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Abstract 

This dissertation investigates the complex interplay between muscle-resident Schwann 

cells and neuromuscular junction (NMJ) maintenance and remodeling with a focus on the 

implications for aging-associated muscle atrophy and motor unit adaptation. The primary objective 

is to elucidate the cellular and molecular mechanisms underlying skeletal muscle and glial function 

in denervating conditions. The research employs a comprehensive approach, combining advanced 

in vivo and in vitro techniques, to uncover key elements that sustain NMJ integrity and overall 

neuromuscular health. We first examined the role of senescent cell accumulation in the decline of 

muscle function in aging mice. A genetic strategy to ablate p16INK4A-expressing cells in aged 

mice revealed that their removal at 20 months of age leads to modest preservation above untreated 

controls in muscle mass (+11%) and force (+11.5%) by 26 months. This finding indicates a 

tangible benefit of senescent cell elimination in mitigating age-associated muscle decline and 

suggests that changes in proliferative cell dynamics may mediate muscle health during aging. We 

next shifted to focus on the transcriptional responses of Schwann cells under oxidative stress and 

their role in modulating AChR density in muscle cells. Findings from this segment demonstrate a 

notable upregulation in key repair markers like Ngfr, Gdnf, and Agrn in Schwann cells in culture 

exposed to a ROS-inducing agent. Conditioned media from these cells, when applied to myotubes 

in vitro, not only enhanced AChR clustering but also synergistically potentiated the effects of 

Agrin-induced AChR clustering, indicating a direct Schwann cell-to-muscle signaling mechanism 

supporting post-synaptic structures. Further investigations explore Schwann cell behavior under 
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conditions of denervation and reinnervation in vivo using Sod1-/- mice, a recognized model of 

progressive NMJ degeneration. This part of the study identifies a key window for NMJ 

regeneration and offers a detailed single cell RNA-Sequencing analysis of muscle-resident 

Schwann cells. This analysis identifies multiple subpopulations of Schwann cells, including the 

novel identification of a synapse-promoting terminal Schwann cell (tSC) cluster that emerges 

during denervation. Particularly noteworthy is the discovery of enhanced secreted phosphoprotein 

1 (SPP1) signaling emanating from myelin Schwann cells in denervated muscles. Validation 

studies showed that neutralizing intramuscular SPP1 signaling in wildtype mice with nerve injuries 

impaired or delayed muscle fiber reinnervation, accompanied by a reduced number of tSCs. These 

experiments reveal intricate gene expression profiles associated with the SPP1 pathway and 

Schwann cell repair mechanisms, providing a deeper understanding of muscle reinnervation 

processes. Overall, this dissertation synthesizes its findings to significantly advance the fields of 

Schwann cell biology and neuromuscular remodeling. The insights gained offer a profound step 

forward in our understanding of neuromuscular health. By identifying key gaps in current 

knowledge and suggesting future research directions, it lays the groundwork for novel therapeutic 

approaches targeting Schwann cells and NMJ integrity in aging and neuromuscular disorders.   
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Chapter 1 Introduction 

1.1 Sarcopenia 

As societies globally witness an increase in the size of the elderly population due to 

advancements in medical care, the complexities associated with aging have come under sharp 

focus. While life expectancy has been on a steady rise, the quality of those added years, termed 

'healthspan', has not shown a proportionate improvement1. A striking manifestation of this 

discrepancy is the phenomenon of sarcopenia – a severe decline in skeletal muscle mass, strength, 

and functionality that shadows the aging process. Sarcopenia is not merely an age-related 

inconvenience but a profound health challenge. Between the ages of 50 and 80, individuals 

experience a staggering loss of 30-50% of their muscle mass, leading to a consequential reduction 

in strength2. The repercussions of this muscle degeneration are far-reaching in their prevalence, 

clinical implications, and societal impacts. Initial symptoms of sarcopenia can be observed in 5-

13% of individuals aged between 60-70 years3. Alarmingly, by the time they cross 80, this number 

escalates to encompass half of the population. The diminished muscle strength heightens the risk 

of falls, drastically reduces mobility, and often culminates in the loss of independence. Such 

physical vulnerabilities significantly elevate mortality rates among the elderly. Beyond the 

personal toll, sarcopenia places considerable strain on healthcare systems and societal structures, 

emphasizing the urgent need for targeted interventions4. The present effective strategies to 

counteract sarcopenia predominantly revolve around exercise regimes5,6. While exercise can elicit 

adaptations even at advanced ages, it is only partially effective for preventing sarcopenia and 
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participation in vigorous exercise is not universally feasible. Thus, the quest for alternative 

interventions is paramount. 

Consensus in the medical and research communities posits that degenerative alterations at 

the neuromuscular junctions (NMJ) represent a pivotal early event that in the initiation of 

sarcopenia7. The NMJ, serving the communication hub between motor nerves and muscles, plays 

a crucial role in muscle contraction and overall function. The NMJ is the final synapse of the 

neuromuscular system, comprising of the pre-synaptic motor neuron, the post-synaptic muscle 

fiber, and the terminal Schwann cells (or perisynaptic Schwann cells) that cap the junction. The 

deterioration of NMJs with aging severely impairs muscle functionality, advancing the onset of 

sarcopenia8. However, the specific triggers and underlying mechanisms responsible for NMJ 

degeneration remain poorly understood. The NMJ is a complex structure and like many other 

physiological entities undergoes turnover and remodeling through the lifespan of an organism, 

consisting of early NMJ development, postnatal maturation, maintenance and ultimately late-life 

associated remodeling. 

 

Figure 1.1: Depictions of the tripartite cellular components of the neuromuscular junction. The postsynaptic 
element consists of clusters of acetylcholine receptors (AChR) highlighted in red at the muscle endplate, which is 
innervated by a singular motor axon terminal depicted in blue. Overlying this structure, terminal Schwann cells, 
illustrated in yellow, envelop the neuromuscular junction, offering critical support to this synaptic interface. 
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1.2  NMJ remodeling 

During embryonic development, motor neuron axons grow out from the spinal cord and 

search for their target muscle fibers9. Once they connect with a muscle fiber, a synaptic site is 

chosen, and the NMJ begins to form. A key protein in early NMJ development is Agrin, a 

proteoglycan made and secreted by motor neurons10. Agrin binds to LRP-4 and signals to the 

Muscle-Specific Kinase (MuSK) on the muscle cell membrane11–13. This binding activates a 

signaling cascade that leads to the clustering of acetylcholine receptors (AChRs) and other proteins 

necessary for NMJ function14. In the initial stages, more than one motor neuron may innervate a 

single muscle fiber. However, through competition, one neuron usually dominates, and the others 

retract15.  

Post-synaptically, early in development, there's a notable isoform switch in the nicotinic 

AChR at the NMJ. Initially, the embryonic AChR, composed of α2βγδ subunits, dominates. 

However, postnatally, the γ subunit is replaced by the ε subunit, transitioning to an α2βεδ 

configuration, the adult form16. This ε-AChR not only accelerates the AChR channel's responses 

but also resists calcium blockage. In the embryonic form, the presence of calcium ions can partially 

block the AChR channels, which modulates the strength and duration of muscle contractions. 

However, the adult form with the ε subunit is less susceptible to this blockage, ensuring more 

efficient and consistent neuromuscular transmission17. Concurrently, the NMJ's structure matures 

from its initial plaque-like form to a more intricate "pretzel-like" morphology, optimizing surface 

area for increased AChR density and efficient neurotransmission18. This mature NMJ retains 

significant plasticity, vital for its adaptability to alterations in muscle activity or injury. Such 

adaptability is reflected in the capacity to modulate AChR density on the post-synaptic membrane 

in response to neural activity changes and to adjust neurotransmitter vesicle release pre-
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synaptically for maintaining function19. Furthermore, depending on the muscle activity, muscle 

fiber type composition may undergo transitions, influencing NMJ morphology and functionality20. 

This intricate dance of molecular and structural adaptations ensures that the NMJ facilitates 

optimal neuromuscular communication throughout life. 

As organisms age, NMJs can become fragmented. Instead of the mature, pretzel-like shape, 

the NMJ may appear as multiple smaller plaques. This fragmentation may have the potential to 

affect neuromuscular transmission efficiency or NMJ fatigue, however, more detailed experiments 

are required to develop clear correlations of NMJ structure and function. Nevertheless, the 

remodeling of AChR clusters into smaller fragments is reliably observed after lack of physical 

activity and after nerve and muscle injury6,21,22.  Aging is also associated with a reduction in the 

density of AChRs, potentially leading to reduced muscle strength and responsiveness23. In addition 

to these post-synaptic changes, NMJs that lack innervation accumulate in skeletal muscle during 

aging; however, neighboring healthy neurons can send out sprouts to reinnervate the orphaned 

fibers, a process termed collateral reinnervation24. Although the process of collateral reinnervation 

is an effective compensatory mechanism for retaining muscle fibers and preserving muscle 

function, mechanisms that regulate this remodeling are poorly understood. Understanding these 

remodeling events throughout life is critical as disruptions in these processes can lead to the 

denervation-induced muscle fiber loss associated with some neuromuscular disorders. Moreover, 

gaining mechanistic insights into the NMJ morphological changes can pave the way for therapeutic 

strategies to combat age-related neuromuscular degeneration and muscle weakness. 
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1.2 Motor unit remodeling and expansion as a mechanism to rescue denervated muscle 

fibers and muscle function 

Within muscle tissue, muscle fibers are arranged into motor units, consisting of a single 

motor neuron and the muscle fibers it innervates25 (Figure 1.2A). When activated by an action 

potential, the muscle fibers within a motor unit contract synchronously making the motor unit the 

foundational element of muscle physiology as the smallest amount of muscle that can be activated 

voluntarily in vivo. The dispersion of the fibers within a motor unit throughout the muscle ensures 

coordination and unison in contraction. Smaller motor units, innervating fewer muscle fibers, 

govern fine motor control such as finger movements, while larger ones, associated with more 

fibers, drive forceful movements typical in limbs26. 

Denervation, the process whereby muscles lose their nerve supply, can stem from various 

causes including trauma, neurodegenerative diseases like amyotrophic lateral sclerosis (ALS), or 

aging. Denervated muscle fibers are incapacitated from voluntary contraction and, over time, 

Figure 1.2: Visual representation of motor unit architecture and dynamics. (A) Shows two motor units, each 
consisting of a motor neuron (MN) connected to a pair of muscle fibers. (B) Illustrates motor unit remodeling and 
expansion, highlighting the scenario where Muscle Fiber 4 experiences denervation, leading to a degenerated muscle 
endplate, while Muscle Fiber 3 is being co-opted by Motor Unit 1 for reinnervation. (C) Demonstrates the process of 
motor unit expansion facilitated by terminal Schwann cells (tSC), which extend their cytoplasmic projections to form 
bridges to neighboring muscle endplates, thus enabling axonal sprouts from NMJ 2 to connect with and reinnervate 
the denervated NMJ 3. 
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atrophy and can be lost, resulting in muscle weakness or even paralysis27,28. However, the body's 

inherent resilience is exemplified by motor unit remodeling, a mechanism that entails the 're-

wiring' of denervated muscle fibers (Figure 1.2B,C). A seminal study in the 1970s delineated this 

process; after inducing partial denervation by destroying specific motor axons innervating a 

muscle, it was observed that the residual motor neurons produced new axonal sprouts. These 

sprouts subsequently reinnervated the orphaned muscle fibers, effectively rescuing them from 

impending atrophy29. 

 

This phenomenon of axonal sprouting culminates in the expansion of the motor unit, with 

the motor neuron now commanding its innate muscle fibers in addition to the reclaimed ones. This 

adaptation, while serving the dual purpose of functional recovery and atrophy prevention, has 

inherent constraints. The sprouting maintains muscle fibers and potentially recuperates lost 

muscular function. Concurrently, it preempts or ameliorates muscle atrophy by restoring nerve 

supply29. However, as motor units enlarge due to this compensatory mechanism, they innervate 

more fibers, compromising the precision of muscle control by limiting the capacity for fine motor 

movements.  This has been observed in studies of small hand muscles where MU remodeling was 

associated with reduced coordination of finger movements30–32. The capacity for motor unit 

expansion in young healthy muscle is extremely robust, but with aging and disease the expanded 

motor units reach their compensatory threshold, beyond which muscle weakness and atrophy 

escalate33,34. This dichotomy is starkly evident in progressive neuromuscular conditions like ALS 

and sarcopenia. Although initial motor unit expansion occurs as a protective response, the 

relentless attrition of motor neurons eventually precipitates muscle denervation, with subsequent 

atrophy and muscle weakness becoming inevitable35. 
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Motor unit expansion differs from recoverable nerve injuries that induce temporary damage 

without causing irreversible disruption to the nerve's structural continuity. One classical example 

is the nerve crush injury, where an external force compresses the nerve, but the essential 

architecture, especially the epineurium surrounding the axon bundles, remains intact36. Unlike 

nerve transection injuries, where the nerve is completely cut, recoverable injuries preserve the 

neural pathway, setting the stage for potential regeneration37–39. Both motor unit expansion and 

recoverable nerve injury responses depend on similar biological processes involving the activation 

of Schwann cell mediated responses, further highlighted in the proceeding sections. 

 

1.3 The role of terminal Schwann cells in seeking and guiding axons from innervated 

motor units to denervated synapses 

Terminal Schwann cells (tSCs) are specialized glial cells that cover the neuromuscular 

junction (NMJ). Over the years, evidence has accumulated suggesting that tSCs play an active role 

in NMJ maintenance, regeneration, and the reinnervation of denervated muscle fibers40–44. With 

the advent of in vivo imaging techniques, researchers have been able to directly observe the 

behavior of tSCs following nerve injury. In one such study from the Thompson Lab, tSCs were 

observed to extend processes in search of axons after acute nerve injury in transgenic mice with 

fluorescently labeled tSCs45. These studies highlighted that tSCs actively seek out and align with 

regenerating axons, directing them to denervated synapses. When a muscle fiber becomes 

denervated, such as after a nerve injury, the associated tSCs undergo several morphological and 

biochemical changes44. These cells extend processes, often referred to as "bridges", which seem to 

actively seek out and guide regenerating motor neuron axons back to the denervated muscle fibers. 

In cases of more severe nerve damage, tSCs, in conjunction with other Schwann cells, form 
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structures called Bands of Büngner 43,45 . These structures serve as physical and molecular 

pathways to guide regenerating axons to their appropriate targets.  

Molecular signals that Schwann cells use to communicate with regenerating axons have 

been identified, with neurotrophic factors such as brain-derived neurotrophic factor (BDNF) and 

glial cell line-derived neurotrophic factor (GDNF) playing pivotal roles. These factors are released 

by Schwann cells and are essential for supporting and guiding the growth of axons during 

regeneration after nerve injury46–48.  The gene expression of GDNF, in particular, exhibits a marked 

increase in denervated rat skeletal muscle 1-2 weeks after axotomy, indicating its role in the initial 

stages of nerve repair49. When comparing GDNF gene expression under a variety of muscle 

conditions, ranging from healthy tissues to those that were denervated, denervated with sensory 

protection, or had immediate re-innervation. In denervated muscle, GDNF expression was 

markedly elevated, reinforcing the concept that GDNF upregulation is closely associated with the 

reinnervation process, whereas healthy muscle displayed the lowest levels of GDNF expression50. 

Interesting, overexpression of GDNF by skeletal muscle fibers, under the control of myogenin 

promotor, results in hyperinnervation of the NMJ marked by polyinnervation of 2 or more axons 

per NMJ51. The implications of GDNF promoting muscle innervation become even more 

pronounced when considering the aging process. Following injury, GDNF expression was lower 

in nerve extracts from older mice compared to those from younger mice52. This reduction in GDNF 

could contribute to the less efficient reinnervation observed in aged muscles, where there is often 

a prolonged phase of denervation, potentially exacerbating the muscle fiber atrophy.  Studies 

comparing young and old animals found that tSCs in aged animals have a diminished capacity to 

guide axonal regeneration, possibly due to reduced expression of key neurotrophic factors53,54, 

however, it is unknown whether tSC trophic gene expression is reduced with aging. 
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Netrin and Growth Associated Protein 43 (GAP-43) are two critical molecules implicated 

in nerve regeneration processes, both exhibiting intricate interactions with Schwann cells55,56 . 

Netrin, a family of laminin-related secreted proteins, plays a pivotal role in numerous cellular 

functions, including axonal guidance, cell migration, morphogenesis, and angiogenesis57. In 

relation to axonal guidance, netrin-1 can have both attractive and repulsive effects on axons. When 

interacting with the Deleted in Colorectal Cancer (DCC) receptor or the Neogenin receptor, netrin-

1 serves as an attractant for axons58. Release of netrin-1 from Schwann cells along with its action 

as a chemoattractant for axons, guiding axon growth cones toward their target sites has been 

demonstrated59. In the context of injury, Schwann cells upregulate netrin-1, creating a gradient that 

helps regenerating axons navigate through the injury site55. Conversely, netrin-1 repels axons when 

binding to the Uncoordinated receptor family, specifically Unc5 receptors60. In vivo siRNA 

mediated DCC mRNA inhibition at the growing tips of injured sciatic nerves has been reported to 

hinder Schwann cell activation, leading to a notable reduction in axon regeneration. The 

suppression of DCC coincides with an increase in Unc5H2 expression in the unaffected SCs. 

Interestingly, when Unc5H2 was specifically knocked down at the site of injury, axonal regrowth 

was enhanced, suggesting that Unc5H2 inherently acts as a brake for nerve regeneration61. 

GAP-43 is a key protein, particularly in the context of axonal regeneration and growth cone 

dynamics. GAP-43 is found abundantly within growth cones and plays a vital role in the intricate 

processes that guide an axon's trajectory towards its synaptic targets62. This protein's association 

with actin filaments is believed to be central to the growth cone's structural adaptability, which in 

turn affects its ability to respond to navigational cues63. In vivo studies using mouse models have 

elucidated the role of GAP-43 in axonal regeneration following trauma. These studies have shown 

that injury-induced upregulation of GAP-43, such as after a sciatic nerve crush or induced paralysis 
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via botulinum toxin A (BotA), correlates with an increase in neurite extension. Furthermore, 

overexpression of GAP43 was shown to potentiate neurite growth, suggesting a dose-dependent 

response of axonal repair mechanisms.64 In vitro studies employing cultured neurons from GAP-

43 knockout mice further supported these findings. These neurons exhibited growth cones with 

compromised spread and stability, highlighting the direct involvement of GAP-43 in modulating 

growth cone morphology65. Moreover, in hippocampal neurons, an increase in GAP-43 

phosphorylation was directly correlated with an increase in growth cone mobility and axonal 

elongation66. GAP-43 knockout mice have been paramount in elucidating the protein's influence 

on axonal regeneration and neural plasticity in vivo. This model has consistently shown that in the 

absence of GAP-43, deficits in axonal recovery post-injury, as well as in specific synaptic 

plasticity processes such as long-term potentiation are observed67. Recent findings also indicate 

that GAP-43 functions beyond axonal guidance, as it interacts with other signaling pathways like 

PKC and calmodulin-dependent protein kinase II (CaMKII), which have known roles in growth 

cone dynamics68. Collectively, these insights emphasize the fundamental role of GAP-43 in the 

mechanisms underpinning axonal growth, guidance, and regeneration. While GAP-43 is 

prominently observed in axon growth cones, it is also found in terminal Schwann cells (tSCs) after 

nerve injury56. The exact role of GAP-43 in tSCs is not fully elucidated, but its presence in these 

cells hints at its importance in nerve repair processes. 

1.4 Regulation of Schwann cell function 

Despite the importance of Schwann cells in promoting nerve regeneration and muscle fiber 

reinnervation, understanding of Schwann cell biology and physiology remains incomplete. 

Schwann cell function is governed by a range of cellular and molecular regulators, extensively 

studied during developmental stages and nerve regeneration in adult rodents69. Yet, knowledge of 
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the molecular regulators and regulation of tSCs is limited, largely due to their rarity and the 

technical challenges associated with their isolation and the study of specific molecular pathways. 

One characteristic of Schwann cells that is clear is their notable plasticity, which allows them to 

dedifferentiate into progenitor states or transdifferentiate into repair-specific phenotypes70. This 

section focuses on some known regulatory factors that drive Schwann cell dedifferentiation and 

promote the repair phenotype after muscle denervation and associated with the studies described 

in this dissertation. 

 

Redox Regulation 

Reactive oxygen species (ROS) have emerged as critical regulators of tSC activity, 

particularly in response to nerve injury. A significant player in this regulatory network is hydrogen 

peroxide (H2O2), a stable ROS derived from stressed cellular mitochondria. In the context of motor 

axon terminal damage, mitochondria release substantial amounts of H2O271. Given the intimate 

association between axon terminals and tSCs within NMJs, H2O2 can readily permeate to tSCs 

before being neutralized by cellular antioxidant systems. Within tSCs, H2O2 serves as a second 

messenger, initiating signal transduction via the chemoselective oxidation of specific cysteine 

residues in signaling proteins and activating the ERK pathway71. This is consistent with research 

demonstrating the role of H2O2 as a chemoattractant in the context of injury in other cell types and 

its contribution to cellular proliferation and regeneration72–75. In studies using neurotoxins, 

degenerating nerve terminals were found to release H2O2 of mitochondrial origin, which in activate 

MAPK signaling pathway, both in vitro and in vivo71,75. The importance of H2O2 in this scenario 

is further emphasized by observations that reducing H2O2 activity, such as via the application of 

catalase, hinders nerve regeneration in vitro71. Beyond H2O2, other mitochondrial alarmins like 
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mtDNA and Cytochrome c have been implicated in tSC activation post nerve injury. Collectively, 

these findings underscore the multifaceted role of ROS, especially H2O2, in regulating tSC 

behavior during nerve degeneration and subsequent regeneration. 

