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Abstract 

The cholinergic system drives muscle contraction and plays a central role in the 
formation, maintenance, and repair of mammalian neuromuscular junctions (NMJs) and 
skeletal muscles. Because of these essential actions, much effort has been devoted to 
identifying primary and auxiliary modulatory components of the cholinergic system at 
NMJs and throughout skeletal muscles. Here, I asked if Lynx1, a GPI-anchored protein 
shown to modulate nAChRs in the brain, is present and affects the activity of nAChRs at 
NMJs. Molecular and cellular analysis revealed that Lynx1 levels increase in skeletal 
muscles, specifically at NMJs, during development. Its expression pattern also closely 
mirrors changes in cholinergic transmission in vivo and in vitro. As expected, I found by 
co-immunoprecipitation that Lynx1 interacts with muscle nAChRs and using 
electrophysiology, I show that Lynx1 desensitizes nAChRs to ACh at NMJs. These 
findings demonstrate that Lynx1 regulates the cholinergic system at NMJs, suggesting 
roles for this gene in developing and adult NMJs. To determine the role of Lynx1 at 
NMJs, I examined Lynx1 knockout mice at different ages. While deletion of Lynx1 has 
no discernable effect on developing NMJs, its absence increases the incidence of NMJs 
with age-related morphological features, such as fragmentation and denervation, in young 
adult and middle-aged mice. Loss of Lynx1 also increases the number of slow-type 
muscle fibers in young and middle-aged mice, another hallmark of aging. Along with 
these morphological changes, deletion of Lynx1 affects expression of genes associated 
with NMJ stability, myogenesis, and muscle atrophy in young adult and middle-aged 
mice. Not surprisingly, the loss of Lynx1 reduces the density and stability of nAChRs at 
NMJs. Because of these findings, I surmised that loss of Lynx1 would adversely affect 
NMJs under other physiological stressors. However, I found the opposite as the loss of 
Lynx1 augments the capacity of NMJs to repair damages during exercise, following 
injury to motor axons, and during the initial symptomatic stage of amyotrophic lateral 
sclerosis (ALS). Since Lynx1 modulates the activity of nAChRs, these contrasting 
findings likely represent the positive and negative effects of heightened cholinergic 
transmission on aging compared to injury and disease-afflicted NMJs. 



 

 

General audience abstract 

During normal aging and in neuromuscular diseases, such as amyotrophic lateral sclerosis 

(ALS), voluntary movement becomes compromised. This is largely due to deterioration of the 

synapse between motor neurons and skeletal muscles, called the neuromuscular junction (NMJ), 

which is responsible for voluntary movement. Signaling at the NMJ is driven by cholinergic 

transmission, which when dysregulated can directly result in degeneration of the NMJ, similar to 

that seen in both aging and ALS. Thus, it is critical to maintain proper cholinergic transmission 

for preservation of the NMJ. For the first time, I have characterized the role of an endogenous 

protein, Lynx1, in modulating cholinergic transmission at the NMJ. Lynx1 functions to dampen 

cholinergic activity to prevent muscles from becoming overwhelmed and fatigued. The work 

outlined in this dissertation proposes Lynx1 as a novel therapeutic candidate for preventing 

neuromuscular degeneration in conditions associated with dysregulated cholinergic transmission, 

such as ALS.  
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Chapter 1 : General introduction 

1.1 Summary of the cholinergic system 

Cholinergic synapses, classified by the release of the neurotransmitter acetylcholine 

(ACh), are present across the nervous system. Overall, the synapse is composed of three 

major components: the presynapse, a specialized region at the end of axons that releases 

neurotransmitters; the postsynapse, the site equipped to receive and relay 

neurotransmission within receiving cells; and the synaptic cleft, the extracellular space 

between the presynapse and postsynapse. In cholinergic synapses, ACh is produced by 

choline acetyltransferase (ChAT), which combines acetyl-coA and choline molecules 

within the presynapse. Subsequently, vesicular acetylcholine transporter (VAChT) 

shuttles ACh into synaptic vesicles located in the presynapse. When the axon terminal is 

depolarized, ACh is released from docked vesicles into the synaptic cleft and then binds 

to acetylcholine receptors (AChRs) located on the postsynaptic membrane. ACh is then 

catabolized into acetate and choline by acetylcholinesterase (AChE) in the synaptic cleft. 

Choline is shuttled back into the presynapse by choline transporter 1 (CHT1) to resume 

the cycle of ACh synthesis, loading, and release (Purves D, Augustine GJ 2001) (Figure 

1.1). These, and other molecules of the cholinergic system, are essential for relaying and 

terminating cholinergic transmission in the central and peripheral nervous system. 

In addition to the elaborate pathway of ACh synthesis and release, cholinergic 

transmission is largely regulated by the diversity of AChRs in the postsynapse. These 

receptors are generally separated into two categories: ionotropic nicotinic acetylcholine 

receptors (nAChRs) and metabotropic muscarinic acetylcholine receptors (mAChRs) 

(Tiwari et al. 2013). Nicotinic acetylcholine receptors are pentameric structures made 

from a family of 16 subunits (α1-α7, α9, α10, β1-β4, γ, δ, and ε) that can assemble into 

multiple distinct nAChR subtypes, as homopentamers or heteropentamers, with diverse 

biophysical properties (Wells 2008). These diverse nAChR subtypes are expressed in 

various regions of the nervous system (Wells 2008). nAChR ion channels undergo a 

conformational shift when bound to ACh, which allows the flow of cations, primarily 

Na+ and K+, through the channel and across the membrane (Wells 2008). Some nAChRs, 

such as α7 homopentamers, are also permeable to Ca+2, allowing the postsynapse to 
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rapidly depolarize and affect signaling mechanisms within cells more quickly (Wells 

2008). In contrast, the 5 unique mAChRs subtypes (M1-M5) are G-protein coupled 

metabotropic receptors with 7 transmembrane domains (Tiwari et al., 2013). Each of the 

different mAChR subtypes are distributed throughout the nervous system and play 

important roles in heart rate regulation, muscle contraction, hormone secretion, and 

numerous other physiological events (Kruse et al. 2014). Subtypes M1, M3, and M5 are 

typically coupled to Gq/11 proteins, which recruit phospholipase C to increase 

intracellular Ca+2 and activate protein kinase C (PKC) (Lanuza et al., 2010). In skeletal 

muscles, activated PKC has been shown to phosphorylate nAChRs and increase the 

clustering of these receptors at the postsynapse (Lanuza et al. 2010). In the presynapse, 

M1, M3, and M5 mAChRs also cause the mobilization of synaptic vesicles and increase 

the readily releasable pool (Leenders and Sheng 2005). In contrast, presynaptic M2 and 

M4 mAChRs generally associate with Gi/0 proteins and inhibit adenylyl cyclase 

activity, which reduces intracellular concentrations of cyclic adenosine monophosphate 

(cAMP) and ultimately inhibits cholinergic transmission by reducing the release 

probability of ACh (Jones, Byun, and Bubser 2012). Thus, the diversity of nAChRs and 

mAChRs specifies the response of the postsynapse to ACh emanating from presynaptic 

nerve terminals.  

