/C #2032) 

overnight. Membranes subsequently washed with TBS-Tween 0.1% then followed by secondary 

antibody incubation. Signals were detected using chemiluminescent substrate and imaged using a 

ChemiDoc system band intensity was measured using Image Lab (Bio-Rad). 
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3.7 Immunohistochemistry 

Myofiber bundles were mechanically teased from tibialis anterior muscles under a 

dissecting microscope and processed for immunohistochemistry. The myofiber bundles were 

first blocked for 1 h at room temperature with a solution of 5% goat serum (Gibco), 1% bovine 

serum albumin (Fisher Scientific), 0.5% Triton X-100 (Sigma-Aldrich), and 0.01% sodium-azide 

(Sigma-Aldrich), then blocked for 30 min with 10% Mouse IgG, Fab fragment (Jackson 

ImmunoResearch). The myofiber bundles were then incubated overnight at 4°C with primary 

antibodies Lamin A/C (1:200) (Cell Signaling Technology) and Neurofilament (2H3)/Synaptic 

vesicle glycoprotein 2A (NF/SV2) (1:50/1:25) mouse-monoclonal antibody (Developmental 

Studies Hybridoma Bank). Following overnight incubation, bundles were washed with 

phosphate-buffered saline (PBS), treated with secondary antibodies goat-anti-rabbit 594 (1:200) 

and goat-anti-mouse 647 (1:1000) (Invitrogen), and co-stained with alpha-bungarotoxin (α-BTX) 

conjugates 488 (1:500) (Invitrogen) and DAPI (4′,6-diamidino-2-phenylindole, dihydrochloride) 

(1:1000) (Invitrogen) for 1 h at room temperature. The myofiber bundles were then washed with 

PBS, mounted onto slides with DAKO fluorescence mounting media for imaging via confocal 

microscopy. 

3.8 Results 

Our first set of experiments examined Lmna mRNA and Lamin A/C protein induction after 

injury. We identified a marked increase in Lmna mRNA in gastrocnemius (GM) muscles 3 and 7 

days (12- and 14-fold, respectively) after sciatic nerve transection (SNT) (Fig. 12).  This robust 

induction of Lmna was mirrored by the dramatic upregulation of AChRα known to be a reliable 

marker of muscle fiber denervation (Aare et al., 2016). Induction of the protein product Lamin 
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A/C was confirmed at 14-days after injury via western blot (Fig.13). Immunohistochemistry 

(IHC) of extensor digitorum longus (EDL) muscles also showed increased levels of the protein 

product of Lmna, Lamin A/C, following SNT (Fig. 14). 

 

Nerve transection in 6-month mice 

Figure 12 Transcript levels in 6-month-old WT mice in uninjured control, 3- and 7-days after sciatic nerve 
transection (SNT). ***p<.005, ****p<0.0001 by ANOVA, Mean ± SEM. N=3/group. 
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Prior to pursuing studies of whether Lamin A/C expression may be important for reinnervation 

following a recoverable nerve injury, we confirmed that expression levels following a sciatic 
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Figure 13 Lamin A/C Protein expression in 6-month old WT mice in uninjured control, 3-, 7-, and 14-days after 
sciatic nerve transection (SNT). ***p<.005, ****p<0.0001by ANOVA, Mean ± SEM. N=3/group. 

Figure 14 Lamin A/C is upregulated 7-days post denervation in 6-month-old WT mice. (A-C) Uninjured extensor 
digitorum longus (EDL) muscles and (D-F) 7-days after sciatic nerve transection (7DSNT) in WT mice. (A) and 
(D) whole muscle cross-sections, Dashed and solid yellow boxes represent region of interest and are magnified in 
(B&E) and (C&F). Acetylcholine receptor (AChR) (green), DAPI (blue), and Lamin A/C (red). 
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nerve crush (SNC) injury. Unlike SNT, in which there is no reinnervation, SNC preserves 

neuronal regeneration, allowing for evaluation of functional recovery coincident with Lmna 

expression. We found a similar induction of Lmna with SNC to that observed following SNT 

(Fig. 15). Lamin A/C protein levels were also found elevated following nerve crush injuries (Fig. 

16). 

 

 

 

 

 

 

 

 

 

 

Nerve crush in 2-month mice 

Figure 15 Muscle Lmna is increased by both sciatic nerve crush (SNC) and sciatic nerve transection (SNT) injury 
models in 2-month-old mice. Transcript levels 7-days after nerve injury in WT mice. CON=uninjured, *p<.05, 
**p<.005. Means ± SEM by ANOVA.  n=3 
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Figure 16 Lamin A/C is elevated in the tibialis anterior muscle 7-days post nerve crush and is present at the 
endplate in 2-month old mice. Whole cross-section image (A,B,D,E) Scale bar = 300 µm; Solid blue square (B) and 
dashed blue square (E) represent regions of interest (ROI) that contain endplates; Magnified ROI images (C,F) 
Scale bar = 50 µm. Red = Lamin A/C, Green = Acetylcholine receptor (AChR), Blue = DAPI 

To investigate the functional role of Lmna following denervation and to address the 

question of whether other nuclear envelope proteins displayed the same pattern of induction and 

resolution as Lmna following denervation, we simultaneously analyzed the expression of Lmna, 