 

Mitogen-activated protein kinase/extracellular signal-regulated kinase 

The MAPK/ERK (Mitogen-activated protein kinase/extracellular signal-regulated kinase) 

pathway is a central signaling cascade implicated in numerous cellular processes, including 

proliferation, differentiation, and survival76,77. In Schwann cells, the MAPK/ERK pathway has 

been identified as a primary regulator of dedifferentiation78 , a process by which differentiated 

Schwann cells revert to an immature cell progenitor state, characterized by increased proliferative 

capacity and the ability to support nerve regeneration. The activation of Schwann cells begins post-

nerve injury when axonal connections to Schwann cells are disrupted and the Schwann cells enter 

a state of plasticity where they undergo molecular and morphological changes, characterized by 

demyelination and elongation. After nerve injury, there is an upregulation in the activity of the 

ERK1/2 proteins in Schwann cells78,79. Active ERK1/2 is localized primarily in the nuclei of 

Schwann cells in the injured nerve. Importantly, inhibiting the ERK pathway reduces the ability 

of Schwann cells to dedifferentiate and revert to a more progenitor-like state. Moreover, the 

upregulation of the transcription factor c-Jun, which is downstream of the MAPK/ERK pathway, 

is essential for Schwann cell dedifferentiation80. Elevated levels of c-Jun repress myelin-specific 

gene expression, further illustrating the complex interplay of molecular events following nerve 

injury. Inhibition of the MAPK/ERK pathway, can impair Schwann cell dedifferentiation and 

negatively impact nerve regeneration, highlighting the pathway's therapeutic potential in 

enhancing peripheral nerve repair. The roles of MAPK/ERK and c-Jun in muscle-resident 
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Schwann cells are not well-understood, yet the Durregotti et al. (2012) study indicates that 

MAPK/ERK plays a crucial role in the dedifferentiation of perisynaptic Schwann cells. This 

underscores the adaptability of the MAPK/ERK pathway in driving dedifferentiation in both 

myelinating and non-myelinating Schwann cells. 

 

Trophic regulation and the repair phenotype 

The Nerve Growth Factor Receptor (NGFR) or p75NTR is a central player in the 

sophisticated molecular Schwann cell mediated response that unfolds following peripheral nerve 

injuries. Typically, Schwann cells, in response to nerve damage, undergo a transition from a 

myelinating phenotype to a repair specific molecular signature, characterized by altered molecular 

marker expression69. Prominent in this altered landscape is the marked elevation of NGFR 

expression69,81. NGFR is a versatile repair-associated receptor that contains a broad ligand binding 

portfolio, predominantly featuring members of the neurotrophin family. This includes ligands such 

as Nerve Growth Factor (NGF), Brain-Derived Neurotrophic Factor (BDNF), Neurotrophin-3 

(NT-3), and Neurotrophin-4/5 (NT-4/5)82. These neurotrophins, primarily synthesized by neurons, 

hold the reins to vital processes including neuronal survival, differentiation, and axonal extension. 

Interestingly, their expression isn't limited to neurons but spans to other cell types like Schwann 

cells, muscle fibers, and specific immune cells, underlining their multifaceted role in the post-

injury milieu83. 

The dynamic interplay between neurotrophins and NGFR is intricate and context 

dependent. For instance, NGF binding to NGFR can dictate the balance between Schwann cell 

survival and apoptosis. Meanwhile, interactions with BDNF and NT-3 have implications for 

cellular differentiation and synaptic dynamics84 . Following nerve injuries, the surge in NGFR 
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expression in Schwann cells is synchronous with neurotrophin release, leading to a cascade of 

autocrine and paracrine signals that are instrumental for nerve repair85. 

The engagement of NGFR with its ligands instigates a series of intracellular events. 

Though devoid of intrinsic kinase activity, the NGFR signaling is mediated by its association with 

various adaptor proteins and co-receptors. A notable sequence involves the recruitment of TRAF6 

upon neurotrophin binding, ensuing in a cascade that activates the IKK complex, culminating in 

NF-κB's nuclear translocation to modulate gene expressions86. Concurrently, the JNK pathway, 

known for its role in apoptosis, is initiated. This pathway's activation results in the upregulation of 

pro-apoptotic genes, steered by the phosphorylation and nuclear translocation of JNK87. The 

cellular fate, be it survival or apoptosis, post neurotrophin binding to NGFR, hinges on a delicate 

balance of these pathways, the cellular environment, co-receptor presence, and the specific 

neurotrophin in question. 

The multifaceted roles of NGFR, ranging from guiding Schwann cell phenotypic 

transitions to coordinating intricate ligand interactions, demonstrates its critical role in nerve 

repair. Furthermore, its potential as a biomarker for Schwann cell repair phenotypes accentuates 

its clinical and biological significance88. A thorough understanding of the NGFR expression profile 

across cell types is crucial for leveraging its therapeutic potential in peripheral nerve repair 

strategies. 

Cellular Senescence 

Cellular senescence is a state of irreversible cell cycle arrest, a phenomenon originally 

identified in human fibroblasts undergoing finite population doublings in culture89. While 

historically associated with age-related decline, senescence is now understood as a multifaceted 

biological response that can be triggered by various stressors, such as DNA damage, oxidative 
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stress, and telomere shortening. Though it has evolved as a tumor-suppressive mechanism, 

paradoxically, its accumulation has been implicated in driving various aspects of aging and age-

related diseases, including the decline of certain facets of skeletal muscle function. A hallmark of 

senescent cells is their resistance to apoptotic signals and the secretion of a complex mixture of 

bioactive molecules, referred to as the senescence-associated secretory phenotype (SASP). This 

SASP includes pro-inflammatory cytokines, chemokines, growth factors, and proteases90. On a 

molecular level, pathways such as p53/p21 and p16INK4a/RB are frequently activated in senescent 

cells, ensuring cell cycle arrest.  

Although skeletal muscle is considered a post-mitotic tissue based on the generally 

accepted view that myonuclei do not divide, muscle is a highly dynamic and regenerative tissue 

that relies on numerous proliferative cell types to maintain homeostasis. For example, a pool of 

muscle stem cells (satellite cells) is required for repair following muscle fiber damage and 

proliferating Schwann cells are critical for motor unit remodeling and reinnervation in denervating 

conditions. With advancing age, the number and function of satellite cells declines, with many 

adopting a senescent phenotype54 that may contribute to the diminished regenerative capability of 

aged muscles. The SASP from senescent muscle cells may further exacerbate muscle aging, by the 

creation of a chronic low-grade inflammatory environment, which has been linked to muscle 

atrophy, and fibrosis91. Clearing senescent cells or modulating the SASP are emerging as 

promising strategies to combat age-related diseases. Drugs known as senolytics, which selectively 

induce apoptosis in senescent cells, have shown potential in rejuvenating tissues, including skeletal 

muscle92. Additionally, interventions targeting SASP components could mitigate its deleterious 

effects on muscle function. Whether cell senescence is a factor in the depletion of tSCs from NMJs 

in muscles of old animals has not been examined.   
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1.5 Goals of thesis and outline of chapters 

The preceding discussion on NMJ remodeling highlights several unresolved issues 

pertaining to the cellular biology physiology of muscle-resident Schwann cells. It also raises 

questions about how changes in the regulatory mechanisms of these cells—or potentially other 

proliferative cell types—may contribute to muscle atrophy associated with denervation in aging, 

and the extent to which they may restrict the expansion of motor units in the elderly or in conditions 

marked by the loss of muscle fiber innervation. The experimental work presented in this thesis 

aims to fill these knowledge voids by methodically investigating the complex cell and molecular 

biology that underpins skeletal muscle and associated glial function. This research places particular 

emphasis on the aging process, response to oxidative stress, and neuromuscular recovery 

mechanisms. Employing cutting-edge in vivo and in vitro techniques, the studies aim to pinpoint 

critical elements that maintain NMJ integrity and overall neuromuscular health in mouse models. 

Chapter 2 details investigations asking the question of whether the accumulation of 

senescent cells during aging contributes to declining skeletal muscle function in aged mice. We 

specifically targeted and removed p16(INK4A)-expressing cells in 20-month-old mice and 

subsequently assessed muscle function, chemokine levels, and quantified intramuscular stem cells 

and macrophages at 26 months. The results underscore the potential therapeutic merits of senescent 

cell elimination in older mice and highlight the significance of proliferating cells attenuated with 

age. 

In Chapter 3, the focus shifts to investigations of one particular proliferating cell type in 

skeletal muscle. Schwann cells and glial cells critical for the nerve-muscle axis, known for their 

proliferative response during motor unit and NMJ structural remodeling. The experiments 

described in this chapter studied Schwann cells in culture and aimed to define the transcriptional 
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responses of Schwann cells under oxidative stress conditions, and the potentiality of Schwann cell-

derived factors in augmenting AChR density within muscle cells. 

Chapter 4 addresses similar question of the cellular and molecular regulation of Schwann 

cells under conditions of denervation and reinnervation in vivo. Using young Sod1 deficient mice 

(Sod1-/- mice), a widely studied model of chronic in vivo oxidative stress and progressive NMJ 

degeneration, we scrutinized NMJ remodeling during a defined 'regenerative window’ and 

discerned the dynamics of muscle-resident Schwann cells during denervation/reinnervation events. 

Methodologies encompassed muscle mechanics, NMJ high-resolution imaging, and single cell 

RNA-Sequencing (scRNA-Seq) of muscle-resident Schwann cells and other skeletal muscle 

mononuclear cells. This chapter sheds light on a novel temporal window within the lifespan of 

Sod1-/- mice, critical for identifying regulators of NMJ regeneration, and offers an extensive 

scRNA-Seq dataset of muscle-resident Schwann cells, including tSCs. The scRNA-Seq analysis 

further uncovers a unique cellular origin of secreted phosphoprotein 1 (SPP1) signaling from 

myelin Schwann cells (mSCs) targeting tSCs. 

In Chapter 5, we present validation studies conducted on wildtype mice subjected to nerve 

injuries, aiming to determine the role of SPP1 signaling in Schwann cell-mediated muscle 

reinnervation. We detail our findings on the gene expression profiles associated with the SPP1 

pathway and the repair phenotype of Schwann cells following nerve injury. Further, we evaluate 

the effects of inhibiting intramuscular SPP1 post peroneal nerve injury, probing its significance in 

muscle reinnervation and its potential modulation of tSCs. 

Chapter 6 offers a synthesis of the contributions of this thesis to the fields of Schwann cell 

biology and aging highlighting important knowledge gaps that the work helps to fill. The chapter 

also outlines avenues for future research supported by this work
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Chapter 2 Removal of p16INK4 Expressing Cells in Late-Age Mice has Moderate Effects on 

Skeletal Muscle Function 

2.1 Abstract 

Aging results in the progressive accumulation of senescent cells in tissues that display loss 

of proliferative capacity and acquire a senescence-associated secretory phenotype (SASP). The 

tumor suppressor, p16INK4A, which slows the progression of the cell cycle, is highly expressed in 

most senescent cells and the removal of p16-expressing cells has been shown to be beneficial to 

tissue health. Although much work has been done to assess the effects of cellular senescence on a 

variety of different organs, little is known about the effects on skeletal muscle and whether 

reducing cellular senescent load would provide a therapeutic benefit against age-related muscle 

functional decline. We hypothesized that whole-body ablation of p16-expressing cells in the 

advanced stages of life in mice would provide a therapeutic benefit to skeletal muscle structure 

and function. Treatment of transgenic p16-3MR mice with ganciclovir (GCV) from 20-26 months 

of age resulted in reduced p16 mRNA levels in muscle. At 26 months of age, the masses of tibialis 

anterior, extensor digitorum longus, gastrocnemius and quadriceps muscles were significantly 

larger in GCV-treated compared with vehicle-treated mice, but this effect was limited to male 

mice. Maximum isometric force for gastrocnemius muscles was also greater in GCV-treated male 

mice compared to controls. Further examination of muscles of GCV- and vehicle-treated mice 

showed fewer CD68-positive macrophages present in the tissue following GCV treatment. Plasma 

cytokine levels were also measured with only one, granulocyte colony stimulating factor (G-CSF), 
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out of 22 chemokines analyzed was reduced in GCV-treated mice. These findings show that 

genetic ablation of p16+ senescent cells provides moderate and sex specific therapeutic benefits to 

muscle mass and function. 

2.2 Introduction 

Biological aging is characterized by the progressive accumulation of tissue damage that 

leads to an overall reduction in both lifespan and healthspan.  Unlike congenital diseases that can 

be attributed to a single gene mutation, the dysfunction and pathologies that accompany aging are 

a result of abnormalities in many cellular and molecular processes. These include genomic 

instability, telomere attrition, mitochondrial dysfunction, stem cell exhaustion, loss of proteostasis, 

and cellular senescence 94.   

The cellular and molecular processes associated with organismal aging contribute to tissue 

aging in varying degrees and temporal onsets depending on the organ, as well as hereditary and 

environmental factors 95–97. With skeletal muscle aging, there are several broad clinical and 

physiological presentations that are associated with frailty. These hallmarks consist of a 

progressive decline in muscle mass and resultant decrease in strength, termed sarcopenia 98,99. 

Currently, the only available and effective interventions for ameliorating age-associated muscle 

loss are caloric restriction and exercise 100. Thus, there is a critical need to elucidate the 

mechanisms responsible for age-related muscle atrophy and weakness to develop more effective 

and broadly applicable treatments for increasing healthspan. 

 

93This chapter has been published in the journal of Frontiers in Aging: Guzman, S. D., Judge, J., Shigdar, S. M., Paul, 
T. A., Davis, C. S., Macpherson, P. C., Markworth, J. F., van Remmen, H., Richardson, A., McArdle, A., & Brooks, 
S. v. (2021). Removal of p16 INK4 Expressing Cells in Late Life has Moderate Beneficial Effects on Skeletal 
Muscle Function in Male Mice. Frontiers in Aging, 2, 821904. https://doi.org/10.3389/FRAGI.2021.821904/ 
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Cellular senescence is characterized by a terminal state of cell growth and has been shown 

to contribute to the aging process in many different tissues 101. Upon entering the state of cellular 

senescence, cells adopt a senescence associate secretory phenotype (SASP), which involves an 

upregulation of pro-inflammatory cytokine expression and protein secretion that further reinforces 

the cellular senescence program in cells within the microenvironment 102. Reducing cellular 

senescence appears to improve physical performance in old age 103–105. Furthermore, repression of 

cellular senescence through p16INK4A silencing and inhibition of reactive oxygen species (ROS) 

generation in muscle stem cells has been found to improve stem cell quiescence and autophagy 

106,107. To date there are few studies investigating the impact of cellular senescence directly on age-

associated muscle atrophy and weakness.  

In the present study, we assessed muscle function in an aged genetic mouse model (p16-3MR) in 

which p16INK4A-expressing senescent cells can be eliminated upon treatment with the drug 

ganciclovir (GCV). Here we show that male p16-3MR mice treated with GCV starting at 20-

months of age through to 26-months of age exhibited reduced muscle atrophy and increased force 

generation in select hindlimb muscles compared with vehicle-treated mice in which p16-

expressing cells were not deleted. 

2.3 Materials and Methods 

2.3.1 Animals 

Aged p16-3MR mice were obtained from the laboratory of Dr. Arlan Richardson at the Oklahoma 

University Health Sciences Center at ~19 months of age and adult (4-6 months) C57BL/6 mice 

were obtained from Charles River Laboratories and served as young adult controls. All mice were 

housed under specific pathogen-free conditions with ad-libitum access to food and water in the 
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University of Michigan Unit for Laboratory Animal Medicine. p16-3MR mice have been 

previously characterized and validated 108. These transgenic mice contain a truncated herpes 

simplex virus 1 (HSV-1) thymidine kinase (HSV-TK) that is driven by the p16INK4a promoter. This 

design allows for selective ablation of p16 expressing cells upon exposure to the guanosine analog 

antiviral, ganciclovir (GCV). GCV interacts with HSV-TK and leads to conversion of GCV into a 

toxic DNA chain terminator resulting in death of non-dividing senescent cells via mitochondrial 

DNA damage and caspase-dependent apoptosis 108,109. To determine the effects of late-life removal 

of p16-expressing senescent cells on skeletal muscle function, starting at 20 months of age, p16-

3MR mice were treated with GCV (25 mg/kg) for five consecutive days during each of the first 

two weeks of the study and then an additional 5 days once per month until the mice reached 25-

months of age (Figure 2.1A). Control p16-3MR mice (GCV-) were injected with an equal volume 

of saline (Figure 2.1A).  At 26 months of age, 4 weeks after last treatment, muscle force generation 

was measured as described below and hind limb muscles and blood were collected and processed 

for analysis. 

2.3.2 In vivo and in situ force testing 

Mice were anesthetized with initial intraperitoneal injections of Avertin (tribromoethanol, 

250 mg/kg) with supplemental injections to maintain an adequate level of anesthesia during all 

procedures. For in vitro contractile properties, soleus, and extensor digitorum longus (EDL) 

muscles were carefully removed from the animal and placed in a horizontal bath containing 

buffered mammalian Ringer solution (in mM: 137 NaCl, 24 NaHCO3, 11 glucose, 5 KCl, 2 CaCl2, 

1 MgSO4, 1 NaH2PO4, and 0.025 turbocurarine chloride) maintained at 25°C and bubbled with 

95% O2-5% CO2 to stabilize pH at 7.4. One tendon was tied to a force transducer (model BG-50, 

Kulite Semiconductor Products, Leonia, NJ) and the other tendon to a servomotor (model 305B, 
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Aurora Scientific, Aurora, ON).  Muscles were stimulated by square pulses delivered by two 

platinum electrodes connected to a high-power biphasic current stimulator (model 701B, Aurora 

Scientific). Custom-designed software (LabVIEW 2018, National Instruments, Austin, TX) 

controlled electrical pulse properties and servomotor activity and recorded data from the force 

transducer. The voltage of pulses was increased, and optimal muscle length (Lo) was subsequently 

adjusted to give maximum twitch force 110. The Lo was measured with digital calipers. Muscles 

were held at Lo and subjected to trains of pulses to generate isometric contractions. Pulse trains 

were 300 ms for EDL muscles and 900 ms for soleus muscles. Stimulus frequency was increased 

until the maximum isometric force (Po) was achieved 110. Previously established Lf-to-Lo ratios of 

0.44 for EDL muscles and 0.71 for soleus muscles 110 were used to calculate Lf for each muscle. 

The physiological cross-sectional area (CSA) of muscles was determined by dividing the mass of 

the muscle by the product of Lf and 1.06 g/cm3, the density of mammalian skeletal muscle. Po was 

normalized by the CSA to calculate specific Po (sPo), as a measure of intrinsic force generating 

capacity.   

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 

animal was then placed on a temperature-controlled platform warmed to maintain body 

temperature at 37°C.  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 maintain its 
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temperature.  The muscle was activated by stimulation of the tibial nerve using a bipolar platinum 

wire electrode. Similar to the in vivo force testing protocol used for the EDL and TA, the optimal 

voltage and Lo was determined based on the maximal twitch force. The same procedure was then 

repeated, but rather than activating the muscle via the tibial 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. 

EDL, soleus, and 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.   

2.3.3 Immunofluorescent imaging and analysis 

Cross-sections (10 μm) were cut from the muscle mid-belly in a cryostat at −20°C and adhered to 

SuperFrost Plus slides. Prepared slides for immune cell staining were blocked and permeabilized 

in blocking buffer (5% normal goat serum and 0.2% Triton X-100 in PBS) for 30 minutes at room 

temperature followed by overnight incubation at 4°C with primary antibodies. The following day, 

slides were incubated with Alexa Fluor conjugated secondary antibodies DAPI and mounted using 

Fluorescence Mounting Medium (Agilent Dako, S302380). A subset of slides was incubated with 

Alexa Fluor conjugated wheat germ agglutinin (Invitrogen, W32466). Slides prepared for satellite 

cell staining were lightly fixed with 2% PFA for 5 minutes and rinsed with 0.1% Triton X-100 in 

PBS (PBST), then blocked with 10% AffinePure Fab Fragment Goat Anti-Mouse IgG (Jackson 

ImmunoResearch), 2% bovine serum, and 5% normal goat serum overnight in 4°C. Primary anti-
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Pax7 (1:10) antibodies were applied to slides for 30 minutes at room temperature, followed by 

incubation with Alexa Fluor conjugated secondary antibody and DAPI (1 μg/mL) for 30 minutes 

at room temperature. The following primary antibodies (Abs) were used: rat anti-CD68 (Bio-Rad 

MCA1957), rabbit anti-Laminin (Abcam #7463), and mouse anti-Pax7 (DHSB #Pax7). 

Fluorescent images were captured using a Nikon A1 confocal microscope. Muscle morphology 

was analyzed on stitched panoramic images of the entire muscle cross-section by high-throughput 

fully automated image analysis with the MuscleJ plugin for FIJI/ImageJ 111. Immune cells and 

satellite cells were manually counted throughout the entire cross-section and then normalized to 

tissue area and fiber number as determined by MuscleJ. In all cases, the experimenter was masked 

to the experimental group. 

2.3.4 Reverse transcription quantitative PCR 

Frozen muscles were homogenized in Trizol (Thermo Fisher Scientific, Waltham, MA, 

USA). RNA was extracted and isolated with chloroform separatory extraction and isopropyl 

alcohol precipitation. The RNA samples were then treated with DNase (Invitrogen). Total RNA 

was reverse transcribed with SuperScript Reverse Transcriptase III using random hexamers to 

prime the extension (Thermo Fisher Scientific) to produce cDNA, which was then used for 

quantitative PCR (RT-qPCR) using SYBR Green qPCR Master Mix (Bio-Rad Laboratories, 

Hercules, CA, USA), according to the manufacturer's protocol. Whole muscle gene expression 

was measured by RT-qPCR on a CFX96 Real-Time PCR Detection System (Bio-Rad, 1855195) 

in 20 μL reactions of iTaqTM Universal SYBR® Green Supermix (Bio-Rad, #1725124) with 1 μM 

forward and reverse primers (Table 1) or with TaqMan® probes. Relative mRNA expression was 

determined using the 2−ΔΔCt method. The following primers/probes were used:  
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Table 2.1: List of primers used in this study 

Primers     

Gene   Sequence (5'-3') 

TNF-α 
Forward ATGGCCTCCCTCTCATCAGT 

Reverse TGGTTTGCTACGACGTGGG 

IL-6 
Forward TCCGGAGAGGAGACTTCACA 

Reverse TTGCCATTGCACAACTCTTTTCT 

AChRα 
Forward GCCATTAACCCGGAAAGTGAC 

Reverse CCCCGCTCTCCATGAAGTT 

MuSK 
Forward ACCGTCATCATCTCCATCGTGT 

Reverse CTCAATGTTATTCCTCGGATACTCC 

18s 
Forward GCTTGCTCGCGCTTCCTTACCT 

Reverse TCACTGTACCGGCCGTGCGTA 

Probes     

Gene Assay ID 

p16(INK4a) Mm00494449_m1 (Thermo Fisher Scientific)  

 

2.3.5 Plasma protein analysis 

Blood samples from p16-3MR mice were collected from the descending aorta while mice 

were under anesthesia (isoflurane).  Blood samples were collected into EDTA coated 

microcentrifuge tubes and centrifuged at 10,000 g for 10 mins at 4°C and plasma samples were 
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collected. Multiplex analysis for cytokines, chemokines and other factors was performed using 

the Luminex Bio-Plex Pro Mouse Cytokine 23-plex Assay (#M60009RDPD 

2.3.6 Statistical analyses and data presentation 

Data are presented as the mean ± SEM. Statistical analysis was performed in GraphPad 

Prism 9. Between-group differences were tested by two-tailed unpaired students t-tests (2 groups) 

or by one-way ANOVA (more than 2 groups). p ≤ 0.05 was used to determine statistical 

significance. 