1.2 The cholinergic system in mammalian NMJs  

One major function of the cholinergic system is to control voluntary movement of 

mammalian muscles. This occurs at the neuromuscular junction (NMJ), the cholinergic 

synapse between presynaptic α-motor neuron nerve terminals and postsynaptic AChRs on 

muscle fibers. In addition to initiating muscle contraction, the cholinergic system plays an 

integral role in the development and viability of NMJs and muscle fibers. Thus, the 

cholinergic system is tightly regulated and undergoes critical molecular and functional 

changes at different stages of the lifespan, that are necessary for muscle fibers to 

adequately respond to varying levels of ACh. One major shift occurs during 

development, when immature nAChR pentamers in skeletal muscles are composed of two 

α1, one β1, one δ, and one γ subunits and are dispersed throughout muscle fibers (Millar 

and Harkness 2008). The presence of the γ subunit facilitates an increase in the nAChR 
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channel opening time in response to ACh. This allows immature muscle fibers to contract 

in the absence of innervation, while motor neurons mature to control the release of ACh 

from presynaptic sites. As the motor axon approaches muscle fibers, it releases the 

neuronal isoform of agrin (z-agrin) to stabilize and cluster nAChRs at the postsynapse 

(Misgeld et al. 2005). When z-agrin binds to the low-density lipoprotein receptor-related 

protein 4 (LRP4), present in skeletal muscles, the complex promotes 

transphosphorylation and activation of muscle-specific kinase (MuSK). MuSK activation 

is also reliant on docking protein 7 (DOK7), which forms a tetrameric complex with 

MuSK to autophosphorylate the protein and potentiate its activation. Activated MuSK 

leads to the subsequent recruitment of the receptor-associated protein of the synapse 

(Rapsyn), an intracellular protein responsible for anchoring nAChRs to the cytoskeleton 

(Li, Xiong, and Mei 2018) (Figure 1.2A). During this process of nAChR clustering, the 

subunit composition of nAChR pentamers shifts as the γ subunit is replaced by the ε 

subunit. This molecular change is responsible for shortening the opening time of nAChRs 

(Yumoto, Wakatsuki, and Sehara-Fujisawa 2005), taking place between postnatal day 6 

and 7 in rodents (Brehm 1989; Mishina et al. 1986; Naguib et al. 2002). The 

incorporation of the ε subunit is extremely important for the development of skeletal 

muscles, as it allows adult skeletal muscles to adequately respond to increased ACh 

released by the presynapse (Figure 1.2B).  

In order to ensure effective neurotransmission in matured NMJs, the amount of 

ACh released by a single nerve impulse is 3-5 times greater than necessary to produce 

muscle contraction, this mechanism is called the safety factor (Wood and Slater 2001). In 

addition, the NMJ often experiences spontaneous releases of ACh from individual 

synaptic vesicles, called miniature endplate potentials (MEPPs). In essence, this 

introduces excess ACh into the synaptic cleft in the absence of a nerve impulse (Gage 

and McBurney 1972). While the small depolarization caused my MEPPs is not enough to 

elicit an action potential, persistent activation of nAChRs by ACh can lead to premature 

neuromuscular degeneration (Sugita et al. 2016). Thus, in order to maintain NMJ 

stability, it is imperative for mature skeletal muscles to develop endogenous mechanisms 

aimed at preventing NMJ fatigue in the presence of surplus ACh. In addition to the 
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critical functional shift from γ to ε pentamers, there are other adaptations that occur 

which are important for the NMJ to remain plastic. 

1.2.1 Pre- and postsynaptic modulation 

There are multiple components of the NMJ that are designed to modulate synaptic 

transmission in skeletal muscles. Among these, AChE functions to catabolize 

acetylcholine in the synaptic cleft and terminate cholinergic transmission. At stable 

synapses, AChE is anchored to the post-synapse by its interaction with COLQ and α-

dystrobrevin. However, non-synaptic AChE is mobile and plays a role in regulating 

synaptic density (Martinez-Pena y Valenzuela and Akaaboune 2007). At the postsynapse, 

changes in the distribution of nAChRs through MuSK-LRP4-Rapsyn signaling pathways 

play a role in modifying cholinergic transmission (Wood and Slater 2001). There is also 

evidence that mAChRs are present in various regions of the NMJ and play a significant 

role in regulating cholinergic transmission. In the presynaptic region, M1, M2, and M4 

mAChRs act as auto receptors to inhibit excessive ACh release (Nadal et al. 2016; 

Slutsky et al. 2003). M1 and M3 mAChRs residing in muscle fibers have been shown to 

stimulate AChE synthesis, and mediate the release of ACh during development and to aid 

in the repair of damages to skeletal muscles following injury (Furlan and Godinho 2005). 

More recently, muscle fibers from M5-/- mice were shown to have abnormally small 

muscle fibers and NMJs, suggesting M5 mAChRs play a role in preventing muscle 

atrophy due to excessive cholinergic activity (Wright et al. 2009). Together, these 

molecules in the pre- and postsynaptic regions initiate and regulate cholinergic 

transmission at the NMJ. 

1.2.2 Synaptic basal lamina 

It is imperative for the structures of the pre- and post-synapse to be properly 

aligned for α-motor neurons and muscle fibers to adequately communicate. The structural 

features of the NMJ are largely supported by molecules that makeup the synaptic cleft, 

also referred to as the synaptic basal lamina (Rogers and Nishimune 2017). The synaptic 

basal lamina at the NMJ consists of extracellular matrix molecules including laminins, 

collagens, fibronectin, neuregulins, and perlecan (Patton 2003; Rogers and Nishimune 



 5 

2017). These extracellular matrix molecules play an important role in the structural 

organization of the NMJ as well as organization of active zones (Rogers and Nishimune 

2017). It has been reported that mice deficient for laminin α2, α4, α5, and β2 present with 

abnormal morphology at the NMJ, specifically a misalignment of active zones (Patton 

2003). Furthermore, mutations or dysfunction of the dystrophin-associated glycoprotein 

complex (DGC), a main receptor of basal lamina can lead to severe myodegeneration 

(Durbeej and Campbell 2002). Altogether, the synaptic basal lamina is regarded as an 

essential structural element of the NMJ. 