NET39, SYNE1, SUN1, SUN2, and Emerin at multiple time points following SNC. As 

previously observed (Fig. 15), Lmna expression increased 10-fold in gastrocnemius muscles at 7 

days post-injury but returned to baseline levels by 14 days. NET39 transcript levels were 

significantly downregulated (p < .00005) by day 7, recovered by day 14, and remained stable 

through day 28 (Fig. 17). In contrast, LINC complex components, including SYNE1, SUN1, 

SUN2, and Emerin, were unresponsive to nerve injury (Fig. 17), suggesting that these nuclear 
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envelope proteins are not directly involved in the early stages of reinnervation, and the induction 

of Lmna is a specific response to denervation and not part of a general upregulation of the 

nuclear envelope proteins. YAP and TAZ transcripts also showed upregulation by 7 days post-

injury, returned to baseline by day 14, and were sustained at day 28.  These molecules were 

assessed due to their established roles as transcriptional coactivators in regulating synaptic gene 

expression, as well as their involvement in the formation and morphology of NMJs (Gessler et 

al., 2024), and to investigate whether their expression was influenced by the process of 

reinnervation. 

 

Figure 17 Transcriptional changes in LMNA, NET39, YAP, and TAZ with denervation are present at 7 days and 
return towards baseline by 14 days and maintained at 28 days. The LINC complex components SYNE1, SUN1, 
SUN2, and Emerin are stable following nerve crush. Temporal expression pattern of LMNA in the gastrocnemius 
muscle of 2-mo WT mice. ****p<.0001. Mean ± SEM by ANOVA, n=7. 

Immunohistochemistry of fiber bundles from wildtype gastrocnemius muscles was 

conducted to confirm NMJ denervation and to provide direct evidence of nerve regeneration at 

endplates following injury. In uninjured muscles, endplates were fully innervated (Fig. 18A), 

whereas complete loss of innervation was observed at 7 days post-injury (Fig. 18B), along with 

the presence of Lamin A/C-positive nuclei near the endplates (Fig. 18A, B). By 14 days post-
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sciatic nerve crush, reinnervation at the endplates was evident (Fig. 18C) and remained stable 

through 28 days post-injury (Fig. 18D). 

 

Figure 18  Immunohistochemistry of the time course following nerve crush in gastrocnemius (GM) muscles. 
Immunostaining shows DAPI (blue) for nuclear staining, AChR (red) for acetylcholine receptors, NF/SV2 (green) 
for neurofilament/synaptic vesicles, and Lamin A/C (white) for nuclear staining, AChR (red) for acetylcholine 
receptors, NF/SV2 (green) for neurofilament/synaptic vesicles and Lamin A/C (white) for nuclear lamina in (A) 
control muscles and muscles (B) 7-days post nerve crush, (C) 14-days post nerve crush, and (D) 28-days post sciatic 
nerve crush injury. Scale bar = 25 µm 
 

We also assessed reinnervation following SNC by measuring GM muscle contractile 

properties in-situ (Fig. 19). Maximum isometric force was measured using both nerve and direct 

muscle stimulation. In fully innervated muscle with robust neurotransmission, the forces elicited 

by nerve and muscle stimulation will not be different, i.e. the ratio of the values is close to 1.0. 

Under circumstances of impaired neurotransmission, there will be muscle fibers present that 

cannot be activated with nerve stimulation but will respond to direct muscle stimulation. Thus, 

the force generated in response to nerve stimulation will be less than that achieved with direct 

B A 

C D 
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muscle stimulation, and the ratio of the values will be less than 1.0. Our functional analysis 

corroborates the IHC data, demonstrating essentially no response to nerve stimulation 7 days 

after nerve crush, consistent with full denervation (Figs. 18B, 19A). By 14 days, the forces 

generated by nerve and muscle stimulation were not different as indicated by the ratio of ~1.0 

between the two values (Fig. 19C), indicating a near complete recovery of innervation. Despite 

recovery of innervation at 14 days, maximum force elicited by either nerve or muscle stimulation 

remained 21% lower than the uninjured control values, indicating that muscles had not yet fully 

recovered from the injury. Muscles appeared to be essentially fully regenerated by 28 days as 

evidenced by no difference in force generation with nerve stimulation compared to control 

values and only a small 12% deficit remaining in force elicited by direct muscle stimulation (Fig 

19A).

  

Figure 19 Functional innervation is restored in gastrocnemius muscles within 14 days in our nerve crush injury 
model. Data are shown for maximum specific force (Spo) elicited by (A) Direct muscle stimulation or (B) Direct 
nerve stimulation. Force values are normalized by the physiological cross-sectional area of the muscle and expressed 
as specific forces (N/cm2). (C) Ratio of the forces generated by nerve and muscle stimulation. Statistical 
significance indicated by *p < 0.05, **p<0.003 ***p<0.0002, ****p<0.0001, ns=non-significant. SNC = sciatic 
nerve crush data presented as means ± SEM analyzed by ANOVA. n=5 

The rapid and specific induction of Lmna following denervation and the return to 

baseline associated with reestablishment of functional neurotransmission, suggests a potential 
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role for increased Lmna as mechanistically important in facilitating reinnervation. Thus, we next 

aimed to test whether blunting the induction of Lmna following denervation would negatively 

impact the ability of the muscle to reestablish its neural connection by examining mice partially 

deficit in Lmna, i.e. the heterozygous muscle specific Lmna deficient mice (AC-Lmna+/- mice). 

Upon initial examination of these mice, we observed an intrinsic deficit of in specific force of 

approximately 23% for uninjured AC-Lmna+/- mice, irrespective of direct muscle stimulation 

(p<.0001) (Fig. 20A) or direct nerve stimulation (p<.0001) (Fig. 20B).  