2.4 Results 

2.4.1 Reduced p16 expression in skeletal muscle in GCV treated p16-3MR mice 

To verify successful depletion of p16-expressing cells, quantitative-PCR (qPCR) was 

performed in skeletal muscle (gastrocnemius muscles). A roughly 50% reduction of p16 

expression was found in skeletal muscles of GCV treated mice (GCV+) compared to saline treated 

controls (GCV) (Figure 2.1). These data show that removal of muscle-resident p16-expressing 

cells can be achieved with the p16-3MR model. 
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2.4.2 Muscle mass and force is greater in select hind limb muscles after removal of p16-

expressing cells 

Body mass did not differ between GCV+ and GCV- mice regardless of sex (Supplemental 

Materials (Figure 2.2), therefore, muscle masses are expressed in absolute terms, rather than 

normalized by body mass. Extensor digitorum longus (EDL), tibialis anterior (TA), gastrocnemius 

(GTN), and quadriceps (Quads) muscle masses were 12%, 19%, 11%, and 16% greater, 

respectively, in male GCV+ mice compared to vehicle controls (Figure 2.3), whereas plantaris and 

soleus muscle masses were not different between GCV+ and GCV- mice. Despite the modestly 

higher muscle masses found in GCV+ compared with GCV-mice, the effect on muscle mass was 

observed in the majority of the hind limb muscles examined, suggesting a broad effect to preserve 

muscle mass. In addition, the similarity in the degree of muscle mass preservation between muscles 

after late-life removal of p16 suggests that the effect is not specific to a particular muscle fiber 

composition. Despite broad effects in male mice, female GCV+ and GCV- mice displayed no 

differences in mass for any of the muscles studied (Figure 2.4). 

Figure 2.1: GCV+ muscle showed reduced expression of p16INK4A. (A) p16-3MR mice were given ganciclovir 
(GCV+) or vehicle (GCV-) via intraperitoneal (IP) injection at 20-months of age for 10 days over two weeks. 
Additional 5-day treatments were administered over one week in five subsequent months until sacrifice after 
six months. Tissue was harvested at 26-months of age. (B) p16 mRNA relative to 18s mRNA was reduced 
nearly ~50% in gastrocnemius muscles of GCV+ mice compared to saline treated controls (GCV-). Bars show 
the mean ± SEM of 3–5 mice per group with dots representing data from each individual mouse. Blue and red 
data points represent male and female mice, respectively. ** Denotes p <0.001 between groups for each tissue 
by one-way ANOVA with Tukey post hoc test. 
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Figure 2.2: Body masses of male and female mice. Body mass did not differ between GCV+ and GCV- mice. Bars 
show the mean ± SEM of 4-16 mice per group with dots representing data from each individual mouse. NS denotes p-
value > 0.05 between groups by two-tailed unpaired t-test. 

Figure 2.3: Hind limb muscle masses were preserved in male GCV+ mice. Masses are shown for extensor 
digitorum longus (EDL), tibialis anterior (TA), gastrocnemius (GTN) and quadriceps (Quad) muscles in milligrams 
for male ganciclovir treated (GCV+) and vehicle treated (GCV-) mice. Bars show the mean ± SEM of four mice per 
group with dots representing data from each individual male mouse. *Denotes p < 0.05 between groups by two-tailed 
unpaired t-test. 
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A 

B 

Figure 2.4: Absolute muscle mass and force did not differ between female GCV+ and GCV- mice. (A) Extensor 
digitorum longus (EDL), soleus, plantaris, tibialis anterior (TA), gastrocnemius (GTN) and quadriceps (Quad) muscle 
masses were not significantly different between GCV+ and GCV- mice. (B) Similarly, EDL, soleus, and GTN absolute 
muscle forces were not significantly different. Bars show the mean ± SEM of 5-16 mice per group with dots 
representing data from each individual mouse. 
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To determine the effects of p16+ cell depletion on muscle function we performed both in vitro and 

in situ muscle force testing. GCV treatment resulted in 13% and 10% greater maximum isometric 

tetanic force (Po) for GTN muscles with direct muscle stimulation and nerve simulation, 

respectively (Figure 2.4). These data are consistent with the higher GTN muscle mass for GCV+ 

mice and indicate that the increase in force generating capacity was attributable to an increase in 

functional muscle mass.  Furthermore, specific forces (specific Po, sPo) did not differ between 

GCV+ and GCV- mice (Figure 2.6) indicating no effect of the removal of p16 expressing cells on 

the intrinsic force generating capacity of the muscle. We also found no alterations in the expression 

of acetylcholine receptor subunit alpha (AChRα) or muscle-specific kinase (MuSK), canonical 

neuromuscular junction related genes, between GTN muscles in GCV+ and GCV- mice (Figure 

2.7). Po was not different between GCV+ and GCV- groups for EDL or soleus muscles from male 

mice or for any muscles of female mice. 

 

Figure 2.5: Gastrocnemius (GTN) muscles from male ganciclovir treated (GCV-) mice generated higher 
forces than muscles from vehicle treated (GCV-) mice. Data are shown for maximum isometric tetanic force (Po) 
generated by extensor digitorum longus (EDL), soleus and GTN muscles expressed in millinewtons (mN). EDL and 
soleus muscles were evaluated in vitro, while GTN muscles were evaluated in situ using both direct muscle 
stimulation and nerve stimulation. Bars show the mean ± SEM of four mice per group with dots representing data 
from each individual male mouse. *Denotes p < 0.05 and ** denotes p < 0.01 between groups by two-tailed 
unpaired t-test. 
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Figure 2.6: Specific forces did not differ between GCV+ and GCV- mice, regardless of sex. Soleus, EDL, and GTN 
specific muscle forces were not significantly different. Bars show the mean ± SEM of 5-16 mice per group with dots 
representing data from each individual mouse. 

 

 

Figure 2.7: AChRα and MuSK mRNA expression in gastrocnemius muscles were not significantly different in young, 
GCV-, and GCV+ mice. Bars show the mean ± SEM of 3-8 mice per group with dots representing data from each 
individual mouse. 
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2.4.3 CD68+ positive cell numbers are reduced in EDL muscles of GCV+ mice 

 Since the presence of senescent cells is thought to contribute to a pro-inflammatory 

environment, we assessed the total number of macrophages (CD68+ cells) in muscles of GCV+ and 

GCV- mice.  Compared with control GCV- mice, EDL muscles of GCV+ mice showed a reduced 

number of intramuscular CD68+ cells. The magnitude of the difference was ~25%, whether the 

number of cells were expressed relative to the cross-sectional area of the section or relative to the 

number of muscle fibers in the section (Figure 2.8A,B). We cannot establish from these 

experiments if the CD68+ cell depletion was due to genetic ablation of CD68+/p16+ cells following 

GCV treatment or due to a reduction in the inflammatory state of the tissue secondary to the loss 

of other senescent cell populations. Nevertheless, these data suggests that depletion of p16+ 

reduces intramuscular macrophage number in these aged mice and as such likely also impacted 

upon immune responses and function. 

2.4.4 Pax7+ cell content is not impacted by removal of p16-expressing cells  

With growing evidence of increased cellular senescence markers in post-mitotic fibers 

112,113 and increased expression of p16INK4A in resting geriatric and progeric muscle stem cells 106, 

we chose to analyze the numbers of Pax7+ muscle stem cells (MuSC, satellite cells), which are 

critical regulators of the health and repair of skeletal muscle 114,115. We evaluated Pax7+ cells in 

cross sections of soleus muscles based on the higher prevalence of satellite cells associated with 

slow compared to fast muscle fibers with age 116,117. In contrast to the reduction in CD68+ 

macrophages following depletion of p16+ cells, the numbers of Pax7+ cells were not different 

between GCV+ and GCV- mice whether expressed relative cross-sectional area or relative to the 

number of muscle fibers (Figure 2.8C,D).  
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Figure 2.8: CD68-positive but not Pax7-positive cells were reduced in GCV+ mice. (A) Representative images 
are shown for cross sections of extensor digitorum longus (EDL) muscles stained with an antibody to the 
macrophage marker CD68 (red) as well as wheat germ agglutinin (WGA, white) and DAPI (blue). (B) Data showing 
counts of intramuscular CD68-positive cells are shown for cross sections from ganciclovir (GCV+) and vehicle 
treated (GCV-) mice. (C) Representative images are shown for cross sections of soleus muscles stained with an 
antibody to the satellite cell marker Pax7 (green) as well as laminin (red) and DAPI (blue). White arrows indicate 
Pax7-positive cells that overlap with DAPI and are between sarcolemma and basal lamina of muscle fibers. (D) Data 
showing counts of intramuscular Pax7-positive cells are shown for cross sections from ganciclovir (GCV+) and 
vehicle treated (GCV-) mice. For both DC68 and Pax7, cell counts are expressed either relative the area analyzed 
(mm2) or by the number of muscle fibers in the sections (%).  Bars show the mean ± SEM of 5-8 mice per group 
with dots representing data from each individual mouse. Blue and red data points represent male and female mice, 
respectively. *Denotes p < 0.05 between groups by two-tailed unpaired t-test. Scale bar = 50 μm. 
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2.4.5 Plasma inflammatory factors and muscle cytokine expression are minimally impacted by 

p16-positive cell depletion 

Since GCV treatment in p16-3MR mice results in whole-body depletion of p16+ cells in 

tissues that are accessible to GCV treatment, we assessed plasma profiles for a wide array of 

inflammatory mediators and mRNA levels for select cytokines from skeletal muscle isolates.  Out 

of a panel of 22 inflammatory mediators assessed in plasma, only granulocyte colony-stimulating 

factor (G-CSF), to be lower in GCV+ mice compared to GCV- controls (Figure 2.9A). 

Furthermore, mRNA expression of tumor-necrosis factor alpha (TNF-α) and interleukin-6 (IL-6) 

mRNA, were not modified in GTN muscles of GCV+ mice (Figure 2.9B). These data suggest that 

alterations in inflammatory gene and protein expression are not largely affected after a late-life 5-

month long p16+ cell depletion regimen. 
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2.5 Discussion  

Herein we report the effects of late-life removal of p16+ cells on skeletal muscle function. 

Our study shows that modest muscle mass and muscle force preservation can be achieved with 

genetic ablation of p16+ cells in male mice. The degree of muscle mass (+11%) that was preserved 

in the GTN muscles with GCV treatment closely reflected the degree of increased force generation 

(+11.5%). These findings suggest that the mass preservation achieved through elimination of p16+ 

expressing cells was in fact preservation of contractile tissue with no change in inherent 

contractility, a conclusion supported by no effect of GCV treatment on specific force (force/CSA). 

Since GCV treatment results in whole-body removal of p16+ cells, the preservation in mass is 

likely a result of systemic influences on the skeletal muscle tissue rather than caused by direct 

changes to skeletal muscle fibers. TA, EDL, and quadriceps muscles also showed preservation of 

mass in GCV+ mice. We did not assess force generating capacity in TA or quadriceps muscles, 

and although differences in EDL muscles did not reach statistical significance, the trend was for 

an increase in treated mice when compared with saline treated controls did not reach statistical 

significance. Despite the similarity in force generation, increased muscle mass provides additional 

benefits as skeletal muscle serves other functional roles such as acting as a protein repository and 

as a site for glycolipid metabolism. Therefore, the preservation of muscle mass could provide other 

metabolic health benefits.  

Figure 2.9: Plasma inflammatory factors and skeletal muscle cytokine mRNA expression were 
largely unaffected with p16-positive cell deletion. (A) Plasma protein levels (pg/mL) for 22 
inflammatory mediators are shown for saline treated controls (GCV-), combined male and female GCV 
treated mice, GCV+ (all), male GCV treated mice, GCV+ (Male), and female GCV treated mice, 
GCV+(Female). (B) TNFα and IL-6 mRNA expression relative to 18s mRNA in gastrocnemius (GTN) 
muscles were not significantly different in young, GCV-, and GCV+ mice. Bars show the mean ± SEM 
of 3-8 mice per group with dots representing data from each individual mouse. *Denotes p < 0.05 
between groups by one-way ANOVA. 
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The current study utilized a treatment regimen that spanned many months, and muscles 

were evaluated at the most advance stages of life.  It is possible that benefits in muscle function 

through deletion of p16+ cells were achieved earlier during the treatment protocol. However, direct 

rigorous assessments of isolated muscle function are terminal procedures and as such we were 

unable to longitudinally assess the effects of GCV treatment on muscle function. Our findings of 

some evidence of preservation of muscle masses and strength were consistent with the report by 

Xu et al. (2018) of greater maximal walking speed, hanging endurance, grip strength, treadmill 

endurance and daily activity in mice as a result of late-life treatment with a senolytic cocktail of 

dasatinib plus quercetin. Since senolytics work through disabling senescent anti-apoptotic 

pathways (SCAP), a distinct mechanism of action compared to genetic ablation, our method only 

specifically removes p16INK4A expressing cells and does not directly affect other senescent 

promoting pathways such as p53/p21WAF1/CIP1 118. Nevertheless, our data show that directly 

attenuating the p16INK4A pathway also results in modest skeletal muscle benefits in male mice. 

An interesting finding in our study was the sexual dimorphism observed for our muscle 

assessments. The significant protective effect observed for muscle mass in male mice by the 

elimination of p16+ cells was not seen for GCV+ female mice. A recent study in mice showed that 

male mice, at 20-months of age, showed higher expression of both p16 and p21 mRNA in various 

tissues compared to female mice 119. However, at 30-months of age the numbers of senescent cells 

were equivalent between both sexes. Considering our treatment regimen began at 20-months of 

age, differences in the level of p16 expressing cells in male compared with female p16-3MR mice 

at this time-point may potentially explain the greater benefit of the deletion of p16+ cells observed 

for male mice.  Although sarcopenia is equally prevalent in both men and women, the rate of 

muscle mass and strength decline has also been reported to be faster in men 120. Therefore, 
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understanding the sex specific mechanisms that drive sarcopenia are important for advancing 

therapeutics that promote muscle health benefits. 

Tissue resident macrophages are critical for skeletal muscle regeneration after injury and 

muscle regeneration after injury requires inflammatory signals for proper repair 121,122. 

Furthermore, other studies have found that removal of senescent cells at injury sites has a negative 

impact on tissue regeneration 123,124. Therefore, whether the observation in the present study of a 

reduction in intramuscular CD68+ macrophages with p16+ cell ablation provides a functional 

benefit to muscle tissue remains unclear. Specifically, the effect of the reduction in CD68+ cells 

and perhaps other p16-expressing cells on the ability to respond to insults such as nerve or muscle 

injuries remains to be established. However, macrophage number has been shown to increase with 

age and produce low grade inflammation that contributes to muscle mass and functional decline125. 

Therefore, our finding of reduced macrophage number with GCV+ may provide a beneficial 

response in basal conditions. Moreover, another recent study showed that absence of fibro-

adipogenic progenitor (FAP) senescence after exercise leads to muscle degeneration with FAP 

accumulation126.  Building upon these findings, a more recent study utilized single-cell RNA 

sequencing (scRNA-Seq) to investigate into the cellular landscape of old skeletal muscles in 

female mice. This study demonstrated that FAPs from aged muscles upregulated senescence-

associated genes, notably p16 and p21.105. By using a cocktail of senolytic drugs, they were able 

to demonstrate functional benefits in the skeletal muscles of older mice, which included increased 

grip strength and a notable reduction in the expression of p53 signaling pathways, encompassing 

genes such as Gadd45a, Runx1, and Ankrd1, in comparison to controls treated with a vehicle. 

However, it is interesting to note that despite these functional improvements, there was no 
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evidence of preserved cross-sectional area (CSA) or overall muscle mass in mice treated with the 

senolytic cocktail (DQ) when compared to the vehicle control group. 

One benefit to removing cellular senescence is improvement of muscle stem cell function. 

At baseline, muscle stem cells from geriatric and progeric models have been shown to display an 

upregulation of senescence-associated genes including p16INK4A and a reduced regenerative 

capacity upon muscle injury 106. Repression of p16INK4A through shRNA restores quiescence and 

regeneration in aged mice. Our study showed no overall change in the number of Pax7+ muscle 

stems cells in GCV+ mice; however, we did not confirm whether the muscle stem cells also co-

expressed p16INK4A or if there was an effect of clearing p16+ cells on regenerative capacity. Future 

studies should investigate the critical senescent cell types that provide the greatest therapeutic 

efficacy when removed or modified. 

The SASP phenotype is one of the most extensively studied features of cellular senescence 

127. Our group sought out to understand whether removal of p16+ cells through a 5-month long 

treatment program would reduce systemic cytokine expression. We therefore assessed plasma 

chemokine inflammatory profiles using a 22-factor array. Our experiments showed no difference 

in overall inflammatory profiles between saline treated controls (GCV-) and GCV+ mice (both 

male and female). Although somewhat surprising, these data are consistent with findings from two 

independent studies that found no change in serum/plasma cytokine levels with p16+ cell ablation 

and treatment with senolytics 128,129. Similarly, we found no differences in expression of TNFα or 

IL-6 mRNA between GCV+ and GCV- GTN muscles. These data conflict with Baker et al. (2016), 

who found significantly reduced levels in both TNFα and IL-6 mRNA in GTN muscles of mice 

with removal of p16+ cells. However, their study used a different model of p16+ cell ablation and 

evaluated mice at a much younger age, with treatments to remove p16+ cells beginning at 12 
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months of age and evaluations performed at 18 months.  Our approach in the current study of 

deleting p16+ cells starting at 20-months of age and evaluating mice at the significantly more 

advanced ages of greater than 26 months may explain the difference between the present findings 

and those of Baker et al. Further investigation is required to understand the efficacy window for 

clearing p16+ cells to promote muscular function. 

Overall, our data show that elimination of p16INK4A expressing cells can provide modest 

late-life functional improvements and muscle mass preservation. These changes, however, are sex-

specific and therefore warrant further examination into the molecular processes that induce muscle 

health benefits in both male and female. Future studies are needed to determine molecular targets 

and treatment windows to combat overall skeletal muscle aging. 
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Chapter 3 Elevated ROS Induces Schwann Cell Derived Signaling to Enhance AChR 

Clustering in C2C12 Myotubes 

3.1 Abstract 

Reactive oxygen species (ROS) play dual roles in cellular physiology, ranging from 

maintaining homeostasis to causing oxidative stress and cellular damage. Particularly in the 

peripheral nervous system, Schwann cells are pivotal for axonal signal propagation and nerve 

repair, with their functionality being influenced by ROS dynamics. Despite known roles of ROS 

in Schwann cell activation, the direct impact on their secretome and subsequent synaptic support 

remains underexplored.  This study investigates the response of Schwann cells to oxidative stress 

and its subsequent impact on acetylcholine receptor (AChR) clustering, crucial for effective 

neuromuscular junction (NMJ) functionality. We employed in vitro experiments using primary rat 

Schwann cell cultures exposed to paraquat (PQ) to induce ROS generation. We evaluated the 

cytotoxic effects, ROS induction, and changes in trophic gene expression under oxidative stress. 

Further, we examined the influence of conditioned media from activated Schwann cells on AChR 

cluster formation in differentiated C2C12 myotubes. PQ treatment led to dose-dependent 

cytotoxicity and ROS generation in Schwann cells. Sublethal oxidative stress conditions induced 

the upregulation of repair genes, such as Gdnf and Ngfr, along with markers indicative of Schwann 

cell repair mechanisms. Conditioned media from PQ-activated Schwann cells significantly 

enhanced AChR cluster formation in C2C12 myotubes compared to untreated controls. Notably, 

brief exposure to Agrin followed by treatment with activated Schwann cell media was as effective 

as prolonged Agrin exposure in inducing AChR clustering. Our findings demonstrate that Schwann 
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cells respond to oxidative stress by upregulating genes associated with nerve repair and by 

secreting factors that potentiate AChR clustering in muscle cells. This suggests that modulating 

ROS levels can enhance Schwann cell-mediated synaptic support at the NMJ. The results highlight 

the therapeutic potential of targeting Schwann cell responses to oxidative stress in aging and 

neuromuscular disorders. 

 

3.2 Introduction 

Reactive oxygen species (ROS) are highly reactive molecules containing oxygen, 

emerging as natural byproducts of oxygen metabolism and playing critical roles in cellular 

signaling and maintaining physiological homeostasis130. While essential for homeostasis and 

defense, excessive ROS — generated during environmental stress or cellular dysfunction — can 

cause considerable damage, known as oxidative stress, impacting cell structures and functions131. 

This imbalance is implicated in various diseases and is a central theme in the free radical theory 

of aging132. The free radical theory suggests that ROS accumulation inflicts progressive damage 

to vital macromolecules, precipitating cellular senescence and tissue degeneration. The 

relationship between ROS and cellular stress responses spans a spectrum.  At one end is 'eustress,' 

which derives from the Greek "eu-" meaning 'good,' and signifies the positive impact of ROS in 

moderate levels130. This beneficial stress is instrumental in pathogen defense133, intracellular 

communication134, and activating protective genetic pathways135. On the opposite end, excessive 

ROS can overwhelm cellular antioxidant systems, causing oxidative stress with broad cellular 

consequences, including the promotion of age-related pathologies136,137. 