1.2.3 Perisynaptic Schwann cells 

In addition to the presynapse, postsynapse, and the synaptic basal lamina, 

perisynaptic Schwann cells (PSCs) play a critical role at the NMJ. PSCs are glial cells of 

the NMJ which ensheath the synapse to provide regulatory support (Ko and Robitaille 

2015). PSCs have also been shown to play an integral role in NMJ formation, 

maintenance, as well as synaptic plasticity (Arbour, Vande Velde, and Robitaille 2017; 

Darabid, Perez-Gonzalez, and Robitaille 2014; Ko and Robitaille 2015). PSCs regulate 

cholinergic signaling at the NMJ through mAChRs and other pathways including 

Neuregulin 1 (NRG1), transforming growth factor-β (TGFβ), and purinergic type 2Y 

receptors (P2YRs). Specifically, M1, M3, and M5 mAChRs present in PSCs are 

responsible for compensatory axonal sprouting and synaptic stability (Wright et al. 2009). 

Through these actions, PSCs regulate the cholinergic system between the presynapse and 

postsynapse. Together, these different molecular and cellular components of the NMJ 

work in harmony to regulate the release of ACh, control its abundance at the synaptic 

cleft, and facilitate contraction of skeletal muscles. 

1.2.4 Macrophages in skeletal muscles 

Aside from voluntary movement, the cholinergic system is also involved in 

regulating the inflammatory pathway in skeletal muscles through macrophages (Pavlov et 

al. 2003). Homopentamers of nAChRα7 are expressed on macrophages to receive and 

decode ACh signals released by the vagus nerve. Expression of α7 nAChRs becomes 

significantly upregulated following injury in skeletal muscles (Tsuneki, Salas, and Dani 
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2003). When activated, α7 receptors act to decrease pro-inflammatory signaling and 

suppress the inflammatory response (Kharraz et al. 2013; Pavlov et al. 2003). Thus, 

dysregulated cholinergic transmission in skeletal muscles may also impair the timely 

response of the immune system to damages caused by a variety of stressors, including 

normal aging, diseases, and injuries. 

1.3 Consequences of decreasing cholinergic transmission 

The frequency and magnitude of cholinergic transmission fluctuates continuously 

due to natural changes in locomotion, however, endogenous modulators allow skeletal 

muscles to quickly and adequately adapt to these transient changes (Purves D, Augustine 

GJ 2001). However, NMJs and skeletal muscles acquire pathophysiological features 

when cholinergic transmission is persistently altered. One disease associated with 

dysregulated cholinergic transmission is the spectrum of congenital myasthenic syndrome 

(CMS), characterized by severe muscle weakness and fatigue (Farmakidis et al. 2018; 

Gilhus 2016; Magalhães-Gomes et al. 2018). CMS is most commonly caused by 

mutations in the CHRNε gene, which encodes the protein for the ε subunit in the nAChR 

pentamer (Farmakidis et al. 2018). Mutations in this gene affect the function of the adult 

nAChR pentamer, and therefore interfere with proper cholinergic transmission. CMS is 

also caused by mutations in other NMJ-associated proteins with direct roles in the 

cholinergic system, such as COLQ, DOK7, Rapsyn, and CHAT (Abicht, Müller, and 

Lochmüller 1993). Patients with mutations in COLQ, the collagen-like tail attached to 

AChE tetramers, present with AChE deficiency, junctional fold degeneration, and smaller 

nerve terminals (Mihaylova et al. 2008). In the absence of ChAT, neurotransmission is 

abolished and synaptic maturation is disrupted, while the initial clustering of postsynaptic 

nAChRs is unaffected (Misgeld et al. 2002, 2005). Similar symptoms of muscle 

weakness and fatigue occur when the vesicular acetylcholine transporter is mutated in 

humans or decreased in mice (Aran et al. 2017; de Castro et al. 2009; Magalhães-Gomes 

et al. 2018; Prado et al. 2006, 2013; Rodrigues, De, et al. 2013). 
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1.3.1 Excess ACh acts to destabilize the NMJ 

ACh has been shown to play multiple significant roles at the NMJ. During 

development, ACh works in concert with z-agrin to sculpt the NMJ (Misgeld et al. 2005). 

While z-agrin stabilizes nAChRs, the release of ACh diffuses nAChRs from the 

postsynaptic region (Misgeld et al. 2002), an effect proposed to aid in the growth and 

maturation of the NMJ. However, when in excess, ACh directly promotes the 

disassembly of nAChR clusters, and thus acts as an anti-synaptogenic factor (An et al. 

2010; Samuel et al. 2012). This has been shown in cultured myotubes treated with the 

ACh mimetic, carbachol, and in mice lacking z-agrin (Misgeld et al. 2002, 2005). More 

recently, it has been directly demonstrated using transgenic mice with elevated 

expression of the vesicular acetylcholine transporter (VAChT), referred to as VAChThyp 

mice (Sugita et al. 2016). These transgenic mice prematurely exhibit signs of 

degeneration associated with aging, suggesting that persistent release of ACh from 

individual vesicles is deleterious to NMJs (Prado et al. 2006; Sugita et al. 2016).  

1.3.2 Aging and the cholinergic system 

It is well-established that NMJs progressively degenerate with advancing age, and 

their degeneration is accompanied by muscle fiber atrophy (Jang and Van Remmen 

2011). These and other changes in skeletal muscles inevitably compromise motor 

function, adversely impacting the quality of life and health of elder individuals. While 

aging is a consequence of many factors, there is now ample evidence that the cholinergic 

system malfunctions and contributes to aging of NMJs and muscle fibers. In rodents, 

cholinergic transmission at NMJs has been examined directly and indirectly during aging. 

Measurements of miniature endplate potentials (MEPPs), which represent the 

spontaneous fusion of vesicles at active zones, in the gastrocnemius muscle of 28 month-

old compared to 10 month-old mice, revealed increased amplitude but decreased 

frequency of MEPPs in old mice. A similar pattern of increased amplitude along with 

decreased frequency of MEPPs was observed in the diaphragm of 29-34 month-old mice 

(Banker, Kelly, and Robbins 1983). These studies also showed that aging increases the 

amplitude of endplate potentials (EPPs) (Banker, Kelly, and Robbins 1983). Additionally, 

it was demonstrated that the safety factor increases at NMJs in old mice, in stark contrast 
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to human studies showing that aging reduces the safety factor (Kelly 1978). Furthermore, 

spontaneous giant miniature endplate potentials (GMEPPs), which occur when ACh is 

released from vesicles residing outside the active zone, increase in frequency in the 

diaphragm of aged rats (Pousinha et al. 2015). These findings were mostly confirmed in a 

recent study that compared functional parameters between NMJs of 12-14 month-old and 

24-28 month-old mice (Willadt, Nash, and Slater 2018), indicating that cholinergic 

transmission increases in old rodents. In this regard, our lab recently demonstrated that 

NMJs prematurely acquire age-related morphological features in young adult transgenic 

mice in which the amplitude of MEPPs is constitutively increased (Sugita et al. 2016). 

Thus, increased and dysregulated cholinergic transmission may contribute to age-related 

changes at NMJs and elsewhere in skeletal muscles. 