 

 

 

 

 

 

 

 

 

To further understand the impact of Lmna deletion at the NMJ and address whether 

abnormalities in NMJ structure might explain the baseline force deficit in the AC-Lmna+/- mice, 

NMJ morphology was evaluated to better define the structural characteristics of the endplate. 

The data uncovered contradictory findings to prior work showing NMJ degeneration in mice 

with muscle-specific Lmna deficiency (Gao et al., 2020), as we found no significant difference in 

ten different morphological features of the NMJ including, AChR area, AChR perimeter, nerve 

terminal area, nerve terminal perimeter, overlap, endplate area, endplate perimeter, endplate 

Figure 20 Baseline function of gastrocnemius in 2-month uninjured flox (Lmna+/+) and heterozygous (AC-Lmna+/-) 
mice. (A) Specific force (Spo) from direct muscle stimulation (B) Spo from direct nerve stimulation. Force values 
are normalized by the physiological cross-sectional area of the muscle and expressed as specific forces (N/cm2). (C) 
Ratio of the forces generated by nerve and muscle stimulation. Statistical significance indicated by ****p<0.0001, 
data presented as means ± SEM analyzed by ANOVA. n=5 
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diameter, unoccupied AChR area, compactness of the NMJ between Lmna+/+ and AC-Lmna+/- 

mice (Fig. 21 A-J). Consistent with the lack of morphological defects observed at the endplates 

of muscles of AC-Lmna+/- mice, the innate muscle and nerve force deficit in these mice was also 

not associated with any impairment in NMJ transmission (Fig. 20C). 

 

 

 

 

 

 

 

 

Figure 21 Partial deletion of muscle Lmna does not impact post synaptic NMJ morphology. N=3. 30 NMJs/sample. 
Data presented as means ± SEM analyzed by ANOVA. FL Con = flox uninjured (Lmna+/+), H. Con = heterozygous 
mice uninjured (AC-Lmna+/-). A) Acetylcholine receptor (AChR) area. B) AChR perimeter. C) Nerve terminal area. 
D) Nerve terminal perimeter. E) Overlap. F) Endplate Area. G) Endplate perimeter. H) Endplate diameter. I) 
Unoccupied AChR area. E) Compactness. 

 

We next assessed potential innate differences between muscles of AC-Lmna+/- and 

Lmna+/+ mice in muscle myofiber number or size. We performed immunohistochemistry with 

Laminin staining to visualize muscle fiber borders. Our analysis revealed no significant 

differences in myofiber number or cross-sectional area between groups (Fig. 22). Thus, although 

the AC-Lmna+/- mice showed a baseline deficit of just over 20% in contractile function (i.e 

maximum specific force), both NMJ morphology, muscle fiber number and size, and 

neurotransmission were not different from muscles of Lmna+/+ mice. Thus, we felt that 
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proceeding with the investigation in these mice of reinnervation following SNC injury was 

justified.   

 

To assess effects of reduced Lmna on reinnervation, we performed nerve crush injury 

experiments, evaluating NMJ function 7-days post injury and 14-days post-injury where 

substantial recovery occurs (Fig. 23). Similar to WT mice (Fig. 19), muscles of AC-Lmna+/- mice 

displayed near-complete denervation at 7 days as evidenced by the absence of significant force 

generation with nerve stimulation (Fig 23B) and a significant decrease in specific force elicited 

by muscle stimulation (Fig. 23A). This severe nerve injury was followed by significant recovery 

Figure 22 Muscle histology of uninjured Lmna flox and uninjured heterozygous extensor digitorum longus (EDL) 
muscle (A, B) reveals no difference in myofiber number or cross-sectional size between Lmna flox and Lmna 
heterozygous mice (C, D). n=5, scale bar = 200 µm. FL = Flox (Lmna+/+), Het. = Heterozygous (AC-Lmna+/-) 
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by 14 days post-injury (Fig. 23A-B). However, a two-way ANOVA of specific force recovery 

from nerve stimulation revealed a significant interaction effect between genotype and time, 

indicating a differential response to injury in AC-Lmna+/- mice compared with Lmna+/+ controls. 

Specifically, the recovery of nerve-elicited force between 7- and 14-days post-injury was 

impaired in heterozygous AC-Lmna+/- mice (Fig. 23C). The impairment appears to be due at 

least in part to the persistence at 14 days of a moderate neurotransmission defect (Fig. 23D) as 
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Figure 23 Functional innervation is restored in the gastrocnemius muscles of heterozygous mice 14 days post nerve 
crush. Data are shown for maximum specific force (SPo) elicited by (A) Direct muscle stimulation (B) Direct nerve 
stimulation. Force values are normalized by the physiological cross-sectional area of the muscle and expressed as 
specific forces (N/cm2). (C) Specific force of nerve stimulation indicating the significant interaction effect 14 days 
post nerve crush. (D) Fidelity of NMJ transmission 14 days post injury determined by comparing Spo Nerve:Spo 
Muscle in uninjured controls and 14 days after nerve crush injury. Statistical significance indicated by ***p<0.005, 
***p<0.0005, ****p<0.0001., Flox = Lmna+/+, Het.= ActaCre-Lmna+/-, 7DSNC= 7-day nerve crush, 14DSNC = 14-
day nerve crush. Data presented as means ± SEM analyzed by Two-way ANOVA and Sidak post-hoc analysis. n=5 
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indicated by the ratio of nerve-stimulated to muscle-stimulated force generation. For Lmna+/+ 

controls, the value in Fig. 23D of 1. 0 indicates a return by 14 days to 100% fidelity in 

neurotransmission, while the AC-Lmna+/- mice showed significant variation in recovery with 

some mice still displaying substantially impaired neurotransmission.  