Glial cells, encompassing astrocytes, oligodendrocytes, microglia, and Schwann cells, are 

essential for neuronal support, contributing to the health and function of the nervous system. 
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Schwann cells, specific to the peripheral nervous system, are critical not only for facilitating axonal 

propagation of neural signals, but also for guiding axon regrowth during nerve repair69,81 and 

maintaining neuromuscular junctions (NMJs)40,42,138.  After nerve injury, Schwann cells are 

stimulated by a variety of cellular cues, including an abrupt increase in ROS139, to initiate a 

reparative response69,81, enhancing their proliferation140, migratory capacity141, and ability to 

support axon guidance69,81. The elevated levels of ROS at injury sites71 and potentially from 

denervated muscle136, can initiate complex intracellular signaling within Schwann cells, triggering 

transcription factors like NF-κB, Nrf2, and c-Jun, which in turn regulate genes essential for tissue 

repair and regeneration139,142,143. 

Exogenous ROS, such as hydrogen peroxide, have been used experimentally to trigger the 

MAPK/ERK signaling pathway in Schwann cells, pushing them towards a progenitor-like state 

capable of reprogramming in response to injury71. Activation of pathways including ERK1/2 and 

p38 MAPK has been associated with demyelination and cellular reprogramming necessary for 

regeneration78,79. Following nerve injury, Schwann cells not only participate in myelin clearance 

but also in the secretion of a suite of factors that support regeneration including neurotrophins, 

cytokines, and extracellular matrix (ECM) components that aid the recruitment of immune cells, 

axonal guidance, and the restoration of synaptic structure and function at the NMJ144,145. For 

example, Schwann cell-secreted factors such as GDNF and BDNF have been shown to specifically 

promote AChR clustering146 and muscle fiber reinnervation51, which is a determinant for effective 

synaptic transmission at the NMJ. While ROS has been identified as a stimulant for Schwann cell 

de-differentiation akin to nerve injury, the potential for altered redox states to directly influence 

the Schwann cell secretome, with implications for synaptic support, is yet to be fully explored. 
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The study described in this chapter employs in vitro experimentation to investigate the 

response of Schwann cells to oxidative stress and the impact of the resultant secretory behavior on 

AChR clustering. We hypothesized that Schwann cells activate trophic support pathways in 

response to treatment with ROS inducing agents and that the secreted factors promote AChR 

clustering in differentiated C2C12 myotubes. This research underscores the importance of precise 

ROS modulation in Schwann cell functionality and points to the therapeutic potential of harnessing 

this response in aging and neuromuscular disorders. 

 

3.3 Materials and Methods 

3.3.1 Schwann cell and C2C12 myotube cultures 

Cultures of adult rat Schwann cells 

The experimental procedures were ethically reviewed and received approval by the 

Institutional Animal Care and Use Committee at the University of Michigan, ensuring adherence 

to the institution’s policies as well as USDA and NIH standards for vertebrate animal research. 

Sciatic nerves were harvested from 3-month-old female rats (what strain). These were immediately 

excised under sterile conditions, preserved in chilled Leibovitz’s L-15 Medium supplemented with 

1% Penicillin-Streptomycin-Amphotericin B. 

Under a dissecting microscope, each sciatic nerve was meticulously cleared of non-nerve 

tissue and the outer epineurium was carefully detached. The nerves and epineurium were then 

separately maintained in fresh L-15 medium. Nerve fascicles were delicately separated to single 

fibers using specialized forceps, with routine transfer to new L-15 medium to ensure tissue 

integrity. For cell extraction, the nerve fibers and epineurium were digested enzymatically in a 

solution containing Dispase II and collagenase in high-glucose (Dulbecco's Modified Eagle 



 45 

Medium (DMEM), incubated overnight at 37 °C with 5% CO2. Post-digestion, the cells were 

isolated by adding fetal bovine serum (FBS) to Hanks′ Balanced Salt Solution (HBSS), followed 

by centrifugation. The cell pellet was then suspended in DMEM with FBS, filtered through a 

narrow glass pipet, centrifuged, and re-suspended in DMEM with FBS and antibiotics. Cells were 

then plated on poly-L-lysine and laminin-prepared plates for expansion. The cultures were 

incubated overnight at 37 °C in a CO2 incubator. The dishes were pre-coated with poly-L-lysine 

and mouse laminin solutions at specified temperatures and durations. The Schwann cell culture 

medium, composed of DMEM and Ham's F-12 Nutrient Mixture in a 3:1 ratio, was enriched with 

2% FBS, penicillin/streptomycin (1%), neuregulin (50 ng/mL), forskolin (2 µM), and N2 

supplement (1%). This medium was replaced every two to three days to support Schwann cell 

growth and minimize fibroblast contamination. Approximately three days post-expansion, the 

concentration of FBS in the Schwann cell media was increased to 10% to optimize the cell culture 

conditions. 

3.3.2 Assess Schwann cell viability and activation with Paraquat treatment 

Paraquat treatment and MTT Assay 

To evaluate the response of Schwann cells to oxidative stress via Paraquat (PQ) exposure, we 

conducted a systematic study employing the 3-(4,5-Dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide (MTT) assay for cell viability. Primary Schwann cells were plated 

at a density of 8,000 cells/well in a 96-well plate pre-coated with poly-L-lysine and laminin. After 

a day of cell adhesion, the cultures were exposed to varying concentrations of PQ (0, 10, 50, 100, 

250, and 500 µM) for 48 hours. After PQ treatment, cells were gently washed with PBS and 

incubated with MTT (Abcam) in serum-free media at 37°C for 3 hours. Solubilization of the 
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formazan product was facilitated by MTT solvent, with plates agitated in darkness for 15 minutes 

prior to quantifying absorbance at 590 nm using a microplate reader (Biotek). 

 

RT-qPCR 

For the RT-qPCR analysis, we employed a standardized protocol for RNA extraction and 

cDNA synthesis. The cells were lysed with Trizol reagent using a cell scraper and the lysate was 

transferred to microcentrifuge tubes for subsequent RNA isolation via phenol/chloroform 

extraction. The Qiagen Rneasy Kit was utilized for RNA purification and the concentration of the 

extracted RNA was measured using a NanoDrop 2000c Spectrophotometer from Thermo Fisher 

Scientific. To ensure the removal of any contaminating genomic DNA, the RNA samples were 

treated with Dnase I (Ambion) and the enzyme was subsequently inactivated by heating. We 

synthesized cDNA from 500 ng of total RNA using the SuperScript III Master Mix with Random 

Hexamers and dNTPs provided by Invitrogen. Quantitative PCR amplification was performed in 

a CFX96 Real-Time PCR Detection System from Bio-Rad, using iTaq Universal SYBR Green 

Supermix in a 20 µL reaction volume that included 1 µM of each primer. The expression levels of 

the target mRNAs were quantified using the 2-∆∆CT method, with Gapdh used as a normalization 

reference. The specific primer sequences used in the study are listed in Table 2. 
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Table 3.1: Primers used for RT-qPCR 

Name Sequence 
Agrn (Fwd) TTCCTCAGCAACTACAAACCTG  
Agrn (Rev) TTCACACACAGCACCAAAGC  
Ngfr (Fwd) TGCCTGGACAGTGTTACGTT 
Ngfr (Rev) ACAGGGAGCGGACATACTCT 
Gdnf (Fwd) CCAGTGACTCCAATATGCCTG 
Gdnf (Rev) CTCTGCGACCTTTCCCTCTG 
Gapdh (Fwd) CACCATCTTCCAGGAGCGAG 
Gapdh (Rev) CCTTCTCCATGGTGGTGAAGAC 
Bdnf (Fwd) TCATACTTCGGTTGCATGAAGG 
Bdnf (Rev) AGACCTCTCGAACCTGCCC 
c-Jun (Fwd) CCTTCTACGACGATGCCCTC 
c-Jun (Rev) GGTTCAAGGTCATGCTCTGTTT 
Tnc (Fwd) CTACCACAGAGGCCTTGCC 
Tnc (Rev) AGCAGCTTCCCAGAATCCAC 

 

3.3.3 Schwann cell conditioned media treatments and aneural clustering assay 

 

Schwann cells were cultivated in T75 flasks until reaching full confluency. Post 

confluence, cells were washed with warm F12 medium and then incubated with Schwann cell 

growth medium with either absence (0 µM) or presence (100 µM) of PQ. After a 48-hour period, 

the conditioned media were collected and prepared by combining equal parts with fresh C2C12 

differentiation media, yielding three media variations: control, Schwann cell-conditioned (SC-

CM), and activated Schwann cell-conditioned (aSC-CM) media. All collected media were sterile 

filtered with 0.4 μm syringe filter prior to use. 

In parallel, C2C12 myoblasts at passages 3-5 were cultured to approximately 70% 

confluence, after which differentiation was induced using DMEM with 2% horse serum. At day 5 
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of differentiation, the formed myotubes were treated with control, SC-CM, or aSC-CM media for 

four hours. To produce aneural clusters in the presence of Agrin, some myotube cultures received 

control media with recombinant Agrin (1 nM) for the same duration to induce AChR clustering. 

A final set was exposed to a 10 minute pulse of recombinant Agrin, followed by the 

aforementioned conditioned media treatments for the remainder of the four-hour period. AchRs 

were labeled by the binding of Alexa Fluor 488 α-Bungarotoxin (α-BTX) (Invitrogen). Myotubes 

were incubated with the α-BTX diluted (1:500) in differentiation media for 1 hour at 37°C in 5% 

CO2. The number of AchR clusters per field in their longest dimension (≥25 μm) was measured 

using ImageJ software. 

3.3.4 Schwann cell immunofluorescent staining, imaging, and analysis 

For immunofluorescent characterization of Schwann cells, we performed a series of 

staining procedures to detect specific cell markers. Cultures were first fixed using a 4% 

paraformaldehyde (PFA) solution for 10 minutes and subsequently treated with ice cold methanol 

for 1 minute to permeabilize the cells. Blocking was achieved with a 4% solution of goat serum in 

PBS to prevent non-specific antibody binding, for 30 minutes. Primary antibodies against S100B 

(DAKO) and Ki67 were applied to the cells and left to bind overnight at 4°C. 

Following primary antibody binding, cells were subjected to an hour-long incubation at 

room temperature with fluorescently-labeled secondary antibodies conjugated to Alexa Fluor dyes 

(Life Technologies). Concurrently, nuclei were counterstained with 4′,6-diamidino-2-

phenylindole (DAPI). Imaging was performed using a Lionheart tabletop inverted microscope 

(Biotek), capturing images at 10x magnification. We ensured reproducibility and statistical 

relevance by obtaining three random fields of view from each well for each experimental 

condition. 
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3.3.5 Statistical Analysis 

Data are presented as the mean ± SEM. All statistical analyses were performed using 

GraphPad Prism 8 (GraphPad Software). Between-group differences were tested by a one-way 

analysis of variance (ANOVA) followed by Dunnett’s multiple comparisons test. Differences were 

considered to be statistically significant at the P < 0.05 level (*p < 0.05, **p<0.01, ***p < 0.001, 

ns: not significant).  

 

3.4 Results 

3.4.1 Schwann cells are activated in response to paraquat treatment and upregulate trophic 

gene expression 

We first examined the cytotoxic impact and reactive oxygen species (ROS) induction by 

paraquat (PQ) on primary rat Schwann cell cultures across a range of PQ concentrations (Figure 

3.1.A). Following a 48-hour period of PQ exposure, cell viability assessments revealed a 

significant decline to 50% at 100 µM PQ and to 25% at 250 µM PQ, with total lethality at 500 µM 

PQ. ROS generation was confirmed through increased fluorescence intensity in CellROX-stained 

cells in a dose-responsive manner compared to untreated controls (Figure 3.1.B). 

Immunofluorescence staining for the Schwann cell marker S100B and the proliferation marker 

Ki67 after PQ treatments corroborated the cell viability findings (Figure 3.1.C). Statistical 

analysis indicated a 50% reduction of S100B+ and Ki67+/S100B+ cell populations at the 100 µM 

PQ dose relative to both control and 10 µM PQ treatments (Figure 3.1.D). RT-qPCR assays post-

treatment displayed more than a two-fold increase in Gdnf and Ngfr mRNA expression at the 100 
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µM PQ level, implying activation of Schwann cell repair mechanisms. Additionally, the 

expression of c-Jun and Agrn was also elevated, indicating a potential shift towards cellular repair 

processes and the secretion of factors related to post-synaptic AChR clustering. These findings 

Figure 3.1: Impact of Paraquat on Schwann Cell Dynamics and Gene Expression. (A) MTT assays reveal a 
dose-dependent decrease in cell viability corresponding to higher Paraquat (PQ) concentrations. (B) Visualization of 
primary Schwann cells using CellRox (Green) for oxidative stress, Phalloidin (Red) for cytoskeletal F-actin, and 
DAPI (Blue) for nuclear staining following one hour of PQ exposure. (C) Immunofluorescence images display 
Schwann cells with S100B (Red) labeling, proliferative activity via Ki67 (Green), and nuclear identification with 
DAPI (Blue). (D) Analysis of immunostained cells demonstrates diminished counts of S100B-positive and double-
labeled Ki67/S100B cells post-treatment with 100 μM PQ, relative to control and 10 μM PQ-treated counterparts. 
(E) RT-qPCR data present transcriptional levels of genes indicative of Schwann cell repair phenotype and 
neuromuscular junction organization under PQ treatment. Error bars represent mean ± SEM. Statistical significance 
is indicated by an asterisk (*) following One-way ANOVA testing. 
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collectively point to the upregulation of repair pathways in Schwann cells under sublethal 

oxidative stress conditions. 

3.4.2 Enhanced AChR Cluster Formation in C2C12 Myotubes by Activated Schwann Cell 

Media 

We next wanted to determine whether Schwann cells stimulated to upregulate repair 

programs due to increased ROS levels can influence aneural AChR clustering in differentiated 

C2C12 myotubes. Conditioned media were collected from both untreated (SC-CM) and 100 µM 

PQ-activated Schwann cells (aSC-CM) after a 48-hour incubation (Figure 3.2.A). Differentiated 

C2C12 myotubes were then exposed to these conditioned media for a period of four hours, after 

which aneural AChR clustering was assessed (Figures 3.2.B-C). The analysis revealed a notable 

increase in AChR cluster formation in myotubes treated with aSC-CM, compared to those treated 

with SC-CM and untreated control myotubes (Figure 3.2.C). 

Given the known efficacy of recombinant Agrin in inducing AChR clustering in myotubes 

in culture, our study further explored the comparative effects of SC-CM and aSC-CM in alongside 

Agrin treatment. Consistent with expectations, a pronounced induction of AChR clusters was 

noted following a four-hour Agrin exposure (Figure 3.2.B,D). Interestingly, a brief ten-minute 

Agrin application followed by aSC-CM treatment for the remainder of the period yielded AChR 

cluster numbers statistically similar to the extended four-hour Agrin exposure (Figure 3.2B,D). 

This suggests that the presence of factors secreted by Schwann cells under elevated ROS 

conditions can initiate and enhance AChR clustering, particularly when combined with Agrin. 

Overall, these findings demonstrate that Schwann cells, when activated by ROS, secrete factors 

capable of inducing and potentiating AChR clustering in myotubes. 
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Figure 3.2: Enhanced AChR Cluster Formation in Myotubes by Conditioned Media from Activated Schwann 
Cells. (A) A schematic representation of the experimental design. (B) Immunofluorescent (IF) images of myotubes 
treated with various media: control, Schwann cell conditioned media (SC-CM), activated Schwann cell conditioned 
media (aSC-CM) treated with 100 μM PQ, and combinations of Agrin treatments (1 nM for 10 minutes or 4 hours, 
and 10-minute Agrin followed by SC-CM or aSC-CM). (C) Analysis of AChR clusters (longer than 25 μm) from IF 
images revealed a significant increase in cluster formation in myotubes treated with aSC-CM compared to those 
treated with control media or SC-CM. (D) Regarding Agrin-induced clustering, myotubes exposed to 4 hours of 
Agrin and those treated with a 10-minute Agrin pulse followed by aSC-CM demonstrated a higher count of AChR 
clusters compared to myotubes treated with a 10-minute Agrin pulse alone or with SC-CM. Bars show the mean ± 
SEM. *Denotes significance by One-way ANOVA. 
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3.5 Discussion 

This study offers significant insights into the dynamic response of Schwann cells to 

oxidative stress and their subsequent influence on NMJ architecture, particularly in the context of 

AChR clustering in myotubes. Our findings reveal a dual aspect of ROS in Schwann cells: a 

mediator of cellular damage at high concentrations and a trigger for trophic support pathways at 

sublethal levels. 

We observed that exposure to PQ, an inducer of ROS, led to a dose-dependent decline in 

Schwann cell viability, with a notable reduction at higher concentrations. This outcome is 

consistent with the known cytotoxic effects of excessive ROS. Intriguingly, at sublethal 

concentrations, Schwann cells exhibited an upregulation of genes associated with repair 

mechanisms, such as Gdnf and Ngfr. This suggests that ROS, at controlled levels, can act as a 

stimulus for Schwann cells to enter a reparative state, potentially recapitulating the response to 

nerve injury81,85. 

The influence of Schwann cells on NMJ dynamics was further highlighted by the impact 

of Schwann cell conditioned media on AChR clustering in C2C12 myotubes. Myotubes treated 

with media from ROS-activated Schwann cells showed enhanced AChR clustering compared to 

untreated controls, underscoring the role of Schwann cell-derived factors in modulating NMJ 

structure. This effect was further amplified when combined with Agrin, a known inducer of AChR 

clustering18,147, indicating a synergistic interaction between Schwann cell-secreted factors and 

Agrin. Given the proximity of terminal Schwann cells to skeletal muscles at the NMJ, and 

considering our gene expression data which indicated upregulation of Agrin and Gdnf, we propose 

that these proteins might play a significant role in either directly inducing or enhancing AChR 

clustering, respectively. However, the specific mechanisms through which GDNF may influence 
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endplate size expansion remain unclear and warrant further investigation. Additionally, the 

possibility that other unidentified proteins or non-protein factors, such as metabolites, in the 

Schwann cell media contribute to AChR clustering cannot be ruled out. Comprehensive future 

studies employing techniques like bulk RNA sequencing or proteomics are needed to identify these 

potential contributing molecules that are producing the AChR clustering effects in vitro and further 

our understanding of the molecular underpinnings of NMJ remodeling by Schwann cells. 

Moreover, to substantiate the relevance of these findings within the context of whole muscle tissue, 

in vivo validation is imperative. Given the strategic localization of tSCs at the post-synaptic 

membrane and their proximity to subsynaptic myonuclei148 — the primary myonuclei subtype 

expressing AChR proteins — it is plausible that a signaling crosstalk between subsynaptic nuclei 

and tSCs is vital for mediating AChR clustering. This interaction is hypothesized to become more 

pronounced during muscle denervation, due to an increase in tSC numbers and closer physical 

association in the absence of the nerve terminal43,45. Advanced techniques such as single-nuclei 

RNA-Sequencing from denervated muscles coupled with intercellular network analysis could offer 

profound insights into the critical signaling pathways that govern communication between 

Schwann cells and myonuclei. 

Our findings align with the broader understanding of ROS as a double-edged sword in 

cellular biology. While high levels of ROS are detrimental, moderate ROS elevation can serve as 

a signaling mechanism, activating pathways that promote tissue repair and regeneration130,134,135. 

In the context of Schwann cells, this balance appears crucial for their role in nerve repair and NMJ 

maintenance139. This study not only advances our understanding of Schwann cell biology but also 

opens avenues for therapeutic strategies targeting oxidative stress in neuromuscular disorders. By 

harnessing the ROS-responsive pathways in Schwann cells, it might be possible to enhance nerve 
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repair and NMJ function, particularly in aging and disease states characterized by oxidative stress. 

Future investigations into the specific factors secreted by ROS-activated Schwann cells and their 

direct effects on NMJ components could provide further clarity on this promising therapeutic 

potential. 
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Chapter 4 Decoding Muscle-Resident Schwann Cell Dynamics During Neuromuscular 

Junction Remodeling in Sod1-/- Mice 

4.1 Abstract 

Neuromuscular junction (NMJ) integrity is crucial for effective muscle function and 

voluntary movement. Disruption of NMJ communication is a hallmark of neuromuscular diseases 

like amyotrophic lateral sclerosis (ALS) and sarcopenia. Understanding the mechanisms of NMJ 

maintenance and regeneration is therefore pivotal for developing therapeutic interventions. We 

utilized Sod1-/- mice, a model exhibiting progressive NMJ degeneration, crossed with S100GFP-

tg mice to visualize Schwann cells. We conducted functional, molecular, and morphological 

evaluations of NMJs between 1 and 3 months of age. This included in situ gastrocnemius muscle 

contractility assessments, RT-qPCR analysis of genes involved in neuromuscular denervation and 

Schwann cell activation, and high-resolution imaging to evaluate NMJ structure and Schwann cell 

responses. Our findings identified a significant NMJ 'regenerative window' in Sod1-/- mice, 

characterized by a transient but recoverable impairment in neurotransmission, particularly at 2 

months. Molecular analyses showed increased expression of genes linked to NMJ remodeling. 

Morphological assessments revealed an increase in terminal Schwann cell (tSC) numbers and 

synaptic area, indicating active NMJ repair. Single-cell RNA sequencing of muscle-resident 

Schwann cells unveiled two distinct tSC subtypes, with the tSC-B subtype being predominantly 

increased in Sod1-/- mice. This subtype displayed a unique transcriptomic profile associated with 

synapse organization and neuron projection extension, highlighting its potential role in NMJ 

reinnervation. Our study reveals critical insights into the dynamics of NMJ remodeling and 
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reinnervation in a model of progressive NMJ degeneration. We demonstrate the presence of a 

regenerative window, significant Schwann cell proliferation, and the emergence of a novel 

Schwann cell subtype during NMJ repair. These findings contribute to our understanding of 

Schwann cell biology in NMJ maintenance and provide a foundation for future therapeutic 

strategies targeting neuromuscular degeneration. 