Along with functional evidence, published findings show that the expression and 

distribution of several molecules with key roles in the cholinergic system are altered at 

aged NMJs. This includes the loss of nicotinic acetylcholine receptors (nAChRs) from 

the postsynaptic site and accumulation of nAChRs in non-synaptic regions of muscle 

fibers (Smith, Williams, and Emmerling 1990). Additionally, the γ subunit of the nAChR 

pentamer increases in old age (Xie et al. 2016), possibly resulting in the accumulation of 

mixed nAChRs pentamers, composed of the γ or the ε subunit, at NMJs. Several other 

NMJ-associated genes are also increased in skeletal muscles of aged mice, including the 

muscle-specific kinase (MuSK) and low-density lipoprotein receptor-related protein 4 

(Lrp4) (Ibebunjo et al. 2013). These NMJ-associated genes are also invariably increased 

in denervated skeletal muscles of young adult mice (Dalkin, Taetzsch, and Valdez 2016), 

suggesting that the molecular changes that occur in aging muscles are in response to the 

denervation of NMJs. 

1.3.3 Amyotrophic lateral sclerosis and the cholinergic system 

ALS is a fatal, debilitating neurodegenerative disease caused by progressive loss 

of motor neurons and NMJ denervation, resulting in paralysis and ultimately death from 

respiratory failure (Petrov et al. 2017). French neurologist Martin Charcot is credited with 

first characterizing the disease in 1869. However, ALS was not well recognized until 

1939 when Lou Gehrig was diagnosed with the disease. The worldwide mortality rate is 
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estimated at 30,000 patients per year, making ALS an orphan disease (Petrov et al. 2017). 

For reasons still unknown, ALS is more common in men than women, and military 

veterans are at an increased risk (Veldink et al. 2003). There are several known genetic 

mutations associated with ALS, but the inherited form of ALS only accounts for 

approximately 10 percent of cases. ALS is an age-related disease with symptoms 

typically manifesting around 50 years of age. On average, patients live only 3-5 years 

after being diagnosed with ALS (Petrov et al. 2017). Unfortunately, even with modern 

advancements, Riluzole and Edaravone are the only two FDA approved treatments for 

ALS (Jaiswal 2019). These drugs target increased levels of oxidative stress, and have 

shown efficacy in a small percentage of ALS patients (Petrov et al. 2017; Takei et al. 

2017). Even so, these therapies have only been able to moderately extend the lifespan of 

ALS patients (Abe et al. 2017; Abraham et al. 2019; Dharmadasa and Kiernan 2018). 

Therefore, the identification of new molecular pathways involved in ALS pathology is 

crucial for developing new therapeutics to treat the disease. 

When NMJs begin degenerating during ALS progression, cholinergic 

transmission is understandably disturbed due to the lack of motor neuron innervation 

(Dadon-Nachum, Melamed, and Offen 2011). However, recent studies using mouse 

models for ALS have shown that before pathological symptoms arise, cholinergic 

transmission is disrupted (Arbour et al. 2015; Campanari et al. 2016; Casas et al. 2013; 

Rocha et al. 2013). Depending on the muscle fiber type examined, MEPP amplitude, 

quantal content, and paired-pulse facilitation (PPF) are significantly altered in 

asymptomatic mouse models for ALS (Tremblay, Martineau, and Robitaille 2017). 

Furthermore, it has been shown that degeneration of the NMJ occurs in a mosaic pattern, 

indicating that neuromuscular remodeling precedes motor-unit loss in ALS mouse models 

(Martineau et al. 2018). These data suggest that dysregulated cholinergic activity may 

precede symptom onset and could be a key contributor to the disease pathology. 

Supporting this possibility, it was recently demonstrated that increasing cholinergic 

activity significantly accelerates NMJ degeneration and reduces the lifespan of a mouse 

model of ALS (Sugita et al. 2016). Thus, dysregulated cholinergic transmission may play 

an important role in the initiation and progression of ALS. 
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1.4 Pharmacological agents that modulate the cholinergic system 

Decades of research have led to the identification of natural and synthetic 

molecules that target different components as agonists or antagonists of the cholinergic 

system. Belladonna alkaloids, centrally active cholinergic drugs, were discovered as the 

first established treatment of Parkinson’s Disease (PD) in the 1860s (Goetz 2011). 

However, the centrally active cholinergic inhibitory drugs had several side-effects, not 

addressed until the 1950s when synthetic anticholinergic treatments that specifically 

target AChRs were introduced (Kopin 1993). Nearly two decades ago, scientists also 

discovered that cholinergic pathways in the cortex and forebrain are compromised in 

Alzheimer’s patients (Katzman and Saitoh 1991). To date, the only approved treatment 

for Alzheimer’s disease is the use of AChE inhibitors, such as donepezil, rivastigmine, 

and galantamine, which prevent ACh degradation with the hopes of increasing 

cholinergic signaling in the brain (Galimberti and Scarpini 2016). Other approaches for 

therapies have relied on using choline and phosphatidylcholine, acetylcholine precursors, 

with little to no reliable improvements in AD patients. Some trials remain interested in 

muscarinic agonists to increase acetylcholine signaling, but with several off-target 

effects, these agonists have not been beneficial in the treatment of AD (McGleenon, 

Dynan, and Passmore 1999). 

Many of the aforementioned drugs, and others, have also been used to mitigate 

cholinergic dysregulation in the peripheral nervous system. Donepezil and 

pyridostigmine, two inhibitors of acetylcholinesterase, have been used to increase 

availability of synaptic ACh in patients with myasthenia gravis (Hudson, Foster, and 

Kahng 1986; Magalhães-Gomes et al. 2018; Morsch et al. 2013; Seltzer 2005). 

Vesamicol, a synthetic inhibitor of VAChT, reduces the quantal content of ACh and 

showed some promise in preventing NMJ degeneration in mouse models of CMS (de 

Castro et al. 2009; Prior, Marshall, and Parsons 1992; Rodrigues, Fonseca, et al. 2013). 

However, these synthetic drugs have multiple off target effects, due to the ubiquitous 

actions of ACh, and have yet to be optimized for clinical treatment. This is largely due to 

the diversity of AChRs and their actions at the postsynapse. For example, while 

decreasing the availability of synaptic ACh may be beneficial for heterogeneous nAChR 

pentamers, decreased activation of α7 homopentamers in macrophages could lead to a 
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prolonged immune response and aberrant inflammation. Thus, it is critical to explore 

novel pathways to modulate the cholinergic system, specifically at postsynaptic sites 

within the NMJ. 