 

To confirm that Lmna upregulation in response to denervation was maintained in the AC-

Lmna+/- mice heterozygous mice, we performed qPCR analysis. As anticipated, Lmna was 

induced following nerve crush injury and showed a trend toward returning to baseline by 14-days 

(Fig. 24). A similar expression pattern was observed for NET39 and YAP, although the response 

was substantially blunted compared with controls and none of the changes were statistically 

significant (Fig. 24). Interestingly, a notable upregulation of AChR-alpha was detected at 14 

days in the AC-Lmna+/- mice in contrast to the Lmna+/+ controls, in which AChR-alpha had 

returned to control levels (Fig. 24).

 

Figure 24 Transcripts from heterozygous mice (AC-Lmna+/-). Nerve injury induces AChRa, LMNA, and NET39 
and YAP transcriptional trends similar to wildtype mice. **P<.005, ***<.00005. SNC= Sciatic nerve crush. WT= 
Wildtype. H.Con = heterozygous ActaCre-Lmna+/- uninjured. 

 

Finally, to determine if Lamin A/C upregulation was localized to a distinct pattern after 

nerve injury to facilitate reinnervation, immunohistochemistry of whole muscle longitudinal 
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sections was conducted (Fig. 25). Upregulation of Lamin A/C in nuclei appeared uniform 

throughout the myofibers and challenged our initial assumption of unique localization aiding in 

reinnervation 7-days after injury.  

 

 

 

 

 
 

 

 

 

 

 

 
Figure 25 Lamin A/C localization does not ascertain a defined pattern throughout the soleus 7-days after injury in 
Lmna floxed (Lmna+/+) mouse soleus muscle. Whole section image of uninjured (CON) soleus (A,B) and injured 
(7DSNC (D,E), scale bar = 300 µm. Magnified ROIs highlighting increased Lamin A/C signal near endplates and 
surrounding nuclei (C,F), scale bar = 50 µm. Red = Lamin A/C, Green = Acetylcholine receptor (AChR), Blue = 
DAPI 

 

 

3.9 Discussion 

This study investigated the role of Lmna in neuromuscular junction (NMJ) regeneration 

following nerve injury, focusing on its potential function in supporting the reinnervation process 

in skeletal muscle. We observed a significant upregulation of Lmna and its protein product 

Lamin A/C, in response to two types of denervation injuries: sciatic nerve transection (SNT) and 

sciatic nerve crush (SNC). Notably, we identified Lmna expression levels returned to baseline 
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levels concurrently with a recovery of muscle force, suggesting a supportive role of Lmna in the 

reinnervation process. However, our findings challenge the notion that Lmna is essential for 

NMJ maintenance in mice as proposed by Gao et al. (2020), and particularly during 

reinnervation post injury. In our study, muscle-specific heterozygous deletion of Lmna did not 

substantially hinder the functional or structural recovery of NMJs following SNC. 

The rapid upregulation of Lmna mRNA and Lamin A/C protein levels following SNT 

and SNC suggests a key role for Lmna during the muscle’s response to denervation. Within just 

three days, Lmna mRNA levels increased 12-fold, continuing to rise by 14-fold at seven days 

post-injury. This dynamic response, which parallels the upregulation of AChRα, a well-

established marker of muscle fiber denervation, suggested that Lmna is part of an acute process 

to potentially facilitate reinnervation. Our immunohistochemistry revealed that Lamin A/C 

indeed increased near the NMJ and the axon, however, a similar increase was observed 

uniformly throughout the myofiber, suggesting that the response is not specific to reinnervating 

axons and reinforcing the idea that Lmna could be critical for muscle fiber integrity in the 

absence of innervation. Given the well-established role of Lamin A/C maintaining nuclear 

mechanics, chromatin organization, transcriptional regulation and maintaining overall nuclear 

and cellular integrity (Carollo & Barra, 2023; Dechat et al., 2008; Donnaloja et al., 2020; 

Lammerding et al., 2004, 2006), it is plausible that the transient spike in Lmna expression is 

necessary to stabilize the nuclear architecture during the stress of denervation, to aid in 

maintenance of the myonuclear domain. This finding points to the need for further research into 

the specific functions of Lamin A/C in muscle adaptation to injury. 
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Our functional analysis through in situ force testing provides compelling evidence that 

partial loss of Lmna does not prevent NMJ reinnervation following nerve injury but may 

moderately impair the process as evidenced by our observation of a differential recovery in NMJ 

transmission following nerve crush injury between heterozygous Lmna-deficient (AC-Lmna+/−) 

mice and wildtype (Lmna+/+) controls. This delayed return to baseline and marked variability 

suggests that AC-Lmna+/− mice experience marginal but meaningful impairments in the 

restoration of NMJ transmission fidelity, potentially contributing to slower force recovery. 

Muscle-specific heterozygosity of Lmna appears sufficient to maintain nuclear-cytoskeletal 

integrity during the critical window of denervation, allowing other key signaling pathways to 

orchestrate the reinnervation process. Together, these findings underscore the role of Lmna in 

modulating the recovery of NMJ function after injury, which may reflect broader disruptions in 

neuromuscular resilience and repair mechanisms. 