4.2 Introduction 

The neuromuscular junction (NMJ) is the terminal synapse of the motor system, orchestrating 

muscle contraction and, by extension, voluntary movement. Effective neurotransmission at the 

NMJ is paramount for neuromuscular communication, with any degenerative alterations at the 

synapse having the potential to impair muscle contractile function and overall mobility. NMJ 

degeneration and denervation are pivotal contributing factors to the onset and progression of 

degenerative neuromuscular diseases, such as amyotrophic lateral sclerosis (ALS)149,150, and 

sarcopenia, the age-related loss of muscle mass and function7. Incomplete understanding of 

mechanisms that control NMJ maintenance and regeneration represents a critical barrier to the 

development of effective therapeutic interventions for these and other devastating conditions.    

The major cellular components of the NMJ are the pre-synaptic motor neuron (MN), the post-

synaptic muscle fiber, and supporting glia. The primary glial cell type at the NMJ is a specialized 

non-myelinating Schwann cell population referred to as terminal Schwann cells (tSCs). tSCs 

regulate synaptic activity151, and tSC proliferation is critical to generate a sufficient number of 

Schwann cells to sustain the physiological regenerative response required for effective muscle 

reinnervation43,152. Despite the importance of SCs and SC proliferation in promoting muscle fiber 

reinnervation, the cell biology and physiology of muscle resident SCs and their response to 

denervation remain poorly understood.  
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Widespread and progressive NMJ degeneration and denervation are prominent phenotypes of 

Sod1-/- mice, which lack the enzyme superoxide dismutase 1 (Sod1), making them a broadly used 

model for testing hypotheses focused on the regulators of NMJ structure and function153–155.  An 

intriguing recent revelation from this mouse model is a distinct timeframe early in life during 

which the expression in muscles of acetylcholine receptor alpha (Chrna) mRNA levels and 

mitochondrial reactive oxygen species (mtROS) production are dramatically but transiently 

elevated156. Upregulation of Chrna and mtROS production are both known to increase significantly 

in response to muscle denervation136,157,158. The pattern of transient increases around 2 months of 

age and return to baseline by 3 months for both Chrna mRNA and mtROS suggests a robust 

denervation/reinnervation event that identifies a potential 'regenerative window' in which the 

regulation of NMJ repair processes can be examined in detail.  

To comprehensively assess the role of muscle-resident Schwann cells in NMJ remodeling and 

muscle fiber reinnervation, we crossed Sod1-/- mice with S100GFP-tg mice159 that express green 

fluorescent protein driven by the S100B promoter, to create S100GFP-tg Sod1-/- mice, in which 

Schwann cells could be easily visualized and subsequently isolated for detailed molecular analysis. 

Using these mice, we assessed functional innervation, evaluated morphological features of tSCs 

in conjunction with pre- and post-synaptic structural attributes of NMJs, and performed single-cell 

RNA-sequencing on muscle-resident Schwann cells during the putative regenerative window 

between 1 and 3 months of age. We validated the occurrence and time course of an extensive 

denervation event followed by a successful reinnervation response that involves substantial tSC 

proliferation. Our muscle Schwann cell sequencing data provides single-cell resolution 

unprecedented in existing data sets, elucidating several muscle-resident Schwann cell subtypes, 
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including the emergence of a previously unreported tSC subtype associated with the denervation-

reinnervation response marked by a neurogenic transcriptomic signature. 

4.3 Methods 

4.3.1 Animal Models 

All experimental procedures were approved by the University of Michigan Institutional 

Animal Care and Use Committee (PRO00010548) and conducted in accordance with National 

Institutes of Health guidelines. Animals were sacrificed via intraperitoneal injection of 

tribromoethanol, followed by administration of a pneumothorax.  

All mice used for experimentation were bred at the University of Michigan with Sod1−/− 

and WT mice initially provided generously by Dr. Holly Van Remmen while she was at the 

University of Texas Health Science Center at San Antonio160. Mice expressing enhanced Green 

Fluorescent Protein (GFP) driven by the S100B promoter to visualize Schwann cells (S100GFP-

tg Kosmos mice)159 were generously provided by Dr. Alison Snyder-Warwick at Washington 

University in St. Louis, MO. S100GFP-tg mice were crossed with Sod1−/− mice to form a first 

generation of mice that contained a knockout allele for Sod1 and wild type allele for the Sod1 gene 

and the S100GFP transgene, S100GFP-tg Sod1+/−. First generation mice were crossed to generate 

a second generation of Sod1−/− mice expressing GFP under the S100B promoter to be used for our 

experiments. To maintain a stable colony of S100GFP-tg Sod1−/− mice, male S100GFP-tg Sod1−/− 

and female S100GFP-tg Sod1+/− mice were consistently bred to produce litters with approximately 

50% of the mice containing the experimental genotype, S100GFP-tg Sod1−/−. Control mice in this 

study contain the genotype, S100GFP-tg Sod1+/+, simply referred to as S100GFP-tg. 
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4.3.2 In situ Force Testing 

 Mice were anesthetized with initial intraperitoneal injections of Avertin (tribromoethanol, 

250 mg/kg) with supplemental injections to maintain an adequate level of anesthesia during all 

procedures. Gastrocnemius (GTN) or tibialis anterior (TA) muscle contractile properties were 

measured in situ, as described by Larkin et al. (2011)161. In anesthetized mice, the whole GTN or 

TA 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 animal was then placed on a temperature-controlled 

platform warmed to maintain body temperature at 37°C. The hindlimb was secures to the platform, 

and the tendon was 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 muscles to maintain 

temperature. Muscles were activated either by stimulation of the tibial (GTN muscle) or common 

peroneal (TA muscle) nerve using a bipolar platinum wire electrode or by direct stimulation of the 

muscle via cuff electrodes wrapped around the proximal and distal ends of the muscle. Custom-

designed software (LabVIEW 2018; National Instruments, Austin, TX) controlled electrical pulse 

properties and servomotor activity and recorded data from the force transducer. The voltage of 0.2 

ms stimulus pulses was increased, and optimal muscle length (Lo) was subsequently adjusted, to 

give maximum twitch force. The Lo was measured with digital calipers. Muscles were held at Lo 

and subjected to 300 ms trains of pulses with increase stimulation frequencies maximum isometric 

force (Po) was achieved. Previously established Lf-to-Lo ratios of 0.45 for GTN muscles and 0.6 

for TA muscles were used to calculate Lf for each muscle. The physiological cross-sectional area 

(CSA) of muscles was determined by dividing the mass of the muscle by the product of Lf and 

1.06 g/cm3, the density of mammalian skeletal muscle162. Po was normalized by the CSA to 
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calculate specific Po (sPo), as a measure of intrinsic force generating capacity. Functional 

innervation was assessed by calculating the ratio of force production in response to nerve 

stimulation relative to the force elicited by direct muscle stimulation. A value of 1.0 indicates high 

fidelity of the nerve-muscle functional connections, while the extent to which the ratio is less than 

1.0 provides an indication of the fraction of muscle fibers that are unable to respond to nerve 

stimulation.       

4.3.3 Immunofluorescent Staining and Imaging 

Animals were sacrificed and the muscles were fixed in 4% paraformaldehyde (PFA) in PBS for 

15 min and sucrose protected overnight with 20% sucrose, followed by embedding in optimal 

cutting temperature (OCT) compound (Tissue Tek) and stored at -80°C prior to use. For 

visualization and examination of neuromuscular junction (NMJ) structure, muscles were dissected 

using fine forceps to tease muscle fibers into layers consisting of a maximum of 10-20 muscle 

fibers. The samples were then treated with ice cold methanol for 30 seconds, washed 3 times in 

PBS for 5 min each, then blocked for 30 minutes at room temperature in 5% goat serum, PBS, 

triton X-100 (0.5%), and 2% bovine serum albumin (BSA). Fab fragments (10% in blocking 

solution) were used to block endogenous IgG before applying any mouse monoclonal primary 

antibodies. Muscle fiber bundles were then stained with antibodies and mounted on a slide, and 

coverslips were applied. 

Primary antibodies used for this experiment were as follows: a combination of NF and SV2 

(Developmental Studies Hybridoma Bank) for labeling α-motor axon terminals and axons, anti-

S100 (Dako, Z0311) to enhance labeling of all SCs, anti-Ki67 (rat), anti-SPP1 (Abcam, ab8448), 

and anti-CD44 (Thermo Fisher Scientific, 50-143-16).  Secondary antibodies consisted of Alex 

Fluors that were conjugated to the secondary antibodies (Life Technologies). α-BTX conjugated 
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to Alexa Fluor 555 (Invitrogen, B35451) was used to label the acetylcholine receptors (AChR), 

and 4′,6-diamidino-2-phenylindole (DAPI) was used to label all nuclei. 

A Nikon A1 high-sensitivity confocal laser scanning microscope with 40× oil immersion 

objective was used to capture 16-bit, 512×512-pixel frame size, Z-stack images with 1 µm interval. 

A minimum of 20-30 NMJs were acquired per animal. 

4.3.4 NMJ Feature Quantification 

Fiji software was used for quantitative analysis of confocal micrographs. All analyses were 

performed on maximum intensity projections using guidelines described in detail in the NMJ-

Morph image processing pipeline.163 The obtained images were preserved as nd2 Nikon files and 

subsequently imported into ImageJ software, with channels consolidated into a single tiff image 

prior to their separation for individual component analysis. Initial preparations involved the 

division and cropping of images to ensure each contained a singular NMJ, enabling individual 

analysis of each NMJ. The analysis was constrained to en-face NMJs only.  

For each channel, a threshold was set using the thresholding tool to produce a binary mask 

that most closely resembled the real image of the NMJ component being analyzed. The binary 

mask was selected and measured to provide the area and perimeter of the selected channel (Figure 

4.2). The endplate mask was generated by applying the ‘Create background’ FIJI tool on the AChR 

mask, which completely fills in the AChR mask. Endplate area and diameter were also measured 

(Figure 4.2A). This process was repeated for every NMJ image, for each of the NMJ components.  

The ‘Overlap’ and ‘SC Coverage’ measurements (Fig 4.2D,E) were derived in accordance 

to NMJ-Morph guidelines. Briefly, the following calculations were used:  
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𝑂𝑣𝑒𝑟𝑙𝑎𝑝, 𝑆𝐶	𝐶𝑜𝑣𝑒𝑟𝑎𝑔𝑒 = 	 /
𝐴𝑐ℎ𝑅	𝐴𝑟𝑒𝑎 − 𝑢𝑛𝑜𝑐𝑐𝑢𝑝𝑖𝑒𝑑	𝑎𝑟𝑒𝑎	𝑜𝑓	𝐴𝐶ℎ𝑅

𝐴𝐶ℎ𝑅	𝐴𝑟𝑒𝑎 : × 	100 

 

 	

𝑆𝑦𝑛𝑎𝑝𝑡𝑖𝑐, 𝑆𝐶	𝐶𝑜𝑣𝑒𝑟𝑎𝑔𝑒	𝐴𝑟𝑒𝑎	 = 	𝐴𝑐ℎ𝑅	𝐴𝑟𝑒𝑎 − 𝑢𝑛𝑛𝑜𝑐𝑢𝑝𝑖𝑒𝑑	𝑎𝑟𝑒𝑎	𝑜𝑓	𝐴𝐶ℎ𝑅	

	

The unoccupied area denotes regions lacking colocalization with α-BTX. Following the generation 

of a binary mask for calculating the AChR, nerve teriminal, and tSC areas (Figure 4.3A-C), the 

masks were processed, inverted as needed, and merged to measure unoccupied areas of AChR. 

Beyond structural area measurements, attention was given to NMJs manifesting visible 

polyinnervation—characterized by the convergence of at least two axons onto a single NMJ 

(Figure 4.3F). Furthermore, the presence of axon terminal blebs per NMJ was recorded (Figure 

4.3F). 

  

4.3.5 NMJ UMAP and k-means clustering analysis 

Raw data for all sixteen NMJ features described above were imported into R. The numeric 

dataset underwent Z-score normalization through the scale() function in R. This normalization 

ensured a transformation of every individual feature to attain a mean of 0 and a standard deviation 

of 1, critical for subsequent analyses. Uniform Manifold Approximation and Projection (UMAP) 

was performed, using the ‘umap’ package on R, on the scaled data using a fixed seed to ensure 

reproducibility. Our decision on the optimal number of clusters—set at four—was steered by a 

combination of unbiased clustering methods combined with domain insights. Notably, our 

emphasis was on segregating the densely populated region on the UMAP associated with the 2-
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month-old Sod1-/- NMJs from control NMJs, while also achieving a graded cluster distinction 

within the control region. Using the kmeans() function in R each NMJ was assigned to a specific 

cluster. The generated clusters were then visualized and overlaid on the original UMAP plot to 

depict the identified groupings distinctly. All plots were generated using ggplot2. 

4.3.6 Quantification of Perisynaptic and Extrasynaptic Ki67+ Nuclei 

Muscle fiber bundles from 2-month-old S100GFP-tg and S100GFP-tg Sod1-/- were 

processed and stained with anti-Ki67, DAPI, α-BTX, and anti-S100B to delineate nuclei and 

cellular structures. Confocal imaging was performed using a Nikon A1 microscope, with images 

captured at 20X and 40X magnifications. The imaging focused on fields containing NMJs along 

with visualization of the surrounding areas. Classification of perisynaptic Ki67+ nuclei involved 

those being DAPI+ Ki67+ and overlapping with α-BTX stain. Perisynaptic Ki67+ GFP+ nuclei 

were identified as DAPI+ Ki67+ S100GFP+ and overlapping with an endplate (α-BTX stain). 

Extrasynaptic Ki67+ nuclei were those located within 50 μm from the nearest endplate. The 

quantification was normalized by the number of NMJs per image field to ensure comparability 

across different fields and conditions. A minimum of 50 NMJs were analyzed across each sample. 

 

4.3.7 Single cell isolation via FACS 

For tissue collection, mice were anesthetized with 3% isoflurane, then euthanized by 

cervical dislocation, bilateral pneumothorax, and removal of the heart. Hind limb muscles (TA and 

GTN) of control and experimental mice were quickly harvested using sterile surgical tools and 

placed in separate plastic petri dishes containing cold phosphate-buffered saline (PBS). Using 

surgical scissors, muscle tissues were minced and transferred into 50 mL conical tubes containing 
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20 mL of digest solution (2.5 U/mL Dispase II and 0.2% [~1000 U/mL] Collagenase Type II, 1 

mg/mL of hyaluronidase in Dulbecco’s modified Eagle medium [DMEM] per mouse). Samples 

were incubated on a rocker placed in a 37 ̊C incubator for 60 min with manual pipetting the solution 

up and down to break up tissue every 30 min using an FBS-coated 10 mL serological pipette. Once 

the digestion was completed, 20 mL of F12 media containing 20% heat inactivated FBS was added 

into each sample to inactivate enzyme activity. The solution was then filtered through a 70 mm 

cell strainer into a new 50 mL conical tube and centrifuged again at 300g for 5 min. Live cells 

were sorted from the suspension via addition of 1 μg of propidium iodide (PI) stain into each 

experimental sample and all samples were filtered through 70 mm cell strainers before the FACS. 

Cell sorting was done using a BD FACS Aria III Cell Sorter (BD Biosciences, San Jose, CA). 

GFP+ PI- and GFP- PI- cells were sorted into 0.02% BSA PBS solution for immediate processing. 

4.3.8 scRNA sequencing 

Freshly isolated single cells were sorted into staining solution, enumerated by 

hemocytometer, and re- suspended into PBS. Cells were loaded into the 10X Genomics chromium 

single cell controller for each sample and captured into nanoliter-scale gel bead-in-emulsions. 

cDNAs were prepared using the single cell protocol as per manufacturer’s instructions and 

sequenced on a NovaSeq instrument (Illumina) with 26 bases for read 1 and 98 bases for read 2. 

 

4.3.9 scRNA-Seq data processing and analysis 

Cell Ranger 7.1.0 (10X Genomics) was used to process raw data. The CellRanger 

workflow aligns sequencing reads to the mm10 transcriptome using the STAR aligner and exports 

count data164. The CellRanger count command was run with default parameters. Filtered feature 
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barcode data were imported into Seurat (v4.3)165. Ambient RNA was removed using Decontx166 

and only cells with greater than 200 genes and <10% mitochondrial reads were included in our 

analysis. Scaling, normalization, variable gene selection, dimensionality reduction, and clustering 

were performed with default settings using the Seurat. Cell types were assigned to each cluster 

using known marker genes. Pathway analysis was performed using enrichGO() function in 

clusterProfiler167 with the default parameters and used gene markers that were upregulated 

(log2FC > 1) in the tSC-B cluster compared to all other muscle-resident Schwann cells as the gene 

list. Upregulated genes were determined using the FindMarkers() function in Seurat. Secreted 

signaling intercellular interaction analysis was performed using the CellChat package with 

standard parameters and setting the CellChat database to “Secreted Signaling”.168 

4.3.10 Whole-tissue RNA extraction and RT-qPCR Analysis 

GTN and TA muscle samples were homogenized in TRIzol reagent (Invitrogen, Thermo Fisher 

Scientific) using a bead mill. RNA was isolated by phenol/chloroform extraction and RNA yield 

was determined using a NanoDrop Spectrophotometer (NanoDrop 2000c, Thermo Fisher 

Scientific). Genomic DNA was removed by incubation with DNase I (Ambion, Thermo Fisher 

Scientific, AM2222) followed by its heat inactivation. Total RNA (1 μg) was reverse-transcribed 

to cDNA using SuperScript III Master Mix, Random Hexamers, and dNTPs (Invitrogen, Thermo 

Fisher Scientific) and RT-qPCR performed on a CFX96 Real-Time PCR Detection System (Bio-

Rad, 1855195) in triplicate 20 μL reactions of iTaq Universal SYBR Green Supermix (Bio-Rad, 

1725124) with 1 μM forward and reverse primer. Relative mRNA expression was determined 

using the 2-∆∆CT method with Gapdh serving as a control for the samples. Primer sequences used 

in this study can be found in Table 4.1. 
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Table 4.1: Primers used for RT-qPCR 

Name Sequence 
Mki67 (Fwd) AATCCAACTCAAGTAAACGGGG 
Mki67 (Rev) TTGGCTTGCTTCCATCCTCA 
Ccnd1 (Fwd) AGACCATTCCCTTGACTGC  
Ccnd1 (Rev) AAGCAGTTCCATTTGCAGC  
Agrn (Fwd) TTCCTCAGCAACTACAAACCTG  
Agrn (Rev) TTCACACACAGCACCAAAGC  
Gap43 (Fwd) ATAACTCCCCGTCCTCCAAGG 
Gap43 (Rev) GTTTGGCTTCGTCTACAGCGT 
Ngfr (Fwd) TGCCTGGACAGTGTTACGTT 
Ngfr (Rev) ACAGGGAGCGGACATACTCT 
Sox10 (Fwd) AGATCCAGTTCCGTGTCAATAA 
Sox10 (Rev) GCGAGAAGAAGGCTAGGTG 
Ntn1 (Fwd) GCTGCAAGTGCAACGGCCAC 
Ntn1 (Rev) ATCGGTTGCAGGTGATGCCC 
Gdnf (Fwd) CCAGTGACTCCAATATGCCTG 
Gdnf (Rev) CTCTGCGACCTTTCCCTCTG 
Cd68 (Fwd) CGCCATTCAGCTCAGTCAGA 
Cd68 (Rev) CCACGTTTTAGCCAACAGCC 
Gapdh (Fwd) CACCATCTTCCAGGAGCGAG 
Gapdh (Rev) CCTTCTCCATGGTGGTGAAGAC 
Bdnf (Fwd) TCATACTTCGGTTGCATGAAGG 
Bdnf (Rev) AGACCTCTCGAACCTGCCC 
c-Jun (Fwd) CCTTCTACGACGATGCCCTC 
c-Jun (Rev) GGTTCAAGGTCATGCTCTGTTT 
Tnc (Fwd) CTACCACAGAGGCCTTGCC 
Tnc (Rev) AGCAGCTTCCCAGAATCCAC 

 

 

4.3.11 Statistical analysis 

Data are presented as the mean ± SEM. All statistical analyses were performed using 

GraphPad Prism 8 (GraphPad Software) and R. Between-group differences were tested by two-

tailed unpaired students t-tests (2 groups) or by a one-way analysis of variance (ANOVA) followed 
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by Dunnett’s multiple comparisons test. A two-way ANOVA followed by Tukey’s multiple 

comparison’s test was executed when two factors were involved. Differences were considered to 

be statistically significant at the P < 0.05 level (*p < 0.05, **p<0.01, ***p < 0.001, ns: not 

significant).  

4.4 Results 

4.4.1 Sod1-/- mice display dramatic denervation and reinnervation between 1 and 3 months of 

age. 

To directly validate prior findings that suggest an early-life transient NMJ denervation and 

regenerative event in Sod1-/- mice156, we performed functional, molecular, and morphological 

assessments of NMJ integrity on S100GFP-tg Sod1-/- mice between 1 and 3 months of age. We 

first measured gastrocnemius (GTN) muscle contractile properties in situ in anesthetized mice 

using both nerve stimulation and direct muscle stimulation (Figure 4.1A). Comparing these two 

measurements provides an indication of the level of functional NMJ neurotransmission169. As 

indicated by the representative experimental records in Figure 1B, forces developed by muscles 

of 2-month-old S100GFP-tg Sod1-/- mice during nerve stimulation were approximately 33% lower 

than controls, whereas the forces generated in response to direct muscle stimulation were not 

significantly different between the genotypes (Figure 4.1B). Thus, when comparing forces 

developed during nerve stimulation to those developed during direct muscle stimulation, a deficit 

of 25% was observed for 2-month-old S100GFP-tg Sod1-/- mice compared with controls (Figure 

4.1C) indicating the presence of a population of fibers that were not activated in response to nerve 

stimulation at this age. In contrast to the deficit observed at 2 months for S100GFP-tg Sod1-/- mice, 

the nerve-to-muscle stimulation force ratio for S100GFP-tg mice remained consistent at 

approximate 1.0 across all ages consistent with a high degree of fidelity in functional 
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neurotransmission in control mice across all NMJs during this time window (Figure 4.1C). The 

impairments in neurotransmission in S100GFP-tg Sod1-/- mice were observed only at 2 months, 

as indicated by no significant difference in the forces elicited by nerve and direct muscle 

stimulation at 1 month or 3 months (Fig 4.1c). 