1.5 Lynx1 modulation of nAChRs 

The Ly6/neurotoxin family is a group of proteins that contain a 

glycophosphatidylinositol (GPI) anchor and three-finger (3F) folding domains which 

interact with nAChRs (Tsetlin 2015). There are multiple family members of Lynx 

proteins that have recently been discovered, including Lynx1, Lynx2, Lynx3, Lynx4, and 

Lynx5 which all share structural similarity (Tekinay 2007). However, the function and 

role of many of these family members has not been well characterized. Lynx1, an 

endogenous regulator of cholinergic activity, was first described in 1999 in the brain 

(Miwa et al. 1999). Initial reports of the protein revealed a structural similarity between 

Lynx1 and α-bungarotoxin, which binds with high affinity to nAChRs, with the exception 

of its GPI anchor, which attaches Lynx1 to the membrane (Miwa et al. 1999). Further 

analysis confirmed that Lynx1 interacts with nAChRs and functions to maintain low 

sensitivity to ACh, contributing to the synaptic safety margin (Ibanez-Tallon et al. 2002). 

Recent studies suggest that Lynx2 also interacts with and modulates the function of 

nAChRs in the brain, which plays a role in anxiety (Dessaud et al. 2006; Ayse B Tekinay 

et al. 2009). Although Lynx2 has been found to be expressed in motor neurons and 

embryonic limb buds, and shown to interact with nAChRs, it is not expressed in skeletal 

muscles (Dessaud et al. 2006). Additionally, Lynx3 has been found to interact with 

nAChRs, but is mostly expressed in peripheral tissues such as the olfactory bulb and lung 

epithelium (Tekinay 2007). One recent report suggests that the roles of the different Lynx 

family members are not functionally redundant, as each isoform has distinct and selective 

actions in different tissues and on different nAChR pentamers (Wang et al. 2015). As the 

first family member to be characterized, Lynx1 is perhaps the most understood of the 

isoforms.  

In addition to interacting with nAChRs on the peripheral membrane, Lynx1 binds 

to nAChRs in the endoplasmic reticulum where it shifts the stoichiometry of subunits to 

generate a nAChR pentamer with lower sensitivity to ACh (Nichols et al. 2014). This 



 12 

interaction within the endoplasmic reticulum has been suggested to be mediated through 

the preferential binding of Lynx1 to specific subunit interfaces (George et al. 2017). 

Analysis of a Lynx1 knockout mouse has provided valuable insights into its role in vivo. 

Lynx1 was found to be an allosteric modulator of nAChRs, critical for neuronal survival 

(Miwa et al. 2006). More recently, Lynx1 has been implicated in neuronal plasticity 

(Morishita et al. 2010; Nabel and Morishita 2013; Takesian et al. 2018), motor learning 

(Miwa and Walz 2012), aging (Kobayashi et al. 2014), Alzheimer’s (Thomsen et al. 

2016), nociception (Nissen et al. 2018), and nicotine addiction (Parker et al. 2017). 

However, these studies have mostly assessed the effect of Lynx1 on nAChRs in the brain.  

Despite the essential role nAChRs play at NMJs, Lynx1 has yet to be studied in 

skeletal muscles, specifically at NMJs. As Dr. Zach Hall eloquently wrote in 1999, “A 

physiological role for Lynx1 at [the neuromuscular junction] would bring the α 

neurotoxin story full circle in a historically fitting and entirely satisfying way” (Hall 

1999). Interestingly, Lynx1 has recently been implicated in playing a role in motor 

neuron disease as it was shown to be highly expressed in the mouse lumbar spinal cord 

(Meyer 2014). The work outlined in this dissertation directly addresses, for the first time, 

the role of Lynx1 in skeletal muscles and at the NMJ.  

1.6 Innovative methods and experimental design 

Based on findings in the central nervous system, Lynx1 became an obvious 

candidate for mitigating the negative effects of dysregulated cholinergic transmission in 

skeletal muscles and NMJs during development, adulthood, injury, aging and diseases. 

To test the hypothesis that Lynx1 is a biological modulator of cholinergic transmission in 

skeletal muscles, I designed a study with three main objectives combining classical and 

innovative approaches.  

1.6.1 Innovative methods 
 

A. Transgenic animals: This dissertation includes the analysis of Lynx1 knockout mice 

(Lynx1-/-) which provide helpful indications for the role of Lynx1 in skeletal muscles by 

assessing their neuromuscular health. Lynx1-/- mice have been previously generated and 

characterized in the brain (Miwa et al. 2006). We obtained Lynx1-/- mice to breed in our 
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colony in collaboration with Dr. Morishita from the Icahn School of Medicine at Mount 

Sinai. I crossed Lynx1-/- mice with Thy1YFP16 (Feng et al. 2000) animals, which express 

YFP in all neurons, to generate Lynx1+/- ;Thy1YFP16 mice. Heterozygous knockout mice 

expressing YFP were used as breeding pairs to generate litters of both Lynx1-/-; 

Thy1YFP16 mice and Thy1YFP16 littermate controls. The use of Lynx1 knockout mice 

expressing YFP significantly aids in visualizing axons and their nerve terminals at NMJs 

in skeletal muscles, especially during developmental stages and following injury. These 

tools were critical for experiments aimed at demonstrating a direct role of Lynx1 in 

skeletal muscles, and specifically at NMJs. 

B. Whole mounting skeletal muscles: Our lab routinely assesses NMJs and their overall 

health in skeletal muscles. We have optimized protocols to fluorescently immunostain, 

whole mount, and visualize intact NMJs, motor axons, muscle fibers, and other resident 

cells present in skeletal muscles. This type of preparation and analysis provides 

anatomical and structural information unattainable with other muscle preparations. These 

protocols were used to examine the health of NMJs and skeletal muscles in Lynx1-/-

;Thy1YFP16 mice at different ages to determine the impact of Lynx1 on their 

development, maintenance, and ability to regenerate following injury. 

C. Generation of anti-Lynx1 antibody: I found that a reliable antibody against Lynx1 

was not commercially available. In order to visualize localization of the protein within 

skeletal muscles, I generated an antibody against mouse Lynx1. With the help of Dr. 

Masahito Yamagata from Harvard University, I created a PiggyBac transposon vector, 

pXL-CAG-Zeomycin-2A-Lynx1, and co-transfected mammalian L-cells with a PiggyBac 

transposase vector pCAG-mPBorf. Using zeomycin, I selected a stable line of L-cells 

expressing Lynx1. The cell line was used to immunize female Lynx1-/- mice for six 

weeks followed by serum collection. The serum was purified using acetone powder. The 

resulting antibody was verified with transfected L-cells and Lynx1-/- muscle tissue. This 

antibody was critical in determining the expression and localization of Lynx1 protein at 

the NMJ across development. 