Our analysis of NMJ morphology in AC-Lmna+/- and control mice provided additional 

insight into the non-essential role of Lmna in NMJ maintenance. Despite the reduced levels of 

Lamin A/C in AC-Lmna+/- mice, we observed no significant differences in key morphological 

features of the NMJ, including AChR area, nerve terminal area, and postsynaptic overlap. These 

results were unexpected, as we hypothesized that reduced Lamin A/C would lead to 

abnormalities in NMJ structure, as a progressive denervation and acetylcholine receptor cluster 

fragmentation of the endplate with neuromuscular dysfunction as soon as two and up to six 

months of age was reported by Gao et. al (2020). The lack of observable changes in NMJ 

morphology, despite partial Lmna deletion, further supports the idea that Lmna upregulation is 

not strictly necessary for NMJ maintenance. One possible explanation is that Lamin A/C plays a 

more indirect role in maintaining NMJ stability, such as through the regulation of gene 



 72 

expression or chromatin structure (Ferraioli et al., 2024; Nava et al., 2020; Stephens et al., 2017, 

2019), rather than directly influencing synaptic architecture. It is also possible that unknown 

alternative compensatory mechanisms are invoked with the embryonic Lmna deletion. This 

could explain why the loss of one allele of Lmna does not translate into functional deficits at the 

NMJ level, as other regulatory mechanisms may compensate for the reduced protein levels. 

The results of this study raise important questions about the precise role of Lmna in NMJ 

decline and maintenance. While Lmna is clearly upregulated throughout the muscle fiber in 

response to denervation in wild-type mice, the minimal structural or functional deficits in AC-

Lmna+/- mice raises questions surrounding the mechanisms enabling lamin A/C to regulate NMJ 

maintenance and the physiological impact of previously reported NMJ morphological 

fragmentation and NMJ transmission deficits (Gao et al., 2020). This report highlights the 

complexity of the molecular networks involved in skeletal muscle and suggests that Lmna may 

be just one component of a larger compensatory system facilitating reinnervation. 

Future research should prioritize identifying compensatory pathways that may mitigate 

the effects of Lmna deficiency during reinnervation. Investigating the roles of nuclear envelope 

associated proteins, such as emerin, SUN1/2, and nesprins, in maintaining NMJ stability and 

function could provide new insights into the redundancy and adaptability of the nuclear proteins 

to preserve nuclear envelope integrity during reinnervation. Lamin A/C deficiency is widely 

reported to compromise nuclear envelope integrity, leading to DNA damage, changes in nuclear 

shape and morphology including nuclear bleb formation, impairments in cell mechanics, and 

nuclear envelope rupture, resulting in double-stranded DNA leak from the nucleus to the cytosol  

(Kovacs et al., 2023; Lammerding et al., 2004, 2006; Lee et al., 2007; Pho et al., n.d.; Sullivan et 
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al., 1999). The formation of nuclear blebs and rupture of the nuclear envelope indicate 

compromised mechanical support of the nucleoskeleton making the nuclei and cell susceptible to 

damage by mechanical stress. Further, the nuclear pore complex (NPC), nestled in the nuclear 

envelope and tightly associated with the nucleoskeleton, is a key regulator of molecular traffic 

between the cytoplasm and the nucleus contributing a critical role in gene expression (Strambio-

De-Castillia et al., 2010). Growing evidence in human brain and model animal studies suggest 

that disturbances in NPC structure and function from neuronal oxidative stress, mirror typical 

characteristics of degenerating neurons, suggesting that impaired NPCs may contribute to 

neurodegeneration (Hachiya et al., 2021). In addition, investigating the transcriptional changes 

linked to Lmna upregulation during denervation and reinnervation may uncover novel regulatory 

mechanisms essential for nuclear integrity, with potential applications in other injuries where 

similar upregulation occurs. 

In conclusion, this study demonstrates Lmna is upregulated in skeletal muscle during 

muscle response to denervation, its muscle-specific partial deletion does not impede NMJ 

recovery, suggesting it is not essential for reinnervation, but does marginally impair recovery of 

NMJ transmission following injury. Future studies aimed at uncovering the compensatory 

mechanisms that support NMJ stability in Lmna-deficient muscle will be crucial to 

understanding the broader regulatory networks involved in NMJ maintenance and sarcopenia. 
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Chapter 4 Conclusions and Future Development 

This dissertation addresses key gaps in the understanding of mechanisms regulating the 

maintenance and regeneration of neuromuscular junctions (NMJ) under conditions involving 

disrupted muscle fiber innervation, such as elevated oxidative stress, nerve injury, and natural 

aging. Through a combination of in-vivo models and in-situ techniques, we investigated the role 

of subsynaptic myonuclei number and the gene Lmna during muscle fiber denervation and 

reinnervation. Our findings challenge existing assumptions regarding the importance of 

subsynaptic myonuclei (SSM) and Lmna in NMJ maintenance and suggest new avenues for 

research into the molecular mechanisms driving NMJ degradation in aging and injury.  

Chapter 1 provides an overview of skeletal muscle biology, focusing on the 

neuromuscular junction, subsynaptic myonuclei, and the broader role of the NMJ in sarcopenia. 

This foundational chapter lays the groundwork for the experimental work described in the 

subsequent chapters, emphasizing the importance of the NMJ in muscle function and how 

disruptions in innervation can lead to degenerative changes. 