To investigate the activation of denervation response pathways in S100GFP-tg Sod1-/- 

mice, we analyzed whole muscles by RT-qPCR and demonstrated increased mRNA levels 

compared to controls for putative genes involved in neuromuscular denervation, Schwann cell 

activation, and axonal growth (Figure 4.1D). These included genes associated with post-synaptic 

organization (Chrna1, Agrn)170,171, Schwann cell repair and trophic support (Ngfr, Gdnf)47,85, cell 

proliferation (Mki67, Ccnd1)172–174, Schwann cell development (Sox10)175, synapse elimination 

(Cd68)71,176, and pre-synaptic axonal projection (Gap43, Ntn1)177,178. Transcriptional activation of 

denervation responsive genes and genes indicative of Schwann cell activation was observed in 

both GTN and tibialis anterior (TA) muscles in S100GFP-tg Sod1-/- mice. Together, our functional 

data and qPCR data show that between 1 and 3 months of age S100GFP-tg Sod1-/- mice experience 

transient but recoverable functional neuromuscular alterations with upregulation of molecular 

pathways known to be associated with NMJ remodeling. We next aimed to directly assess the 

integrity of the NMJs morphologically and define the cellular response of the tSCs.   
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4.4.2 The remodeling of neuromuscular junctions is associated with increased numbers of 

tSCs and larger synaptic areas 

In addition to the functional and molecular assessments described above, we directly 

assessed the cellular and morphological response during the denervation-reinnervation event 

exhibited by Sod1-/- mice. We performed detailed imaging of fixed fiber bundles derived from 

S100GFP-tg Sod1-/- and S100GFP-tg controls at 1, 2, and 3 months of age. Our comprehensive 

analysis covered NMJ structure, accounting for 16 distinct features related to pre- and post-

Figure 4.1: Muscle mechanics and transcriptional profiling of canonical markers reveal a marked but transient 
denervation/reinnervation response in young S100GFP-tg Sod1-/- mice. (A) Illustration of in situ muscle force 
testing protocol used to determine NMJ transmission. Evoked muscle forces were evaluated in gastrocnemius (GTN) 
muscles from anesthetized mice by stimulating directly at the muscle or by indirect stimulation of the sciatic nerve. 
(B) Representative force traces for muscles of S100GFP-tg (blue) and S100GFP-tg Sod1-/- (teal) mice. Specific forces 
(N/cm2) (n = 4 per genotype) evoked during maximum tetanic contractions. (C) Ratio of maximum isometric forces 
elicited by nerve stimulation relative to direct muscle stimulation across 1-3 months of age in S100GFP-tg Sod1-/- (n 
= 3-5) and S100GFP-tg control mice (n = 3-5). (D) RT-qPCR of canonical markers of NMJ regeneration, Schwann 
cell repair activation, cell proliferation, and axonal projection in whole GTN (n = 4-6) and tibialis anterior (TA) 
muscles (n = 4-6) of S100GFP-tg Sod1-/- and S100GFP-tg control mice.  Open circles indicate values for each 
individual mouse and bars represent the mean response ± SEM. *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001, ****P ≤ 0.0001 
S100GFP-tg vs S100GFP-tg Sod1-/- by two tailed unpaired t-test or 1-way ANOVA for multiple comparisons 
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synaptic structures as well as tSC number and morphology (Figure  4.2A,B). Detailed descriptions 

of each morphological feature and how it was derived are described in Figure 4.3. Our findings 

revealed generalized decreases in S100GFP-tg Sod1-/- mice compared to controls in the nerve 

terminal perimeter and the overlap of the nerve terminal with AChRs by 33% and 60% respectively 

(Figure 4.2C). Meanwhile, the area of AChRs was observed to be 30% larger in S100GFP-tg 

Sod1-/- mice compared to controls. In addition, the total tSC area and count per NMJ were 60% 

and 3-fold greater, respectively, in the S100GFP-tg Sod1-/- group compared to controls (Figure 

4.2D). As a result of the large increase in tSC number, the area per tSC was 38% smaller in 

S100GFP-tg Sod1-/- mice, suggesting a reduced tSC domain at the NMJ. Given that both central 

and peripheral glia respond to neuronal injury by increasing cell number43,179, increased tSC 

number and area at the NMJ are likely acting to protect or promote NMJ integrity during the early 

neuromuscular events linked to the Sod1-/- phenotype. 

Both the degree of overlap and the size of the synaptic area serve as indicators of how well 

the pre- and post-synaptic components are in physical congruence163. These markers are robust 

histological indicators of nerve-to-muscle connections. The percentage of overlap between the 

nerve terminal and AChR was decreased at 2 months but returned to control levels by 3 months in 

S100GFP-tg Sod1-/- mice (Fig 4.2E). Re-establishment of control levels of overlap could be 

explained primarily by presynaptic responses, compensatory postsynaptic changes, or a 

combination. Our analysis revealed an expansion in synaptic area between 2 and 3 months in 

S100GFP-tg Sod1-/- mice driven largely by an enlargement in nerve terminal area at the age of 3 

months (Fig 4.4C). The restoration in the degree of overlap coupled with the reduction in 

denervated NMJs (characterized by NMJs with less than 10% overlap) (Figure 4.2E) observed at 

3 months collectively indicate muscle reinnervation. 
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In addition to considering specific features associated with NMJ structure individually, we 

also successfully distilled the 16 features of NMJ morphology measured into an overall assessment 

of the state of the NMJs through unbiased clustering using uniform manifold approximation and 

projection (UMAP) (Figure 4.2F) and k-means clustering (Fig 4.2G). This analysis resulted in 

four distinct NMJ clusters (Fig 4.2G). Clusters 1, 2 and 3 were predominantly composed of WT 

animals (all ages) and 1-month old Sod1-/- mice. Cluster 4, on the other hand, was only composed 

of NMJs from Sod1-/- mice, with nearly 76% of the NMJs in 2-month-old mice appearing in cluster 

4. Consistent with the findings described above indicative of NMJ regeneration and reinnervation 

by 3 months in Sod1-/- mice, the majority of NMJs at this age appeared in one of the clusters 

associated with WT “innervated” NMJs; however, about 46% of the NMJs retained features that 

placed them in cluster 4 (Fig 4.2G). The radar plots and representative images depicted in Figure 

4.2H,I illustrate the distinctive NMJ feature compositions within each cluster. Clusters 1 through 

3 exhibited a high degree of overlap, with each subsequent cluster containing progressively larger 

NMJs. Cluster 4 is distinctive, presenting NMJs exhibiting higher numbers of tSCs, smaller nerve 

terminal dimensions, larger post-synaptic proportions, prevalent poly-innervation, and axonal 

blebbing. These results illuminate the heterogeneity and dynamic nature of NMJ morphology as 

well as the spectrum of structural modifications observable during NMJ remodeling both during 

normal development and in muscles experiencing partial denervation. 
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Figure 4.2: The remodeling of neuromuscular junctions (NMJs) is associated with greater tSC numbers and 
larger synaptic areas in S100GFP-tg Sod1-/- mice. (A) Schematic of NMJ analysis – consisting of collecting NMJs 
images from muscle fiber bundles followed by the generation of feature masks and their measurements. Additional 
details on the generation of the masks are provided in Figure 4.2 and Methods. (B) NMJs stained with S100B 
(Schwann cells; Green), NF/SV2 (Nerve; Cyan), bungarotoxin (AChR; Red), and DAPI (nucleus; Blue) in 2-month-
old S100GFP-tg control and S100GFP-tg Sod1-/- mice. (C, D) Quantification of nerve terminal area, nerve terminal 
perimeter, AChR area, percentage overlap between AChR area and nerve terminal area, and tSC number and tSC 
area. (E) Overlap between nerve terminal and AChR and the % of denervated NMJs for muscles of S100GFP-tg and 
S100GFP-tg Sod1-/- mice from 1-3 months of age. (F) The 16 distinct morphological features from all NMJs (n = 
563) across all recorded timepoints and genotypes were used to generate a UMAP visualization of the heterogeneity 
of NMJ structure. (G), UMAP displayed using k-means clustering and the percentage of clusters represented across 
all animal groups. (H) Radar plots indicating the NMJ features (n = 16) profiled across the four identified clusters. 
The innermost radius of the plot indicates a value of "0" representing the smallest relative mean value across all 
clusters, whereas the outermost cyan colored circle represents "1" - the maximum relative mean value for a specified 
feature.  Values for all features across all NMJs analyzed are provided in Figure 4.3. (I) Representative NMJs in 
clusters 1-4. Open circles indicate average for each individual mouse of no fewer than 20 NMJs analyzed per muscle 
and bars represent means across animals ± SEM. *Denotes p < 0.05 vs S100GFP-tg Sod1-/- by two tailed unpaired 
t-test. Scale bar equals 25 μm and images constrained to the same dimensions. 
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Figure 4.3: NMJ features analyzed. Binary masks were generated from the original image, 
and 16 en face NMJ morphological features were measured that represented the (A), post-
synaptic (AChR and Endplate), (B), pre-synaptic (nerve terminal, axonal blebbing, 
polyinnervation), and (C), tSC structures. These pixel measurements are visualized by distinct 
colorations in each mask: red for post-synaptic features, light blue for pre-synaptic features, and 
green for tSC structures.  (D), In addition, the percentage “Overlap” between axon terminal and 
AChR areas were measured. This overlap was further quantified in terms of synaptic area (μm2), 
denoting the area where the nerve terminal co-localizes with the AChR region. (E) Similarly, 
the “tSC coverage” was determined representing the tSC area that overlaps with the AChR 
region, and measured the "tSC Coverage Area," which is the expanse of tSC found within the 
AChR area. (F) The number of axon terminal blebs and and the presence of polyinnervation 
were also assessed for each NMJ. 
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Based on our findings that NMJs in 2-month-old Sod1-/- mice were characterized by higher 

numbers of tSCs than observed in other groups, we aimed to verify the presence of proliferation 

of S100GFP+ cells at the NMJs in these mice. To directly test this, we stained muscle bundles with 

an anti-Ki67 antibody (Figure 4.5). We found large numbers of Ki67+ nuclei in the fiber bundles 

from Sod1-/- mice compared to age matched WT mice. Moreover, the majority of Ki67+ nuclei 

originated from cells that were also S100GFP+ positive. Ki67+ cells were observed both in 

perisynaptic and extrasynaptic locations (within 50 microns of the nearest NMJ). These 

observations corroborate our earlier finding of a 3-fold increase in tSCs, in Sod1-/- mice at two 

months of age when compared to wild-type controls (Figure 4.2D).  

 

 

 

Figure 4.4: Analysis of NMJ in S100GFP-tg and S100GFP-tg Sod1-/- mice. (A,B) Images of representative 
NMJs from 1- and 3-month-old mice, stained for S100B (indicating Schwann cells in Green), NF/SV2 (Nerve 
in Cyan), bungarotoxin (AChR in Red), and DAPI (Nucleus in Blue). (A) Shows NMJs from S100GFP-tg 
mice, while B are NMJs from S100GFP-tg Sod1-/- mice. (C) Graphical representation of NMJ features in 
S100GFP-tg and S100GFP-tg Sod1-/- mice aged 1, 2, and 3 months. Each colored dot represents a single NMJ. 
Black circles denote the average for all NMJs in an individual animal. The horizontal bars show the overall 
mean for each group, while error bars illustrate the mean ± SEM. *Denotes p < 0.05 S100GFP-tg vs S100GFP-
tg Sod1-/- by two tailed unpaired t-test. Scale bar equals 25 μm and images constrained to the same dimensions. 
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Collectively, our functional and morphological data strongly support the existence of a key 

regenerative window centered around 2 months of age in Sod1-/-mice that is ideal for studying the 

cellular and molecular changes in muscle Schwann cells during NMJ remodeling and 

reinnervation. We also present compelling evidence that this remodeling process includes, at least 

in part, the growth of Schwann cells located in the muscle at the NMJ and a promotion of increased 

synaptic area through nerve terminal growth. Thus, we next aimed to define the transcriptional 

response of muscle-resident Schwann cells during NMJ remodeling. 

4.4.3 scRNA-Seq reveals a unique muscle-resident Schwann cell subtype 

While the classification of Schwann cells has largely relied on histological examination 

and scRNA-Seq from nerve extracts180, transcriptomic data on muscle-resident Schwann cells, 

especially tSCs, remain scant181,182. A particular challenge faced by these studies is the rarity of 

tSCs and the extensive tissue requirement, limiting the cell numbers previously analyzed to as few 

as 100 individual cells. To overcome this limitation and gain a thorough understanding of the 

transcriptomic changes in muscle-resident Schwann cells, as well as other cells in the muscle 

microenvironment during NMJ remodeling, we used scRNA-Seq on pooled TA and GTN muscles 

from both S100GFP-tg and S100GFP-tg Sod1-/- mice at 2 months of age (Fig 4.6A). After 

digesting the muscles, we sorted GFP+ PI- and GFP- PI- single cells using fluorescence-activated 

cell sorting (FACS) and then subjected the cells to droplet-based scRNA-Seq. Post sequencing and 

Figure 4.5: Enhanced proliferation of tSCs at the NMJ in 2-month-old S100GFP-tg Sod1-/- mice. Muscle fiber 
imaging from S100GFP-tg (A) and S100GFP-tg Sod1-/- (B) mice, immunostained for S100B (green), Ki67 (magenta), 
α-bungarotoxin (red), and DAPI (blue). White arrows point to extrasynaptic nuclei positive for Ki67 but lacking GFP, 
while the yellow arrow highlights a perisynaptic Ki67+GFP+ nucleus. (C) Enlarged view of two NMJs from the 
highlighted region in b, detailing the S100B, Ki67, and BTX stains. (D) The same NMJs from c, but focused on BTX 
and Ki67, revealing multiple Ki67+ nuclei in close proximity to the endplate. (E) Quantification of extraysnaptic and 
perisynaptic nuclei either singly labeled for Ki67 or double labeled for Ki67 and GFP. A minimum of 50 NMJs were 
used per animal. Open circles indicate average values for each individual mouse and bars show the means across 
animals ± SEM. **Denotes p < 0.01 vs S100GFP-tg Sod1-/- by two tailed unpaired t-test. Scale bars equals 50 μm. 
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quality control, we successfully isolated a rich population of both GFP+ and GFP- cells (Figure 

4.6B). Our unbiased clustering approach using uniform manifold approximation and projection 

(UMAP) classified 15,256 cells [S100GFP-tg (n =5,260); S100GFP-tg Sod1-/- (n = 9,996)] into 11 

non-Schwann cell clusters and 4 Schwann cell clusters including 2 myelin Schwann cell clusters 

and 2 terminal Schwann cell (tSC) clusters (Fig 4.6C). All the identified Schwann cell clusters 

displayed classic SC markers such as S100b and Sox10. Notably, clusters of myelin Schwann cells 

were marked by the expression of myelin-associated genes like Mbp and Mpz (Figure 4.6D), while 

tSC clusters presented the expression of recently reported non-myelin SC markers, Ng2 and Kir4.1 

(Figure 4.6D)181,183. Additionally, tSC clusters prominently expressed the essential NMJ 

organizing gene, Agrn147, the neurotrophic receptor gene, nerve growth factor receptor (Ngfr), and 

cyclin-D1 (Ccnd1) a recognized gene associated with Schwann cell proliferation (Figure 4.6D)174. 

Both S100GFP-tg and S100GFP-tg Sod1-/- samples displayed a comparable total number of 

Schwann cells (1,739 and 1,673, respectively). 

Our data indicates the presence of at least two distinct tSC subgroups, which we termed 

tSC-A and tSC-B.  Remarkably, we observed 8.5-fold greater representation of the tSC-B 

subgroup in S100GFP-tg Sod1-/- mice than in S100GFP-tg control mice accounting for 35.9% of 

the total SC population in Sod1-/- mice compared with just 4.3% for control mice (Figure 4.6E). 

In addition, the S100GFP-tg Sod1-/-samples showed a lower percentage of myelin SCs (47.8%) 

when compared to the 78.8% in the control group. Both tSC clusters prominently displayed the 

previously identified tSC marker, Cd44184, as well as the synaptic adhesion molecule, Cadm1. One 

significant observation was the robust expression in tSCs of Sox6, which is crucial for 

neurogenesis185  and prevents early cell cycle exit in glial oligodendrocyte precursor cells186 but is 

absent in adult mouse myelin SCs187. Within the tSC-B subgroup, we identified specific expression 
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of genes such as Pde10a, which is notably prevalent in the CNS5, as well as Runx2 and Tnc, which 

were specific to tSC-B (Figure 4.6F) and have both recently been found at elevated levels in 

muscle-resident Schwann cells in Sod1G93A mice and in acutely denervated mouse muscles182. 

Pathway analysis revealed that genes upregulated in the tSC-B cluster, compared to the 

other muscle-resident Schwann cell types, were primarily involved in processes like synapse 

organization (Gap43, Tnc, Sema3e, Negr1, Cadm1, Ntng1), neuron projection extension (Postn, 

Plxna4, Sema3e), neuron migration (Adgrl3, Chl1, Ptpzr1) and extracellular matrix organizing 

processes (Adamtsl1, Col27a1, Col5a2, Lgals3) (Figure 4.6G, Figure 4.7). The tSC-B cluster also 

showed downregulated biological processes involved in myelination, myelin assembly and 

Schwann cell differentiation (Figure 4.6H). Overall, our findings delineate two distinct tSC 

subtypes, tSC-A and tSC-B, with the latter manifesting an enrichment in 2-month-old Sod1-/- mice 

and presenting a transcriptomic signature linked to cell adhesion, synapse organization, and axon 

regeneration. Based on these findings, we hypothesize that tSC-B is a critical sub-population of 

tSCs for successful NMJ reinnervation. 
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4.5 Discussion 

To our knowledge, the current study boasts the most detailed scRNA-Seq repository to date 

of muscle-resident Schwann cells, encompassing tSCs, across both healthy and partially 

denervated muscles. The results presented elucidate the critical role of a previously unrecognized 

reactive population of tSCs that has synapse promoting, cell adhesion, and ECM organizing 

properties. One prior study isolated tSCs using a dual mouse reporter that expressed both NG2-

Figure 4.6: Identification of diverse muscle-resident Schwann cell subtypes via single cell RNA-Sequencing 
(scRNA-Seq). (A) Schematic outline of the experimental design: bilateral gastrocnemius (GTN) (n = 8) and tibialis 
anterior (TA) (n = 8) muscles were harvested from 2-month-old S100GFP-tg (n = 4) and S100GFP-tg Sod1-/- mice (n 
= 4), subjected to FACS to isolate live GFP+ and GFP- cells, followed by library preparation with 10X Chromium, 
scRNA-Seq, and quality control (QC).  (B) S100b expression plot across GFP+ and GFP- groups. (C) UMAP 
reduction of resulting clusters. In total, 15 clusters were classified. Notably, four distinct clusters of muscle-resident 
Schwann cells were identified. (D) UMAP plots illustrating the transcript levels of markers for pan-Schwann cells 
(S100b, Sox10), myelin Schwann cells (Mbp, Mpz), terminal Schwann cells (Agrn, Ng2, Kir4.1), proliferation 
(Ccnd1), and a SC repair phenotype (Ngfr). (E) UMAP plot and quantification (%) of GFP+ muscle-resident Schwann 
cells. Cluster analysis determined two myelin Schwann cell clusters (mSC-A and mSC-B) and two tSC clusters (tSC-
A and tSC-B). (F) Expression plots displaying markers highly expressed in tSCs (Cd44, Cadm1, Sox6) and exclusive 
to tSC-B (Pde10a, Runx2, Tnc). (G) Upregulated and (H) downregulated biological processes in tSC-B compared to 
tSC-A and myelin Schwann cells. Pathway descriptions correspond to gene ontology terms representing distinct 
biological processes.  

 

Figure 4.7: Genes involved in promoting synaptic function and regeneration are upregulated in tSC-B 
compared to tSC-A and myelin Schwann cells. Heatplot shows the top-10 gene ontology (GO) terms associated 
with genes upregulated in tSC-B compared to all other muscle-resident Schwann cells identified in this study. 
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dsRed and S100GFP and performed bulk-RNA Seq181, but bulk sequencing doesn't allow for the 

distinction between different tSC subtypes or illuminate cell specific responses to NMJ 

remodeling. 

The synaptic regenerative signature we identified in tSCs during their response to 

denervation is distinctly characterized by the expression of Gap43 and Ntng1. GAP43 is noted for 

its concentrated presence within regenerating growth cones of neurons and plays an indispensable 

role in axon guidance188. The expression of GAP43 is not exclusive to neurons but is also found 

in reactive astrocytes and in tSCs after denervation, correlating with the elongation of tSC 

processes189,190. Beyond axonal guidance, GAP43 is also involved in the transfer of mitochondria 

between astrocytes and glioblastoma cells191. Given that mitochondria are abundant within growth 

cones to meet energy demands192, one might speculate that Gap43+ tSCs promote axon 

regeneration through mitochondrial transfer, thereby contributing to metabolic support. This 

proposition opens new areas for exploring unconventional pathways of axon regeneration and 

delineating the multifaceted roles of GAP43 in neural repair mechanisms. Netrins are also 

important for axon guidance and has been shown to promote SC migration and proliferation55,193. 

Recently, NTNG1 was discerned to facilitate signaling interactions between tSCs and sensory 

neurons, crucial for organogenesis in both hairy and non-hairy skin194. The expression of Ntn1g in 

muscle-resident tSCs could function to support reinnervation of the endplate after denervation. 

Collectively, the expression of synaptic related genes in tSCs highlights the potential for new 

therapeutic targets to promote NMJ repair. 

Cellular proliferation is universally recognized as a fundamental mechanism in various 

tissue regeneration processes. The proliferation dynamics of myelin Schwann cells have been 

extensively studied, with nerve injuries recognized as their primary trigger. A pertinent example 
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is the marked 3 to 4-fold elevation in Schwann cell numbers observed within a week of sciatic 

nerve injury140. Although inhibition of Cyclin D1 mediated Schwann cell proliferation was 

ineffective in preventing nerve regeneration in the distal sciatic nerve stump195, that study did not 

examine muscle-resident Schwann cells nor perform any functional assessment of NMJ 

transmission. tSCs not only proliferate after nerve injury but also extend cytoplasmic processes, 

promoting axonal sprouting, although the cellular signals remain under studied43,44. Further 

highlighting the importance of tSCs for nerve regeneration, a recent study used an anti-GD3 

antibody to selectively eliminate tSCs after a peroneal nerve injury. The result was a reduction in 

the number of tSCs, decreased muscle reinnervation, and impaired functional recovery152. Our 

study significantly expands on these previous studies by providing novel understanding of the role 

of SPP1 -signaling acting on Schwann cells near the NMJ and its importance for the regeneration 

of NMJs.  