D. Reproducible nerve crush paradigm: Recently, our lab developed a unique 

paradigm to study the regeneration of NMJs following nerve injury—a fibular nerve 

crush. As described in (Dalkin, Taetzsch, and Valdez 2016), the fibular nerve is crushed 
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at the intersection as it passes over the lateral head of the gastrocnemius muscle tendon 

near the knee. This technique creates a highly reproducible injury with a well 

characterized pattern of denervation and re-innervation in wild-type mice. In young adult 

mice, the nAChRs become completely denervated by 4 days post-injury, motor axons 

begin to contact the post-synapse by 7 days, and the NMJ is fully innervated by 12 days 

post-injury. This reproducible nerve injury technique provides a unique model of NMJ 

degeneration and repair. I used this approach with Lynx1-/-;Thy1YFP16 animals to 

determine the role of Lynx1 in NMJ repair. 

1.6.2 Experimental design 
 

Aim 1: The first aim of this dissertation was to determine the relationship between Lynx1 

and nAChRs in skeletal muscle. Based on previous studies characterizing the function of 

Lynx1 in the brain, we hypothesized that Lynx1 would bind to muscle nAChRs to 

modulate their function at the NMJ. To test this hypothesis, I started by examining the 

expression of Lynx1 in C2C12 cells across different stages of maturation and following 

different types of stimulation. I then confirmed the expression patterns using muscle 

tissue from developing mice. To confirm a direct relationship between Lynx1 and 

nAChRs in skeletal muscle, I collaborated with Dr. Tomek Proszynski from the Nencki 

Institute of Experimental Biology at the Polish Academy of Sciences to perform a co-

immunoprecipitation assay pulling down nAChRs with a Lynx1 probe. Lastly, to 

determine the physiological function of Lynx1, I collaborated with Dr. Richard Robitaille 

from the University of Montreal to gather electrophysiological data on Lynx1-/- NMJs. In 

collaboration with Dr. Robitaille, I gathered recordings of miniature endplate potentials 

(MEPPs), paired pulse stimulations, and a force transducer from muscles with and 

without Lynx1 at the NMJ. These recordings would allow me to decipher the 

physiological function of Lynx1 at the NMJ. Altogether, these experiments would 

confirm the expression of Lynx1 in skeletal muscle and characterize its potential 

interaction with nAChRs.  

Aim 2: Second, I aimed to determine the role of Lynx1 during NMJ development and 

maturation. If Lynx1 interacts with nAChRs in skeletal muscles to modulate their 
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sensitivity to ACh, we hypothesized that it would play a role in NMJ maturation. It has 

been well documented that cholinergic input is essential to NMJ development (Burgess et 

al. 1999; Misgeld et al. 2002, 2005; Samuel et al. 2012). Thus, one potential role of 

Lynx1 may be in the cholinergic modulation of developing NMJs. To test this hypothesis, 

I used Lynx1-/-;Thy1YFP16 mice and littermate Thy1YFP16 controls at different stages 

during development. These mice allow for clear analysis of colocalization, multiple 

innervation, and sprouting of innervating nerves without immunohistochemical staining. 

Using these mice, I examined the morphology and molecular profile of NMJs and muscle 

fibers at P6. This is an important time point in NMJ development where synaptic pruning 

is taking place alongside the shift from γ subunit to ε subunit in nAChR pentamers. Thus, 

if Lynx1 plays a role in neuromuscular development, there would be pronounced 

differences in NMJs from mice deficient for Lynx1 compared to controls at this age. To 

further probe the role of Lynx1 in NMJ maturation, I examined NMJ morphology, 

muscle atrophy, and molecular changes in 4 month-old and 12 month-old Lynx1-/-

;Thy1YFP16 mice and littermate Thy1YFP16. If Lynx1 were to have a profound role in 

neuromuscular maturation, I would expect to see deficits in morphology and molecular 

expression of NMJs and muscle fibers in adult and middle-aged Lynx1-/- animals. 

Aim 3: In the third aim, I sought to determine the role of Lynx1 in NMJ maintenance and 

repair. This broad objective was geared towards flushing out the function of Lynx1 under 

different conditions and characterizing its potential at adult NMJs. Recent evidence has 

shown that cholinergic dysregulation can contribute to NMJ degeneration in both aging 

and ALS (Arbour et al. 2015; Campanari et al. 2016; Pousinha et al. 2015; Rocha et al. 

2013; Sugita et al. 2016). Thus, I hypothesized that Lynx1 contributes to cholinergic 

dysregulation following injury and in disease. To evaluate the role of Lynx1 in NMJ 

repair, I assessed the rate of reinnervation following fibular nerve crush of young adult 

Lynx1-/-;Thy1YFP16 mice and Thy1YFP16 littermate controls. Should Lynx1 play a 

significant role in NMJ repair, I would expect to see differences in the rate of 

reinnervation between NMJs lacking Lynx1 protein and controls. Lastly, to assess the 

role of Lynx1 in ALS progression, I used a mouse model for ALS and generated a colony 

of Lynx1-/-;SOD1G93A which harbor an ALS-causing mutation and lack Lynx1. Given the 

known cholinergic dysregulation in ALS, I hypothesized that the loss of Lynx1 would 
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have a significant impact on the progression of the disease. To test this hypothesis, I 

examined the time to symptom onset and rate of survival between Lynx1-/-;SOD1G93A and 

SOD1G93A mice. Overall, the experiments outlined in this aim may reveal the potential 

role of Lynx1 in NMJ maintenance and repair following injuries and in ALS. 
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Figure 1.1 The process of cholinergic transmission at the NMJ.  

Choline molecules (orange) are shuttled into presynaptic terminals by choline transporter 

1 (CHT1). Choline acetyltransferase (ChAT) then combines Acetyl-CoA and choline to 

generate acetylcholine (ACh; yellow). ACh is packaged into presynaptic vesicles by 

vesicular acetylcholine transporter (VAChT), where they await depolarization. As signals 

are sent to the nerve terminal, it is depolarized and synaptic vesicles release ACh into the 

synaptic cleft. ACh binds to nicotinic acetylcholine receptors (nAChRs) on the motor end 

plate, which then exchange sodium (blue) for potassium (pink) ions. Sodium channels 

(Nav1.4) on the muscle fibers further increase the intracellular sodium concentration, 

which leads to activation of dihydropyridine and ryanodine receptors (DHPRs, RyRs). 

DHPR and RyR activation leads to an influx of calcium (red) released from the 

sarcoplasmic reticulum into the intracellular matrix. The rapid increase in calcium 

concentration causes a conformational shift in troponin exposing active sites on actin 

filaments where myosin strands can bind and cause muscle contraction. Meanwhile, in 

the synaptic cleft, acetylcholinesterase (AChE) is working to catabolize excess ACh into 

acetate and choline molecules to terminate synaptic transmission. Choline is then 

recycled into the presynapse, and the process is ready to begin again. ACh released from 

presynaptic vesicles also binds to muscarinic acetylcholine receptors (mAChRs) on 

perisynaptic Schwann cells (PSCs), which increases the intracellular calcium 

concentration in PSCs. Additionally, adenosine triphosphate (ATP) is simultaneously 

released by the presynapse and binds to purinergic type 2Y receptors (P2YRs) on PSCs, 

which also increases calcium concentrations in PSCs. PSCs also express potassium 

channels to regulate the synaptic concentration of potassium, which is exchanged by 

nAChRs. 
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Figure 1.2 Postsynaptic clustering and maturation.  