In Chapter 2, a comprehensive study critically examining existing literature is described 

and essential questions are raised regarding the physiological impact of variability in 1-2 nuclei 

at a neuromuscular synapse. The study demonstrates the stability of SSM across three different 

models of muscle fiber innervation disruption. Contrary to our initial hypothesis, we found no 

significant changes in SSM number following acute denervation, nor differences in SSM number 
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among fully innervated, partially innervated, and fully denervated endplates in various models of 

progressive NMJ degeneration. Our findings challenge the notion that the presence of SSM is a 

major driver or a significant consequence of NMJ degeneration and denervation. This study also 

highlighted contradictory results in published reports on postsynaptic myonuclei numbers and 

suggests that results need to be interpreted with greater caution, as the methods for identifying 

SSM vary widely across studies (Ruiz et al., 2023; Von Saucken et al., 2024). Moving forward, 

standard markers and morphological features should be used to identify subsynaptic myonuclei. 

The substantial variability observed in SSM numbers across nerve injury models 

underscores the dynamic nature of these nuclei in response to electrical activity and innervation 

status. Electrical activity from innervation is a known trigger for spatial myonuclear 

rearrangements (Bai et al., 2022; Grady et al., 2005) and is believed to drive the progressive 

segregation of gene expression between synaptic and extra-synaptic myonuclei, but the exact 

molecular pathways remain unclear (Belotti & Schaeffer, 2020; Ferraro et al., 2012). Our 

findings in Chapter 2 suggest that maintaining NMJ integrity in the context of sarcopenia is 

influenced by a complex interplay of factors beyond SSM numbers, including the transcriptional 

profiles of pre- and postsynaptic nuclei, the transient migratory behavior of nuclei following 

injury, and overall myonuclear integrity. Single-nuclei RNA sequencing (snRNA-seq) offers 

exciting new opportunities to elucidate these transcriptional changes. Current snRNA-seq studies 

have generated insights into the transcriptional profile of SSMs (Chemello et al., 2020; Dos 

Santos et al., 2020; M. Kim et al., 2020; Petrany et al., 2020) and have identified novel markers 

NMJ nuclei such as Ablim2, Ano4, Etv4, Gramd1b, Lrfn5, Prkar1a, and Ufsp1. Ets transcription 

factors, such as Etv4, are known to regulate the expression of synapse-specific genes and 

coordinate the formation of the postsynaptic apparatus, indicating their potential role in 
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orchestrating gene expression at the NMJ (Ham et. al., 2024; Ruegg & Briguet, 2000). These 

factors likely influence gene expression in response to electrical activity and innervation, shaping 

the dynamic molecular landscape of synaptic and extra-synaptic myonuclei. However, it remains 

unclear whether all the newly identified markers are regulated by Ets transcription factors, their 

specific roles in vivo, and how their expression changes based on the degree of innervation. 

Chapter 3 describes studies carefully evaluating the role of muscle Lmna expression 

during reinnervation. In Chapter 2, we identified that the number of SSM was not a critical factor 

in maintenance of the NMJ and highlighted the need to further investigate the relationships 

between SSM and age-associated degenerative changes at the NMJ.  A key structure maintaining 

the integrity of myonuclei is the nuclear lamina, which forms a scaffold on the inner surface of 

the nuclear envelope in eukaryotic cells. The nuclear lamina interacts with chromatin and nuclear 

membrane proteins to regulate gene expression, and nuclear architecture and membrane function 

appear to be critical controllers of aging (López-Otín et al., 2013). Lamin A/C is the primary 

intermediate filament protein of the nuclear lamina and mutations in its gene (Lmna) lead to 

progeroid syndromes (Carboni et al., 2013). Further, Lamin A/C has long been recognized as 

important for muscle stem cell differentiation, maintenance of nuclear mechanics, and 

mechanotransduction (Donnaloja et al., 2020; Frock et al., 2006; Lammerding et al., 2004; Méjat 

et al., 2009), and neuronal knockdown of Lamin impaired motor function and decreased lifespan 

in flies (Oyston et al., 2018). Finally, Lamin A/C levels are reported to decrease during aging in 

muscles of mice and muscle-specific deletion of Lmna accelerates the degradation of NMJs, 

similar to features seen in aging (Gao et al., 2020) 
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 To further evaluate Lamin A/C in muscle during aging, single-nuclei sequencing, ChIP-

seq, and novel technologies may need to be leveraged. This combined approach will offer a more 

comprehensive understanding of NMJ maintenance and the progression of sarcopenia at varying 

states of NMJ innervation. ChIP-seq, specifically, would allow for the mapping of Lamin A/C 

binding sites across the genome, revealing how these nuclear proteins interact with active and 

inactive chromatin regions during reinnervation. Recent studies, like those by Ferraioli et al. 

(2023), have shown that pS22-Lamin A/C binds near highly transcribed genes, suggesting a 

critical role in regulating gene expression during muscle differentiation (Ferraioli et al., 2024). 

Similarly, ChIP-seq could be used to explore how Lamin A/C binding patterns shift in response 

to changes in NMJ innervation and sarcopenia progression, potentially identifying genomic 

regions where these nuclear components regulate muscle-specific genes. Additionally, insights 

from progeria studies indicate that dysregulation of Lamin A/C at enhancers leads to aberrant 

gene expression, which could further inform research into how altered nuclear structure 

contributes to NMJ degradation. Unraveling these transcriptional and epigenetic changes could 

reveal key networks involved in reinnervation and potentially identify novel targets to enhance 

reinnervation or delay NMJ degradation. Through our studies we demonstrated that Lmna and 

the protein product Lamin A/C are robustly upregulated in muscle after nerve injury; however, 

reduced Lmna in the muscle does not prevent reinnervation, although the extent or at least the 

rate of reinnervation following nerve injury appears to be modestly impaired. 