Our research further highlights the Sod1-/- mice as a useful model for understanding NMJ 

repair processes and tSC responses during the remodeling of innervation. In support of this 

contention are our observations during the remodeling phase, of key characteristics reminiscent of 

NMJ regeneration, such as increased AChR area, tSC proliferation43, polyinnervation196, and 

axonal blebbing53. Unlike nerve injury, which denervates every muscle fiber leading to a lack of 

NMJ structural diversity, young Sod1-/- mice recapitulate what we postulate to be a more faithful 

representation of heterogeneous NMJ remodeling in the context of normal aging and/or 

degenerative neuromuscular diseases. Recognizing the potency of this model for investigating 

NMJ diversity and the response of muscle-resident Schwann cells to denervation propelled our 

decision to perform single-cell RNA sequencing (scRNA-Seq) of muscle niche cells, emphasizing 

GFP+ Schwann cells, which identified two distinct subtypes each for myelin Schwann cells and 
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tSCs. A particular tSC subtype demonstrated traits related to ECM organization and synapse 

promotion and was considerably enriched in the Sod1-/- muscles at 2-months of age, supporting 

their important role in NMJ regeneration. 

Overall, our research deepens the existing knowledge on the intricate cellular processes of 

NMJ regeneration orchestrated by Schwann cells. These insights not only expand our 

understanding of neuromuscular biology but also present promising avenues for targeted 

therapeutic strategies. Such innovations hold the potential to revolutionize the treatment landscape 

for debilitating neuromuscular disorders, including ALS and sarcopenia. 

 

 



 86 

Chapter 5 SPP1 Signaling Is Critical for Muscle Reinnervation 

5.1 Abstract 

Understanding the cellular mechanisms underlying neuromuscular junction (NMJ) 

reinnervation is vital for addressing muscle denervation associated with nerve injury. This chapter 

delves into the role of muscle-resident Schwann cells, focusing on secreted phosphoprotein 1 

(SPP1) signaling dynamics between myelin-producing Schwann cells and terminal Schwann cells 

(tSCs) in Sod1-/- mice. We employed an intercellular communication network analysis using a 

subset of cells from our single-cell RNA sequencing (scRNA-Seq) dataset described in Chapter 4 

and performed targeted RT-qPCR to examine gene expression within the SPP1 pathway. 

Histological analyses using fluorescently labeled antibodies further validated protein localizations. 

Additionally, acute recoverable nerve injury models in mice were used to investigate the temporal 

dynamics of SPP1 gene expression post-injury and its influence on muscle reinnervation. Our 

analysis revealed a marked induction of SPP1 signaling in S100GFP-tg Sod1-/- mice, notably in 

myelin Schwann cells, with significant communication with tSCs. This novel signaling mechanism 

was implicated in enhancing tSC proliferation and survival during muscle denervation, important 

for successful NMJ remodeling and reinnervation. Post-nerve injury analyses showed a striking 

elevation in Spp1 expression and its receptors, peaking shortly after injury and normalizing as 

reinnervation progressed. Intriguingly, inhibition of Spp1 signaling through neutralizing antibody 

administration resulted in reduced muscle reinnervation efficiency and a decrease in tSC numbers 

at the NMJ. This study uncovers a novel SPP1-driven intercellular communication between myelin 
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Schwann cells and tSCs, playing a pivotal role in the NMJ reinnervation process. The pronounced 

expression of Spp1 during early nerve regeneration stages and its subsequent normalization aligns 

with muscle reinnervation milestones, suggesting SPP1 signaling is crucial for efficient muscle 

reinnervation. Furthermore, the impairment of muscle reinnervation upon SPP1 signaling 

inhibition highlights its potential as a therapeutic target in neuromuscular recovery post-injury. 

These findings provide significant insights into the molecular interactions that facilitate NMJ 

repair and underscore the potential of targeting SPP1 pathways in therapeutic strategies for 

neuromuscular regeneration. 

 

5.2 Introduction 

Neuromuscular junctions (NMJs) serve as critical communication hubs between motor 

neurons and muscle fibers, orchestrating muscle contraction and voluntary movement. The 

integrity and efficient reinnervation of NMJs are fundamental to maintaining muscle function, 

particularly following nerve injuries. Recent studies have increasingly focused on the cellular 

mechanisms underlying NMJ repair, with Schwann cells emerging as key players in this process. 

These glial cells, especially those residing in muscles, have shown remarkable adaptability and 

functionality in response to neuromuscular damage, making them a focal point of research in 

neuromuscular regeneration182. 

Schwann cells can be broadly categorized into myelinating and non-myelinating types, 

with terminal Schwann cells (tSCs) representing a specialized subset of the latter group44,151. These 

cells are known for their role in synaptic maintenance and the facilitation of NMJ recovery post-

injury 40,42. Schwann cells respond dynamically to nerve damage, undergoing phenotypic changes 

that enable them to support axonal regrowth and remyelination69,78,79,81. This adaptability is partly 
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attributed to their ability to engage in complex intercellular communication, particularly through 

secretory pathways197–199. 

 

Secreted phosphoprotein 1 (SPP1), commonly known as osteopontin, has emerged as a 

significant player in the field of cellular signaling, particularly within the context of skeletal muscle 

health and disease199. SPP1 plays a critical role in macrophage physiology, especially in conditions 

such as muscular dystrophy.  Studies have shown that SPP1 is upregulated in dystrophic muscles, 

contributing to the inflammatory environment characteristic of these conditions. For instance, in 

patients with Duchenne Muscular Dystrophy (DMD), elevated levels of SPP1 have been correlated 

with disease severity and progression200, primarily due to its role in recruiting and activating 

macrophages that exacerbate muscle damage through inflammatory pathways201. In muscular 

dystrophies, macrophages infiltrate muscle tissue in response to injury, where SPP1 signaling 

influences their phenotype, switching them from a regenerative, anti-inflammatory state to a pro-

inflammatory one201–203. This switch exacerbates muscle damage, fibrosis, and impairs 

regeneration. Despite the considerable focus on SPP1 in the context of muscular dystrophy and 

macrophage function, its specific signaling dynamics with Schwann cells, particularly in nerve 

repair, is less explored. The limited data in this area highlight a significant gap in our understanding 

of SPP1 signaling in neuromuscular health. 

This study aims to elucidate the role of SPP1 in the NMJ regeneration process, particularly 

focusing on its signaling between myelin-producing Schwann cells and tSCs in the Sod1-/- mouse 

model. Leveraging our scRNA-Seq dataset, we investigate the gene expression profiles and protein 

localizations associated with SPP1 signaling in healthy and partially denervated skeletal muscles. 

Furthermore, we utilize acute recoverable nerve injury models in mice to examine the temporal 
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dynamics of SPP1 expression and its impact on muscle reinnervation following injury. Our 

findings uncover a novel intercellular communication mechanism mediated by SPP1 signaling, 

significantly enhancing tSC proliferation and survival during muscle denervation. This mechanism 

is critical for successful NMJ remodeling and reinnervation. Our study not only provides new 

insights into the molecular interactions critical for NMJ repair but also highlights the therapeutic 

potential of targeting SPP1 signaling in neuromuscular regeneration strategies. 

5.3 Methods 

5.3.1 Nerve injuries and neutralization of intramuscular Spp1 

Male C57BL/6J mice, aged between 10 - 16 weeks, were subjected to bilateral sciatic or 

peroneal nerve crush to induce muscle denervation in both legs. Forceps were employed to produce 

the crush. Mice assigned to sciatic nerve injury protocols had tissues harvested at intervals of 0, 7, 

14, or 28 days following the injury. For those undergoing peroneal nerve injury, a 10 μL 

intramuscular injection of Spp1 neutralizing antibody (4 μg, AF808, R&D Systems) was 

administered into the tibialis anterior (TA) muscles, utilizing a Hamilton syringe. This injection 

routine was repeated every two days post the initial injury. Control mice received saline injections 

concurrent with the day of injury and repeated every two days thereafter. Seven days post injury 

(DPI), all mice were anesthetized and TA muscles were assessed for contractile functionality and 

collected for NMJ imaging. 

5.3.2 In situ Force Testing 

 Mice were anesthetized with initial intraperitoneal injections of Avertin (tribromoethanol, 

250 mg/kg) with supplemental injections to maintain an adequate level of anesthesia during all 

procedures. Gastrocnemius (GTN) or tibialis anterior (TA) muscle contractile properties were 
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measured in situ, as described by Larkin et al. (2011)161. In anesthetized mice, the whole GTN or 

TA 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 animal was then placed on a temperature-controlled 

platform warmed to maintain body temperature at 37°C. The hindlimb was secures to the platform, 

and the tendon was 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 muscles to maintain 

temperature. Muscles were activated either by stimulation of the tibial (GTN muscle) or common 

peroneal (TA muscle) nerve using a bipolar platinum wire electrode or by direct stimulation of the 

muscle via cuff electrodes wrapped around the proximal and distal ends of the muscle. Custom-

designed software (LabVIEW 2018; National Instruments, Austin, TX) controlled electrical pulse 

properties and servomotor activity and recorded data from the force transducer. The voltage of 0.2 

ms stimulus pulses was increased, and optimal muscle length (Lo) was subsequently adjusted, to 

give maximum twitch force. The Lo was measured with digital calipers. Muscles were held at Lo 

and subjected to 300 ms trains of pulses with increase stimulation frequencies maximum isometric 

force (Po) was achieved. Previously established Lf-to-Lo ratios of 0.6 for TA muscles were used 

to calculate Lf for each muscle. The physiological cross-sectional area (CSA) of muscles was 

determined by dividing the mass of the muscle by the product of Lf and 1.06 g/cm3, the density 

of mammalian skeletal muscle162. Po was normalized by the CSA to calculate specific Po (sPo), 

as a measure of intrinsic force generating capacity. Functional innervation was assessed by 

calculating the ratio of force production in response to nerve stimulation relative to the force 

elicited by direct muscle stimulation. A value of 1.0 indicates high fidelity of the nerve-muscle 
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functional connections, while the extent to which the ratio is less than 1.0 provides an indication 

of the fraction of muscle fibers that are unable to respond to nerve stimulation.       

 

5.3.3 NMJ Feature Quantification 

Fiji software was used for quantitative analysis of confocal micrographs. All analyses were 

performed on maximum intensity projections using guidelines described in detail in the NMJ-

Morph image processing pipeline.163 The obtained images were preserved as nd2 Nikon files and 

subsequently imported into ImageJ software, with channels consolidated into a single tiff image 

prior to their separation for individual component analysis. Initial preparations involved the 

division and cropping of images to ensure each contained a singular NMJ, enabling individual 

analysis of each NMJ. The analysis was constrained to en-face NMJs only.  

For each channel, a threshold was set using the thresholding tool to produce a binary mask 

that most closely resembled the real image of the NMJ component being analyzed. The binary 

mask was selected and measured to provide the area and perimeter of the selected channel. The 

endplate mask was generated by applying the ‘Create background’ FIJI tool on the AChR mask, 

which completely fills in the AChR mask. Endplate area and diameter were also measured. This 

process was repeated for every NMJ image, for each of the NMJ components.  

The ‘Overlap’ and ‘SC Coverage’ measurements were derived in accordance to NMJ-

Morph guidelines. Briefly, the following calculations were used:  

 

𝑂𝑣𝑒𝑟𝑙𝑎𝑝, 𝑆𝐶	𝐶𝑜𝑣𝑒𝑟𝑎𝑔𝑒 = 	 /
𝐴𝑐ℎ𝑅	𝐴𝑟𝑒𝑎 − 𝑢𝑛𝑜𝑐𝑐𝑢𝑝𝑖𝑒𝑑	𝑎𝑟𝑒𝑎	𝑜𝑓	𝐴𝐶ℎ𝑅

𝐴𝐶ℎ𝑅	𝐴𝑟𝑒𝑎 : × 	100 
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𝑆𝑦𝑛𝑎𝑝𝑡𝑖𝑐, 𝑆𝐶	𝐶𝑜𝑣𝑒𝑟𝑎𝑔𝑒	𝐴𝑟𝑒𝑎	 = 	𝐴𝑐ℎ𝑅	𝐴𝑟𝑒𝑎 − 𝑢𝑛𝑛𝑜𝑐𝑢𝑝𝑖𝑒𝑑	𝑎𝑟𝑒𝑎	𝑜𝑓	𝐴𝐶ℎ𝑅	

	

The unoccupied area denotes regions lacking colocalization with α-BTX. Following the generation 

of a binary mask for calculating the AChR, nerve terminal, and tSC areas, the masks were 

processed, inverted as needed, and merged to measure unoccupied areas of AChR. Beyond 

structural area measurements, attention was given to NMJs manifesting visible polyinnervation—

characterized by the convergence of at least two axons onto a single NMJ.  

 

5.3.4 Whole-tissue RNA extraction and RT-qPCR Analysis 

GTN and TA muscle samples were homogenized in TRIzol reagent (Invitrogen, Thermo Fisher 

Scientific) using a bead mill. RNA was isolated by phenol/chloroform extraction and RNA yield 

was determined using a NanoDrop Spectrophotometer (NanoDrop 2000c, Thermo Fisher 

Scientific). Genomic DNA was removed by incubation with DNase I (Ambion, Thermo Fisher 

Scientific, AM2222) followed by its heat inactivation. Total RNA (1 μg) was reverse-transcribed 

to cDNA using SuperScript III Master Mix, Random Hexamers, and dNTPs (Invitrogen, Thermo 

Fisher Scientific) and RT-qPCR performed on a CFX96 Real-Time PCR Detection System (Bio-

Rad, 1855195) in triplicate 20 μL reactions of iTaq Universal SYBR Green Supermix (Bio-Rad, 

1725124) with 1 μM forward and reverse primer. Relative mRNA expression was determined 

using the 2-∆∆CT method with Gapdh serving as a control for the samples. Primer sequences used 

in this study can be found in Table 5.1. 

Table 5.1: Primers used for RT-qPCR 

Name Sequence 
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Spp1 (Fwd) AGCAAGAAACTCTTCCAAGCAA 
Spp1 (Rev) GTGAGATTCGTCAGATTCATCCG 
Cd44-pan (F) TCGATTTGAATGTAACCTGCCG 
Cd44-pan (R) CAGTCCGGGAGATACTGTAGC 
Cd44v6 (Fwd) GGCCACCACACAGAGTCATT 
Cd44v6(Rev) CGCCGCTCTTAGTGCTAGAT 
Tgf-β1 (Fwd) CTGCTGACCCCCACTGATAC 
Tgf-β1 (Rev) AGCCCTGTATTCCGTCTCCT 
Tgfbr2 (Fwd) AGCGGGGAATTTACAGAATG  
Tgfbr2 (Rev) GAGGAATGACAGCGATGCTA  
Ccnd1 (Fwd) AGACCATTCCCTTGACTGC  
Ccnd1 (Rev) AAGCAGTTCCATTTGCAGC  
Ngfr (Fwd) TGCCTGGACAGTGTTACGTT 
Ngfr (Rev) ACAGGGAGCGGACATACTCT 
Gdnf (Fwd) CCAGTGACTCCAATATGCCTG 
Gdnf (Rev) CTCTGCGACCTTTCCCTCTG 
Gapdh (Fwd) CACCATCTTCCAGGAGCGAG 
Gapdh (Rev) CCTTCTCCATGGTGGTGAAGAC 

 

5.3.5 Statistical analysis 

Data are presented as the mean ± SEM. All statistical analyses were performed using 

GraphPad Prism 8 (GraphPad Software) and R. Between-group differences were tested by two-

tailed unpaired students t-tests (2 groups) or by a one-way analysis of variance (ANOVA) followed 

by Dunnett’s multiple comparisons test. A two-way ANOVA followed by Tukey’s multiple 

comparison’s test was executed when two factors were involved. Differences were considered to 

be statistically significant at the P < 0.05 level (*p < 0.05, **p<0.01, ***p < 0.001, ns: not 

significant).  

5.4 Results 

5.4.1 Intercellular communication network analysis reveals a novel SPP1 signaling dynamic 

between myelin SCs and terminal SCs 
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To elucidate the interactions between muscle-resident Schwann cells and other cells within 

the skeletal muscle niche during the robust NMJ remodeling event identified in young Sod1-/- mice, 

we performed an intercellular communication network analysis on a subset of cells from our 

scRNA-Seq dataset, described in Chapter 4, using CellChat168. Information flow for secreted 

signaling pathways was performed to identify signaling pathways that are changed in S100GFP-

tg Sod1-/- muscles relative to control. We observed that Growth Arrest Specific (GAS) signaling, 

a crucial regulator of proliferation inhibition, was predominantly expressed in myelin SCs of 

S100GFP-tg compared to S100GFP-tg Sod1-/- mice (Figure 5.1-2). GAS incoming signaling 

pattern was found to be low in the proliferating cell and tSC-B cell clusters (Figure 5.1A). 

Interestingly, the PERIOSTIN and SPP1 signaling network displayed an information flow 

magnitude that was amplified by 40-fold in the S100GFP-tg Sod1-/- group relative to the S100GFP-

tg group (Figure 5.1A). Both periostin and SPP1 signaling have been implicated in promoting 

tumor cell growth and are also known to be upregulated following nerve injury. 

Our finding of marked induction of SPP1 signaling in S100GFP-tg Sod1-/- mice is 

compelling in light of a recent study finding that SPP1 promotes Schwann cell proliferation and 

survival, and its expression is notably upregulated in myelin Schwann cells following human 

peripheral nerve injury198. Exploring SPP1 signaling in our dataset, we identified a predominant 

expression of Spp1 in myelin SCs (Figure 5.1B,C). While SPP1 appears to communicate with 

almost every cell type, a marked increase in inferred SPP1 signaling was observed in Sod1-/- mice 

(Fig 5c). Moreover, heightened incoming signals were predicted in tSC-B cells, alongside other 

cells, including mesenchymal stem cells and proliferative cells (Figure 5.1C, Figure 5.2B). 

Notably, a significant communication probability was observed between myelin Schwann cells, 
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mainly mSC-A, and tSCs in Sod1-/- mice, facilitated through Spp1-Cd44 and Spp1-(Itgav-Itgab1) 

signaling (Fig 5.1D).  
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To validate our CellChat findings, we performed targeted RT-qPCR to evaluate the 

expression levels of key genes within the SPP1 pathway in GTN muscles isolated from 2-month-

old S100GFP-tg and S100GFP-tg Sod1-/- mice (Figure 5.1E). We showed upregulation in the 

expression of Tgfb1, Tgfbr2, and Spp1 in Sod1-/- mice. While Cd44 levels remained unchanged, 

we detected a borderline significant elevation in Cd44v6 (p = 0.052), the specific receptor variant 

of Cd44 known to bind SPP1. We next sought to confirm our scRNA-Seq and bioinformatic 

findings by pinpointing the protein localization of SPP1 in muscle fibers. Histological analysis 

using an Spp1 antibody on fixed muscle fiber bundles revealed pronounced localization of Spp1 

in myelin SCs near the NMJ, with intensified staining observed in Sod1-/- mice (Figure 5.1G) 

compared to control (Figure 5.1G). In addition, we validated the protein localization of CD44 in 

tSCs (Figure 5.2C). Taken together, our findings illuminate a novel Spp1 signaling mechanism 

involving both myelin SCs and tSCs, which could play a role in enhancing the tSC proliferation 

and survival during muscle denervation important for successful NMJ remodeling and 

reinnervation. 

 

Figure 5.1: Intercellular communication infers an SPP1 signaling dynamic between mSC and tSC. a, Secreted 
signaling pathways enriched in the muscle-resident SC network in S100GFP-tg and S100GFP-tg Sod1-/- mice. 
Dashed line through the middle on the ‘Relative Information Flow’ plot represents equal probability that a signaling 
pathway is active in both groups. Deviations away from the dashed line indicate greater information flow for a 
specific group. Information flow plot shows the strength of a specific signaling pathway in the overall signaling 
landscape b, c, Circle plots displaying the SPP1 signaling network across cell clusters for (b) S100GFP-tg and (c) 
S100GFP-tg Sod1-/- mice. The thickness of connecting lines represents the communication likelihood between paired 
cell clusters, with arrowheads demarcating communication directionality. d, Dotplot visualizing signaling of the 
Spp1 ligand to Cd44 and integrin receptors, denoting interactions between a distinct population of mSCs (mSC-A) 
and tSCs (tSC-A and tSC-B) in both S100GFP-tg (blue) and S100GFP-tg Sod1-/- (teal) mice. e, mRNA levels 
determined by qPCR for several presumed components of the Spp1 signaling pathway for muscles of S100GFP-tg 
(n = 4) and S100GFP-tg Sod1-/-  (n = 6) mice. f,g, Representative immunofluorescent images of NMJs stained with 
Spp1 (Red), S100B (Green), BTX (White), and DAPI (Blue). Open circles indicate values for individual mice and 
bars represent the mean across animals ± SEM **P ≤ 0.01, ***P ≤ 0.001, S100GFP-tg vs S100GFP-tg Sod1-/- by 
two tailed unpaired t-test. Scale bars represent 25 μm. 
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5.4.2 SPP1 gene expression is markedly increased in muscles following nerve injury 

To explore whether an acute recoverable nerve injury alters the gene expression dynamics 

of SPP1 signaling in skeletal muscle, we performed sciatic nerve crush procedures on 2-month-

old C57BL/6 mice (Figure 5.3A). Subsequently, we assessed transcript levels of denervation 

response pathways and genes involved in SPP1 signaling in GTN muscles in naïve non-injured 

controls, and 7-, 14-, and 28-days post injury (DPI). We observed a striking elevation in Spp1 

Figure 5.2: Top 20 intercellular secreted signaling pathways and validation of CD44 protein localization. a, 
Incoming and (b) outgoing secreted signaling patterns in 2-month-old S100GFP-tg Sod1-/-. Rows delineate distinct 
signaling pathways, while columns indicate individual cell clusters. Intensity of heatmap color signifies relative 
signaling strength: darker hues indicate higher signaling strength, and lighter ones suggest weaker signaling. Pathways 
designated with a red font highlight those most dysregulated in Sod1-/- relative to control. mSC, myelin Schwann 
cells; tSC, terminal Schwann cells; MSC, mesenchymal stem cells; MuSC, muscle stem cells; IC, immune cells. c, 
Representative immunofluorescent images of NMJs stained for CD44 (Red) and S100B (Green). 
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expression, and its receptors Cd44 and Itgav, peaking at 7 DPI and subsequently reverting to 

baseline levels by 14 DPI (Fig 5.3B). This temporal trend closely parallels the known post nerve 

injury gene expression pattern of Chrna1158, suggesting an inverse relationship with muscle 

innervation. In addition, Tgfb1 and its receptor Tgfbr2, proposed to be upstream of SPP1 signaling 

were also elevated at 7 DPI, with Tgfbr2 expression being reduced at 28 DPI compared to 

uninjured controls. Gene expression for NGFR and GDNF, which are associated with Schwann 

cell mediated nerve regeneration, were also highly expressed at 7 DPI, while the cell proliferation 

gene, Ccnd1, was elevated at 7 DPI and persisted at high levels out to 14 DPI. Protein localization 

of Spp1 was also validated using immunofluorescent imaging of muscle fiber bundles, which 

showed SPP1 localized to myelin Schwann cells, as well as other GFP+ cells and GFP- cells 

(Figure 5.4). The pronounced Spp1 expression during the initial nerve regeneration phase and its 

subsequent normalization is consistent with known muscle reinnervation milestones and 

implicates the potential involvement of Spp1 in muscle reinnervation. 