Before motor nerve terminals make contact with skeletal muscles during development, 

nAChR pentamers express the γ subunit and are dispersed along the muscle fibers. With a 

limited amount of ACh being released, these nAChR pentamers have a heightened 

sensitivity with increased inward current due to extended opening times (A). As the nerve 

terminal makes initial contacts with skeletal muscle, agrin (orange) is released from the 

presynapse and binds to low-density lipoprotein receptor protein 4 (LRP4), which 

phosphorylates and activates muscle-specific kinase (MuSK). MuSK phosphorylation is 

further attenuated by docking protein 7 (DOK7). Activated MuSK recruits receptor-

associated protein of the synapse (Rapsyn), which then anchors nAChRs to the 

cytoskeleton in close proximity. Thus, nAChR pentamers become clustered around the 

motor nerve terminal. Meanwhile, synaptic activity is steadily increased with more ACh 

being released by the nerve terminal. This increase in activity induces a shift in nAChR 

pentamer composition from γ to ε subunits, which restricts the opening time of nAChRs 

to maintain a consistent response to stimuli (B). 
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2.1 Abstract 

Cholinergic transmission is essential for voluntary movement and plays a central 

role in sculpting and maintaining neuromuscular junctions (NMJs) and muscle fibers. 

Unfortunately, recent discoveries indicate that aberrant cholinergic transmission can 

directly contribute to neuromuscular degeneration that occurs with increasing age. Thus, 

finding ways to mitigate the effects of dysregulated cholinergic activity may prevent 

NMJ degeneration. Here, we asked if Lynx1, a GPI-anchored protein shown to modulate 

nAChRs in the brain, plays a critical role in the cholinergic system at NMJs. We show 

that Lynx1 is expressed by skeletal muscles, localizes to the NMJ in young adult mice, 

and directly interacts with nAChRs. Electrophysiological analysis revealed Lynx1 

functions to desensitize nAChRs to ACh at the NMJ. However, Lynx1 is largely missing 

from aged NMJs, suggesting modulation of nAChRs plays a role in NMJ maintenance. In 

support of this possibility, deletion of Lynx1 increases the incidence of NMJs with age-

related morphological features in young adult and middle-aged mice. Deletion of Lynx1 

also accelerates the shift of fast to slow type muscle fibers and alters expression of genes 

associated with NMJ stability, myogenesis, and muscle atrophy, additional hallmarks of 

aged skeletal muscles. Together, these findings demonstrate important roles for Lynx1 in 

maintaining the normal function and morphology of NMJs and skeletal muscles. 



 34 

2.2 Introduction 

Neurotransmission is vital for proper communication across synapses in the 

central and peripheral nervous system, thus, abnormalities can lead to cognitive and 

motor deficits (Sarter, Bruno, and Parikh 2007). In the somatic motor system, cholinergic 

transmission initiates all voluntary movements. This occurs at the synapse between motor 

neurons and skeletal muscles, called the neuromuscular junction (NMJ), where 

acetylcholine (ACh) binds to nicotinic acetylcholine receptors (nAChRs) and drives 

contraction of skeletal muscles. Because of this central role, the cholinergic system is 

tightly regulated to ensure the proper development, function, and viability of skeletal 

muscles. As the final step of cholinergic transmission in skeletal muscles, nAChRs 

undergo critical shifts in composition to contribute to the regulation of cholinergic 

transmission. For example, during development nAChR pentamers are composed of two 

α subunits, one β, one δ, and a γ subunit (Millar and Harkness 2008). The presence of the 

γ subunit allows the nAChR channel to remain open longer in response to ACh at 

immature NMJs. The γ subunit is gradually replaced by the ε subunit as NMJs mature 

and cholinergic transmission becomes more tightly regulated at the presynapse and 

dependent on depolarization of alpha-motor neurons. The presence of the ε subunit 

reduces the open time of nAChRs, and thus their activity, when bound to ACh. This 

transition, from nAChRs containing γ to the ε subunit, is extremely important for the 

development and function of adult NMJs, and thus skeletal muscles (Millar and Harkness 

2008; Sanes and Lichtman 1999). In fact, mutations in the ε or γ subunits cause 

congenital myasthenia gravis (CMS), a neuromuscular disease characterized by extreme 

muscle weakness and fatigue (Abicht, Müller, and Lochmüller 1993; Shi, Fu, and Ip 

2012). The stability and function of adult nAChR pentamers has also been shown to 

depend on proper phosphorylation of its subunits and the association with other key 

molecules involved in nAChR trafficking, clustering, and anchoring (Lanuza et al. 2010; 

Leenders and Sheng 2005; Misgeld et al. 2002, 2005; Smith, Williams, and Emmerling 

1990). Thus, cholinergic transmission is tightly regulated during development and 

throughout adulthood by multiple pathways at the postsynapse. 
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Unfortunately, aging and neurodegenerative diseases are associated with 

prolonged dysregulation of cholinergic transmission, partly due to changes in nAChRs 

and aberrant release of ACh at NMJs. During aging, and in amyotrophic lateral sclerosis 

(ALS), skeletal muscles express the γ subunit of nAChRs at high levels, a molecular shift 

which destabilizes nAChRs and augments the effects of ACh at NMJs (Melroy-Greif, 

Stitzel, and Ehringer 2016; Palma et al. 2016). In these conditions, ACh levels also 

increase at NMJs, prior to degeneration of innervating axons (D. Arbour et al. 2015; 

Pousinha et al. 2015; Rocha et al. 2013). However, in addition to its role in promoting 

muscle contraction, ACh acts as an anti-synaptogenic factor by directly promoting the 

disassembly of nAChR clusters, thus its increase likely further destabilizes nAChRs and 

contributes to fragmentation of NMJs in old age and in ALS. Supporting these 

possibilities, we recently demonstrated NMJs prematurely acquire age-associated features 

in transgenic mice with increased levels of ACh in synaptic vesicles (Sugita et al. 2016). 

Thus, as nAChRs are responsible for relaying ACh signals at NMJs, modulating the 

activity of nAChRs may mitigate the deleterious effects of elevated levels of ACh in the 

synaptic cleft.  

A promising candidate for cholinergic modulation at the NMJ is Lynx1, an 

endogenous modulator of nAChR activity previously characterized in the central nervous 

system (Miwa et al. 1999). This GPI-anchored protein is expressed on the cell surface 

where it interacts with and reduces the activity of α7 and α2β4 nAChRs (George et al. 