Future studies on innervation and the role of Lmna in myonuclei could focus on nuclear 

shape and mechanotransduction. Two models of Lmna mutations have already shown altered 

innervation patterns and abnormal NMJ morphology, characterized by mislocalized synaptic 

nuclei and altered expression of nuclear envelope genes (Méjat et al., 2009). Furthermore, 
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muscle-specific deletion of Lmna resulted in progressive NMJ degeneration during adulthood 

(Gao et al., 2020), and age-related declines in Lamin A have been linked to increased 

myonuclear deformability (Battey et al., 2022). Our findings indicate that Lamin A/C is highly 

prominent in SSM and significantly induced upon denervation. However, whether the 

deformation of SSM in aged muscle or the impact of denervation on SSM shape correlates with 

the structural integrity of SSM and Lamin A/C levels has yet to be investigated. 

A rigorous assessment of SSM structural integrity during aging and after denervation is 

necessary to fully understand the interplay between these factors and their implications for NMJ 

function. SSM shape and integrity has previously been quantified in 2D with measurements of 

nuclear area and aspect ratio, and sphericity in 3D along with 3D aspect ratio (Battey, Furrer, et 

al., 2022; Schindelin et al., 2012). We predict that aged mice will show an increased number of 

severely deformed SSMs, accompanied by elevated levels of DNA damage (Earle et al., 2020). 

Recent findings suggest that Lamin A/C plays a critical role in orchestrating DNA damage repair 

(DDR) by facilitating the interaction between key proteins such as ATM (ataxia telangiectasia 

mutated) and the MRE11-RAD50-NBS1 (MRN) complex, which are essential for detecting and 

repairing DNA breaks (Kume et al., 2019). Lamin A/C depletion disrupts the recruitment of 

DDR proteins to damaged DNA, leading to impaired DNA repair efficiency and decreased 

homologous recombination (HR) (S. Kim et al., 2024). Thus, SSMs in aged or denervated 

muscle may exhibit compromised Lamin A/C function, which could exacerbate DNA damage 

accumulation and hinder efficient repair (Belotti et al., 2024). Such impairments in the DDR 

could contribute to a greater prevalence of denervated endplates following recovery from sciatic 

nerve crush (SNC) in older mice compared to young or adult wild-type mice (Deepa et al., 

2019). 



 79 

To further support the potential biological relevance of primary SSM shape and structural 

integrity outcomes addressed above, an evaluation of nuclear pore complex (NPC) proteins could 

also be conducted, as NPCs are essential for transporting macromolecules between the nucleus 

and cytoplasm. Mice deficient in NPC components exhibit progressive muscle deterioration, 

highlighting the role of NPCs in maintaining muscle structure and function (Megat et al., 2023). 

In particular, the depletion of nucleoporin 210 has been associated with age-related muscle 

integrity alterations and an increased prevalence of centrally nucleated fibers, a marker of muscle 

damage and regeneration (Sakuma et al., 2022). Despite the established role of NPCs in muscle 

health, no study has specifically examined the quality of NPCs in subsynaptic myonuclei or their 

potential interactions with the neuromuscular junction (NMJ). Exploring this relationship could 

provide new insights into how NPC dysfunction contributes to NMJ degeneration and age-

related muscle decline. 

While Lamin A/C is recognized as a critical component of nuclear structure, with its 

sensitivity to innervation status being evident, other nuclear envelope proteins warrant 

investigation. These include Lamin B1 (Lukášová et al., 2018; Matias et al., 2022; Wesley & 

Levy, 2023), components of the LINC complex (Nesprin1/2, SUN1/2, Emerin, BAF) (Crisp et 

al., 2006; Stroud et al., 2017; Wong et al., 2021), and nuclear pore complexes (D’Angelo et al., 

2009; Sakuma et al., 2022). Additionally, proteins like Lem2 (Kume et al., 2019) and nuclear 

envelope transmembrane protein 39 (Net39) (Ramirez-Martinez et al., 2021; Y. Zhang et al., 

2023) should also be considered. Lem2, plays a critical role in regulating nuclear size and 

membrane flow, acting as a barrier to membrane dynamics within the nuclear envelope (Kume et 

al., 2019). Its deletion has been shown to augment nuclear size enlargement in fission yeast, 

highlighting its importance in maintaining nuclear integrity during cellular stress (Kume et al., 
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2019). Lem2 may have a similar function in muscle cells, where maintaining nuclear size and 

structure is vital for myonuclear stability and function. Alternatively, recent studies have shown 

that Net39 is essential for maintaining myonuclear integrity, with its conditional knockout 

leading to increased DNA damage. However, the impact of these impairments on neuromuscular 

junction (NMJ) function has yet to be explored (Zhang et al., 2023). Investigating the role of 

Lem2 and Net39 in relation to NMJ health and function could provide valuable insights into the 

broader mechanisms governing neuromuscular integrity. Considering these additional players 

will inform future research directions. 

The network of lamin intermediate filament proteins is fundamental for establishing 

nuclear rigidity and ensuring the integrity of nuclei, particularly in mechanically demanding 

environments such as muscle tissue (Stephens et al., 2017; Swift et al., 2013). 