5.4.3 Inhibition of muscle Spp1 after acute nerve injury results in reduced muscle 

reinnervation and fewer tSCs 

To determine the role of Spp1 signaling in muscle reinnervation and its potential mediation 

of tSC responses post-nerve injury, we carried out peroneal nerve crush injuries on control 

S100GFP-tg mice and administered intramuscular injections of either an SPP1 neutralizing 

antibody (Spp1-nAb) or saline (Figure 6.3C). Evaluations of recovery of functional 

neurotransmission as assessed by the ability of nerve stimulation to activate muscle contractions 

and tSC characteristics were conducted at 7 DPI. To expedite the evaluation of the onset of muscle 

reinnervation and reduce the number of muscle injections, nerve injuries were strategically 

performed near the nerve entry point of the TA muscle, with muscles receiving injections at the 
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time of injury and every two days thereafter. Evoked force measurements by direct muscle 

stimulation showed no difference between the saline- and Spp1-nAb-treated groups; however, 

nerve evoked muscle forces were 43% lower for muscles of mice treated with Spp1-nAb (Figure 

5.3D). Furthermore, nerve-to-muscle force ratios in Spp1-nAb administered mice were 38% lower 

than for muscles of saline-treated mice. Collectively, these findings suggest that functional 

reinnervation post-injury was either impaired or delayed by neutralizing intramuscular Spp1 

signaling.  

We concurrently evaluated the effects of intramuscular SPP1 neutralization on tSCs in 

fixed muscle fiber bundles following injury histologically (Figure 5.3E). Mice treated with Spp1-

nAb at 7 DPI displayed a pronounced decrease in the nerve terminal area, perimeter, and synaptic 

area in comparison to the saline-treated controls (Figure 5.3F). In terms of denervated NMJs, the 

Spp1-nAb-treated group exhibited a significantly higher proportion of denervated muscle fibers 

relative to the saline-treated group (67% Spp1-nAb vs 33% saline), and NMJ synaptic area was 

also lower in Spp1-nAb mice. Further examination of tSC characteristics revealed a diminished 

number of tSCs per NMJ and a smaller tSC area for muscles that had SPP1 signaling inhibited 

(Fig 5.3F). Taken together, this evidence, coupled with our functional analyses, underscores the 

role of Spp1 in muscle reinnervation and its involvement in augmenting the tSC count at the NMJ. 
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5.5 Discussion 

Our data also demonstrate that this reactive phenotype is underpinned by an intricate SPP1 

signaling mechanism, bridging myelin Schwann cells and tSCs. Our observations of marked 

Figure 5.3: SPP1 signaling promotes tSC proliferation and muscle fiber reinnervation after nerve injury. a, 
Sciatic nerve crush injuries were performed, and gastrocnemius (GTN) muscles of C57BL/6 mice were harvested 0 
(Control), 7, 14, and 28 days post injury (DPI). b, mRNA levels for denervation markers (Chrna1), components of 
SPP1 signaling (Spp1, Cd44, Itgav, Tgfb1, Tgfbr2), genes associated with SC mediated nerve regeneration (Ngfr, 
Gdnf), and cell proliferation (Ccnd1) at each time point. c, Peroneal nerve injuries were induced, and tibialis anterior 
(TA) muscles were intramuscularly injected with either Spp1-nAb or saline (control) at time of injury and every 2 
days thereafter. d, Data are shown for force (mN) evoked by direct muscle stimulation, with nerve stimulation, and 
ratio of force elicited by nerve and direct muscle stimulation at 7 DPI for saline- (gray) and Spp1-nAb-treated (blue) 
groups. e, Representative immunofluorescent images of NMJs at 7 DPI stained with S100B (green), DAPI (Blue), 
BTX (Red), and NF/SV2 (Cyan). f, Quantification of NMJ nerve terminal area and perimeter, synaptic area, 
percentage of denervated (>10% overlap) NMJs, tSC number and area. Open circles indicate values for individual 
mice and bars represent the mean across animals ± SEM. Scale bars represent 25 μm. *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 
0.001, ****P ≤ 0.0001 by two tailed unpaired t-test (Saline vs Spp1-nAb) or 1-way ANOVA (7, 14, 28 DPI vs 
Control) for multiple comparisons. 

Figure 5.4: Localization of Spp1 Protein within Skeletal Muscle Fibers. Representative immunofluorescent 
images of muscle fiber bundles from S100GFP-tg mice, captured 7 days post-injury (7 DPI) following sciatic 
nerve crush, juxtaposed with non-injured controls (CTRL). The staining showcases S100B (Green), SPP1 (Red), 
BTX (White), and DAPI (Blue). Scale bar represents 25 μm. 
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elevations in both SPP1 gene expression and protein immunofluorescence in the acute phase post 

muscle denervation is consistent with prior reports of induction of Spp1 in samples from nerve 

injury patients198, and we show for the first time that Spp1 expression has functional relevance for 

the efficacy and/or efficiency of the response of tSCs to effect NMJ reinnervation. This significant 

conclusion is supported by our observations of increased tSC numbers following peroneal nerve 

injury that were notably decreased following intramuscular administration of an Spp1-nAb 

resulting in a diminished synaptic contact area, a pronounced percentage of denervated NMJs, and 

impaired recovery of functional innervation. Collectively, our findings suggest a pivotal role of 

SPP1 signaling, facilitated by myelin Schwann cells, in regulating tSC proliferation and 

reinnervation of denervated NMJs. 

While upregulation of SPP1 in muscles of patients suffering from Duchenne Muscular 

Dystrophy (DMD)200 and in mice following exercise199 has been reported, our study uncovers a 

novel cellular origin contributing to this signaling — originating from muscle-resident myelin 

Schwann cells, rather than or perhaps in addition to macrophages targeting Fibro/adipogenic 

progenitors (FAPs)199,201,202. The strong induction of SPP1 signaling pathway transcripts we 

observed concurrent with intense Spp1 immunofluorescence in skeletal muscle after nerve injury 

suggests Spp1 may have multiple functions to mediate muscle reinnervation. Integral to muscle 

reinnervation is Wallerian degeneration, a process governed by dynamic interactions among 

immune cells, FAPs, and Schwann cells. Thus, it is reasonable to hypothesize that SPP1 engages 

with multiple cell types in response to severe nerve trauma, such as nerve crush or nerve 

transection, to facilitate myelin clearance, ECM remodeling, and axon regeneration. In contrast, 

our observations, based on both imaging for protein and scRNA-Seq, of no significant Spp1 

signaling stemming from immune cells in muscles of Sod1-/- mice disrupts conventional 
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understanding of SPP1 signaling in muscle. These findings open the door for additional studies of 

the necessity for engaging immune cells during transient physiological innervation remodeling. 

Spp1 signaling between glial cell subtypes is further supported by recent investigations showing 

elevated levels of SPP1 in nerve samples post-injury, which positively correlated with Schwann 

cell proliferation and survival198. Furthermore, SPP1 has neuroprotective roles in the eye and is 

expressed by reactive astrocytes to promote retinal ganglion cell survival after traumatic optic 

nerve damage204. Beyond this regenerative aspect, SPP1 is implicated in pathological contexts, 

including tumor growth and metastasis, highlighting its versatility and likely the complexity of its 

regulation in promoting cell survival and growth in various contexts and cell types. 

 Overall, our research deepens the existing knowledge on the intricate cellular processes 

of NMJ regeneration orchestrated by Schwann cells. Specifically, we highlight the importance of 

SPP1 signaling and elucidate the distinct roles played by specialized subtypes of muscle-resident 

Schwann cells. 
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Chapter 6 Conclusions and Future Work 

The goal of this dissertation was to fill knowledge gaps relating to the cell biology and physiology 

of muscle-resident Schwann cells and whether alterations in the regulation of these or perhaps 

other proliferating cells limit motor unit expansion and/or reinnervation in conditions associated 

with disruption of muscle fiber innervation. These conditions include traumatic injury, 

neuromuscular degenerative disease, and normal aging. Through a combination of in vivo and in 

vitro investigations, the research described in the dissertation elucidates the roles of key cellular 

players and signaling pathways in neuromuscular junction (NMJ) maintenance and repair. 

In Chapter 2, we focus on proliferating cells, in general, and the impact of cellular 

senescence on skeletal muscle function. By employing a genetic model to eliminate p16-

expressing senescent cells in aged mice, the study presents evidence for a modest contribution of 

the presence of senescent cells to the modulation of skeletal muscle health. Since the publication 

of this study, additional research has emerged, shedding more light on this area. Notably, a study 

using a combination of senolytic drugs, Dasatinib and Quercetin (DQ), demonstrated efficacy in 

reducing the expression of genes associated with senescence in female mice and implicated FAPs 

as the primary cell undergoing cellular senescence105. However, when this approach was applied 

to human subjects, examining vastus lateralis muscle biopsies from elderly women and men treated 

with DQ, the results were less pronounced. These human studies revealed only modest changes in 

skeletal muscle, primarily marked by decreased expression of Gadd45A and Runx1. One of the 

challenges highlighted in this research is the low abundance of p16 transcripts in skeletal muscle 
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tissue, which makes it challenging to evaluate the specific effects of removing senescent cells 

through isolated muscle biopsies. Additionally, the application of findings from human muscle 

biopsies may not comprehensively represent the dynamics of other proliferative cell types, such as 

Schwann cells. This is partly due to the non-uniform distribution of these cells within the muscle 

tissue, which complicates the extrapolation of data from muscle biopsies to broader cellular 

phenomena in neuromuscular physiology. 

Based on the contributions of NMJ degeneration and denervation-induced fiber loss to 

sarcopenia7,205 and the importance of Schwann cell proliferation for the maintenance of muscle 

fiber innervation43, the remainder of the dissertation turns to examination of the support and 

regeneration of neuromuscular synapses through the lens of the Schwann cells.  In vitro 

experiments described in Chapter 3 build on reports71,75 of a significant role of reactive oxygen 

species (ROS) as regulators of Schwann cell phenotype. Earlier studies have established the 

significant role of ROS in triggering the de-differentiation of Schwann cells, a necessary precursor 

for nerve and NMJ repair71,75. Building upon these findings, our in vitro experiments used primary 

rat Schwann cells and extended the exposure to ROS-inducing agents to 48 hours, significantly 

longer than the one-hour duration used in the earlier studies. This prolonged treatment period 

allows for a more thorough investigation into how Schwann cells respond to sustained oxidative 

stress.  We observed that extended exposure to ROS-inducing agents led to the upregulation of 

essential markers of nerve repair and NMJ organization, such as GDNF, NGFR, and AGRN.  

Moreover, the study shows that conditioned media from ROS-activated Schwann cells 

significantly enhance post-synaptic AChR clustering in differentiated myotubes, indicating a 

direct Schwann cell-to-muscle signaling axis that facilitates NMJ organization. This finding aligns 

with previous research, such as a study demonstrating that rat nerve–muscle co-cultures treated 
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with SC-CM exhibited notably larger AChR clusters compared to controls. This correlation with 

existing literature underscores the growing understanding of the intricate interactions at the NMJ, 

particularly the influence of Schwann cells on synaptic structure and function.206. Despite this 

progress, critical questions remain. Notably, the precise biochemical mechanisms by which 

Schwann cell-derived factors mediate their effects to enhance AChR clustering are yet to be 

elucidated. Additionally, it is essential to explore how the secretion of Schwann cell-derived 

factors are modulated under different physiological and pathological conditions, such as aging, 

injury, or disease states, to fully appreciate their role in maintaining neuromuscular health. 

Chapters 4 and 5 move to in vivo analyses of muscle-resident Schwann cells, with a 

particular emphasis on terminal Schwann cells (tSCs), during NMJ remodeling. Utilizing a novel 

genetic mouse model deficient in Sod1 and expressing GFP in Schwann cells, the research 

identifies a crucial 'regenerative window' in early adulthood, optimal for studying the dynamics of 

NMJ remodeling and Schwann cell responses. Chapter 4 describes how partial denervation and 

NMJ remodeling coincide with an increased number of tSCs and the emergence of a novel 

synapse-promoting Schwann cell subtype. This discovery suggests a pivotal role for these cells in 

NMJ regeneration and improved neuromuscular transmission. In addition, intercellular 

communication analysis identified elevated SPP1 signaling from myelin Schwann cells in 2-

month-old Sod1-/- mice. This signaling was inferred to target tSCs expressing CD44 and ITGA5, 

suggesting a novel interaction that may drive tSC proliferation and muscle reinnervation. 

Finally, Chapter 5 extends these bioinformatic intercellular communication analysis to 

validate the importance of SPP1 signaling to facilitate muscle fiber reinnervation. Using temporary 

recoverable nerve injury models in wild-type mice, we showed acute, transient spikes in SPP1 

signaling post-injury. Subsequent experiments demonstrated that inhibiting SPP1 signaling 
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resulted in diminished muscle reinnervation and a reduction in tSC numbers at the NMJ. These 

findings underscore a previously unrecognized role of SPP1 in NMJ regeneration and highlight 

the importance of Schwann cell-mediated mechanisms in maintaining neuromuscular function. 

Overall, this dissertation offers crucial insights into the cellular and molecular mechanisms 

underpinning the health and repair of neuromuscular junctions, which hold potential for 

developing therapies for neuromuscular disorders like Sarcopenia. Building on the discoveries 

made, future research should aim to delve deeper into the dynamics of muscle-resident Schwann 

cells following muscle denervation. Several potential avenues that warrant future studies are 

described in the remainder of this chapter.   

 

Identifying novel signaling pathways between Schwann cells and skeletal muscle fibers 

The investigation into direct intercellular signaling between Schwann cells and muscle 

fibers remains a relatively uncharted area in neuromuscular research. To date, only a limited 

number of studies have addressed this critical aspect of cellular communication40–42,138,207. One of 

the main challenges in this field is the scarcity of terminal Schwann cells (tSCs) within the skeletal 

muscle milieu and the technical challenge of disrupting the strong association of Schwann cells to 

nerve axons. High-throughput transcriptomic techniques, such as single nuclei RNA Sequencing 

(snRNA-Seq), have consistently isolated far fewer tSCs compared to other cell types and 

myonuclei present in skeletal muscle208–211. This disparity poses significant hurdles in conducting 

comprehensive bioinformatic analyses to unravel direct intercellular signaling pathways between 

Schwann cells and muscle fibers. 

To overcome these limitations and gain a more accurate insight into the signaling landscape 

between Schwann cells and muscle fibers, future research should consider leveraging S100GFP-
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tg mice. These mice, engineered to express GFP in Schwann cells, provide a unique opportunity 

to selectively enrich GFP+ cells. Isolating nuclei from these enriched cells, alongside the isolation 

of whole skeletal muscle nuclei would allow researchers to employ snRNA-Seq to achieve a more 

representative and detailed analysis of intercellular communication. This approach would enable 

the identification of key signaling pathways that are critical for sustaining neuromuscular health 

and functionality. 

 

Dissecting muscle-resident Schwann cell dynamics in aged mice 

A decline in Schwann cell function with aging is associated with   declining neuromuscular 

health that warrants further exploration. Recent research presents conflicting findings about the 

presence and behavior of terminal Schwann cells (tSCs) in aged muscles. While the Snyder-

Warwick Lab observed a decrease in tSC numbers in older mice212, a recent study reported more 

tSC counts in aged extensor digitorum longus (EDL) and soleus muscles compared young but 

noted a reduction in their coverage of the NMJ213. Regardless of these discrepancies in tSC 

numbers, a broader consensus emerges from bulk RNA sequencing data of isolated Schwann cells 

from aged mice52,213. These data reveal a distinctive upregulation of pro-inflammatory molecules 

in aged tSCs compared to young tSCs, in mouse muscles from S100B-GFP;NG2-DsRed mice. 

Intriguingly, genes typically associated with synaptogenesis or those activated in repair Schwann 

cells do not appear to be upregulated in aged tSCs or aged Schwann cells extracted from injured 

nerves compared to young mice and rats, respectively52,213. This pattern indicates a potential shift 

in the functional role of Schwann cells during aging, away from regeneration and repair. This 

diminished functionality could be a key factor in the progression of age-associated neuromuscular 

degeneration. Given these insights, future research should focus on in-depth single-cell multiomic 



 109 

analyses of muscle-resident Schwann cells from both young and old skeletal muscles. Such studies 

would involve assessing the epigenomic and transcriptomic landscapes to identify specific 

pathways that are altered during aging. 

 

Determine the role of SPP1 in age-associated neuromuscular degeneration 

 The research presented in this dissertation emphasizes the significance of SPP1 signaling 

in NMJ regeneration, particularly in the context of partially denervated muscles in Sod1-/- mice 

and WT mice post-nerve injury. Our scRNA-Seq data, complemented by histological analyses, 

suggest that muscle-resident Schwann cells are key contributors to SPP1-mediated signaling. 

However, considering the substantial increase in SPP1 expression following injury and the 

established role of macrophages in SPP1 signaling in muscular dystrophies200–202, it is plausible 

that macrophages also play a significant role in the SPP1 signaling network, alongside Schwann 

cells. 

Given the age-related prevalence of partial muscle denervation and the emergence of a role 

for SPP1 in muscle repair, future research should focus on the responsiveness of tSCs to SPP1 

signaling in the context of aging. It is reasonable to hypothesize that while SPP1 signaling may 

remain elevated in the partially denervated milieu of aged muscles, the expression of SPP1 

receptors on tSCs could be diminished. Such a reduction in receptor expression might lead to 

decreased responsiveness of tSCs to SPP1, potentially contributing to their impaired proliferative 

capacity and, subsequently, to inadequate NMJ regeneration in aging muscles. 

Addressing this hypothesis will require a series of focused studies. A longitudinal analysis 

to track and quantify the expression levels of SPP1 and its receptors, such as CD44 and ITGA5, 

across different ages in both healthy and denervated muscle tissues, will be crucial. This approach 
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would shed light on the changes in Schwann cell-specific SPP1 signaling associated with aging 

and denervation. Additionally, advanced molecular imaging techniques like fluorescence in situ 

hybridization (FISH) or immunohistochemistry should be employed to profile the expression of 

SPP1 receptors on tSCs in aged muscle tissues. This would help identify potential changes in 

receptor dynamics contributing to altered SPP1 responsiveness during aging. 

Moreover, experimenting with animal models to manipulate the SPP1 signaling pathway 

within aged muscles in vivo would be insightful. This could involve strategies to enhance receptor 

expression on tSCs or to adjust the levels of SPP1 within the muscles. Assessing the impact of 

these interventions on muscle reinnervation and NMJ regeneration could illuminate the therapeutic 

potential of targeting SPP1 signaling in age-related neuromuscular conditions. 

Collectively, this research framework aims to dissect the complexities of SPP1 signaling 

in aging muscles, particularly focusing on its interactions with tSCs and the wider neuromuscular 

system. The insights gained from this research, informed by the findings of this dissertation, could 

be pivotal in developing targeted approaches to mitigate age-associated neuromuscular 

degeneration and bolster the regenerative capacity of the neuromuscular system.  

 

Deciphering the role of increased ROS in Schwann cells in contributing to neuromuscular 

degeneration 

 Previous studies, including those from our laboratory and collaborators, have demonstrated 

that Sod1-/- mice exhibit progressive neuromuscular degeneration beginning at around six months 

of age. Intriguingly, research has also shown that specific interventions, such as expressing Sod1 

in motor neurons or expressing catalase into skeletal muscle in these Sod1-/- mice, can mitigate the 
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neuromuscular degenerative phenotype214,215. These findings suggest the presence of a critical 

ROS threshold in skeletal muscle, beyond which neuromuscular degeneration is triggered. 

 

This hypothesis raises the question of whether modulating ROS levels specifically in muscle-

resident Schwann cells could alleviate skeletal muscle degeneration under conditions of elevated 

oxidative stress. To investigate this, a tailored genetic model could be employed, featuring the 

overexpression of catalase or Sod1 specifically in Schwann cells within the Sod1-/-  mouse model. 

Such an approach would allow for a detailed examination of the impact of ROS modulation in 

Schwann cells on the overall neuromuscular health. 

Further expanding on this line of inquiry, it would be valuable to conditionally overexpress 

these antioxidant proteins in Schwann cells in wild-type adult mice. This experiment would 

provide insights into whether enhancing the antioxidant capacity of Schwann cells in a typical 

aging scenario could preserve their functionality and potentially delay or prevent neuromuscular 

degeneration. Conducting longitudinal studies in these genetically modified animals could shed 

light on the long-term effects of enhanced ROS-scavenging in Schwann cells and its implications 

for maintaining neuromuscular junction integrity and muscle health in aging. 
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