Mechanotransduction studies indicate that changes in cellular stiffness can be transmitted to the 

nucleus, leading to alterations in the structure of the nuclear lamina and chromatin, which in turn 

influence gene expression (Nava et al., 2020; Stephens et al., 2017, 2019). The nuclear lamina is 

critical for both sensing and responding to mechanical signals (Osmanagic-Myers et al., 2015). 

Specifically, the mechanical properties of the nucleus—such as stiffness and viscosity—are 

heavily influenced by A-type lamins, while B-type lamins contribute to nuclear deformability 

and elasticity. Notably, lamin A expression increases in response to heightened tissue stiffness 

(Swift et al., 2013), underscoring its role in adapting to mechanical cues. Moreover, mechanical 

loading can suppress lamin A/C phosphorylation, and since lamin A/C degradation typically 

follows phosphorylation, this suppression highlights the pivotal role of the nuclear lamina in 

mechanotransduction and the maintenance of muscle homeostasis (Buxboim et al., 2014). Recent 

findings further elucidate that mechanical forces generated in the cell microenvironment can alter 
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the epigenetic landscape by propagating through the nuclear lamina and chromatin, affecting 

gene regulatory mechanisms (e.g., activation of histone modifications and changes in chromatin 

accessibility) (Mishra et al., 2023). The interplay between the mechanical load on the nucleus 

and lamin A/C dynamics exemplifies how the nuclear lamina facilitates the transmission of 

mechanical forces to the nuclear interior, ultimately orchestrating cellular responses to 

mechanical stimuli and influencing gene regulation in mechanically active muscle tissue. 

Proteins like YAP and MLK1 serve as markers of nuclear mechanotransduction, with 

their nuclear signaling increasing in response to mechanical load. Interestingly, when lamin A is 

depleted, nuclear levels of both YAP and MLK1 rise (Wiggan et al., 2020). Under normal 

conditions, cyclic strain enhances the nuclear accumulation of YAP due to increased mechanical 

load; however, mutations in the LMNA gene reverse this effect, leading to reduced YAP 

accumulation under cyclic strain (Bertrand et al., 2014). This suggests that LMNA-mutated 

human myoblasts have defective mechanosensing due to dysregulated YAP signaling, indicating 

a critical role for lamin A/C in mediating mechanotransduction (Bertrand et al., 2014). 

Furthermore, the accumulation of YAP in the nucleus is often accompanied by alterations in 

actomyosin networks, suggesting that the integrity of lamin intermediate filaments is essential 

for proper nucleo-cytoskeletal signaling (Wiggan et al., 2020; Bertrand et al., 2023). These 

findings emphasize the intricate relationship between lamin A/C, mechanotransduction, and 

cellular signaling networks in maintaining muscle homeostasis. Recent studies have also shown 

increased nuclear YAP accumulation and signaling in aging skeletal muscles, which coincide 

with a reduction in lamin-B1; however, the link between these observations remains to be 

clarified (Iyer et al., 2021; Yoshida et al., 2019). At the NMJ, YAP1/TAZ function as 

transcriptional coactivators that regulate synaptic gene expression, as well as the formation and 
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morphology of NMJs. Single knockout mice exhibit functional deficits, while double knockouts 

display extreme lethality and a near-complete absence of NMJs. Additionally, denervated 

gastrocnemius muscles show a shift towards YAP1/TAZ-dependent transcriptional activity, 

underscoring the significance of this pathway (Gessler et al., 2024). In our nerve injury time 

course, we observed an upregulation of YAP and TAZ transcripts that followed a pattern similar 

to Lmna. This suggests potential crosstalk between YAP/TAZ and Lmna in processes such as 

reinnervation, synaptic gene regulation, and NMJ maintenance, although the precise mechanisms 

remain to be fully elucidated. 

To further investigate a mechanotransducive role of Lmna, YAP, and TAZ in skeletal 

muscle, we propose studies utilizing models such as compressive force loading or mechanical 

stretch is application to primary myocytes, as well as in vivo hindlimb unloading via hindlimb 

suspension. Hindlimb unloading is a well-established model for inducing mechanical unloading 

and muscle atrophy, mimicking conditions such as prolonged bed rest, microgravity, or 

immobilization, and providing insights into the molecular pathways affected by reduced 

mechanical stimuli without neural damage. Notably, Gene Ontology analysis has identified 

lamin binding genes as enriched during muscle atrophy induced by hindlimb unloading (Sun et 

al., 2021). These models could be complemented small interfering RNA oligonucleotides 

(siRNAs) to modulate Lmna expression. Downstream experiments should incorporate a range of 

established techniques, including qRT-PCR and RNA-Seq for gene expression and pathway 

analysis, Western blotting for protein detection, and immunocytochemistry for visualizing 

cellular components. These approaches will allow for a comprehensive evaluation of the effects 

of mechanical forces on Lmna function and its downstream impact on skeletal muscle cell. 
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In conclusion, this dissertation provides new insights into the complex relationship 

between SSM numbers, Lmna expression, and NMJ integrity during aging and after nerve injury. 

While the initial hypotheses regarding the role of SSM in NMJ degeneration were not supported, 

our findings point to the importance of transcriptional and mechanotransductive mechanisms in 

maintaining NMJ integrity. By focusing on the molecular underpinnings of NMJ maintenance, 

particularly the role of nuclear envelope proteins, this research opens new avenues for 

developing interventions that may delay or prevent sarcopenia and other muscle-related 

disorders. 
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