2017; Ibanez-Tallon et al. 2002; Nichols et al. 2014). Previous studies of knockout mice 

have revealed that Lynx1 plays a role as a cholinergic brake and inhibits neuronal 

plasticity, specifically in the visual and auditory cortex (Morishita et al. 2010; Sajo, Ellis-

Davies, and Morishita 2016; Takesian et al. 2018). Lynx1 interacts with nAChRs in the 

endoplasmic reticulum (ER) in order to present low-sensitivity pentamers as a way of 

inhibiting neural plasticity after the critical period (George et al. 2017; Nichols et al. 

2014). Furthermore, while the loss of Lynx1 augmented motor learning, it also 

contributes to neuronal degeneration caused by aging in the dorsal striatum (Kobayashi et 

al. 2014; Miwa and Walz 2012). Despite this important function in the CNS, Lynx1 has 

yet to be characterized in skeletal muscles as a potential candidate for modulating the 

activity of nAChRs at NMJs. In this study, we show that Lynx1 is expressed in skeletal 
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muscles. Its expression progressively increases as NMJs mature and strongly correlates 

with shifts in cholinergic activity and presence of the epsilon subunit in nAChR 

pentamers. Importantly, we demonstrate that Lynx1 interacts with and modulates the 

activity of nAChRs. However, Lynx1 protein is largely absent from aged NMJs, 

indicating that its loss contributes to the adverse effects of dysregulated cholinergic 

transmission on aging NMJs and skeletal muscles. In this regard, we found that loss of 

Lynx1 accelerates degeneration of NMJs and muscle fibers in young adult and middle-

aged mice. Together, our data show that Lynx1 modulates the sensitivity of nAChRs to 

the presence of ACh at NMJs, and plays an important role in maintaining the structure 

and function of NMJs and skeletal muscles. 

2.3 Methods 

2.3.1 Source of mice 

We obtained Lynx1-/- mice from the lab of Dr. Morishita and began a colony of 

our own. These mice were mated with Thy1-YFP16 animals in our colony to generate 

Lynx1-/-;Thy1-YFP animals. In order to have littermate pairs, Lynx1+/-;Thy1-YFP mice 

were mated together to yield litters with Lynx1-/-;Thy1-YFP and Thy1-YFP control mice. 

The colony is maintained on a C57BL/6 background. Mice were anesthetized with 

isoflurane followed by immediate dissection of tissues collected fresh, or transcardial 

perfusion with 1XPBS (pH 7.4) followed by 4% paraformaldehyde (PFA, pH 7.4) for 

fixed tissues. All experiments were carried out under the NIH guidelines and animal 

protocols approved by the Virginia Tech Institutional Animal Care and Use Committee. 

2.3.2 C2C12 cultures 

C2C12 cells were plated in 8-well Flexiperm chambers on perminox slides coated 

with Poly-L-Ornithine (3 µg/mL; Sigma-Aldrich; P2533) and laminin in Dulbecco’s 

Modified Eagle Medium (DMEM; 10 µg/mL; Thermo Fisher Scientific; 23017015). The 

myoblasts were plated at 100,000 cells per well in culture media (high-glucose DMEM, 

20% fetal bovine serum, 1× Glutamine, Pen strep, Fungizone) and incubated at 37°C and 

5.0% CO2. Twenty-four hours post-plating, the media was replaced with fusion media 

(high-glucose DMEM, 10% horse serum, 1× Glutamine, Pen strep, Fungizone). 
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Myoblasts were then incubated for 3 to 7 days following the addition of fusion media to 

generate myotubes. Neural-agrin was purchased from R&D Systems (550-AG). Agrin 

was added at 10 ng/µL in fusion media 3 days post-fusion to induce clustering of AChRs. 

RNA was extracted from myotubes 4 days post-fusion using an Aurum Total RNA mini 

kit (Bio-Rad) following manufacturer’s instructions. Carbamoylcholine chloride (CCH) 

was purchased from Sigma-Aldrich (C4382). CCH was added at 10 µM in fusion media 

to C2C12 cells 3 days post-fusion to mimic the actions of acetylcholine. RNA was 

extracted from myotubes 4 days post-fusion using an Aurum Total RNA mini kit (Bio-

Rad) following manufacturer’s instructions. 

2.3.3 Co-immunoprecipitation 

HEK293 cells were co-transfected with plasmids containing muscle nAChR 

subunits and Lynx1-mCherry. Co-immunoprecipitation was performed using anti-nAChR 

antibody to pull down nAChRs and the blot was subsequently probed with anti-mCherry 

to determine the presence of Lynx1. 

2.3.4 Lynx1 antibody generation 

An antibody against Lynx1 was developed following the methods outlined in 

(Goodman et al. 2016). In brief, a stable line of L-cells expressing Lynx1 was generated 

by co-transfection with a piggyback transposon vector pXL-CAG-Zeomycin-2A-Lynx1 

plasmid with a piggyback transposase vector pCAG-mPBorf, obtained as a gift from Dr. 

Joshua Sanes. An antibody against mouse Lynx1 was generated by immunizing Lynx1-

knockout mice with Lynx1-expressing L cells. Total serum was collected from 

immunized mice after six weeks of immunizations and purified using acetone powder. 

Antibody specificity was assessed using transfected L cells and knockout mouse tissue. 

2.3.5 Electrophysiology recordings 

Nerve-muscle preparations: Nerve–muscle preparations of the EDL were dissected in 

oxygenated Ringer’s solution (in mM), as follows: 110 NaCl, 5 KCl, 1 MgCl2, 25 

NaHCO3, 2 CaCl2, 11 glucose, 0.3 glutamic acid, 0.4 glutamine, 5 BES (N,N-Bis(2-

hydroxyethyl)-2-aminoethanesulfonic acid sodium salt), 0.036 choline chloride, and 

4.34x10-7 cocarboxylase. After dissection, nerve muscle preparations were pinned in a 
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Sylgard-coated recording chamber constantly perfused with oxygenated Ringer’s solution 

(95%O2, 5%CO2). The pH (7.4) and temperature (28 ±2°C) were continuously regulated. 

Recordings of synaptic transmission: Stimulation of the deep peroneal nerve was 

performed using a suction electrode filled with extracellular saline. Endplate potentials 

(EPPs) were recorded using glass microelectrodes (1.0 mm OD; WPI) pulled to 40-70 

MΩ (filled with 3mM KCl) with a Brown-Flaming micropipette puller (Sutter 

Instruments). Synaptic responses were amplified by an AM Systems 1600 amplifier and 

further amplified (100x) and filtered (2 kHz) by a Warner Instruments DC amplifier. The 

recordings were digitized (10 KHz) using a National Instruments BNC 2110 board and 

subsequently acquired with WinWCP software (John Dempster, Strathclyde University, 

Strathclyde, UK). 

Synaptic strength was determined by measuring the paired pulse facilitation (PPF) 

and the quantal content (m). These were obtained using a low Ca2+ (1mM) and high Mg2+ 

(7.0mM) Rees’ solution. Miniature endplate potentials (MEPPs) amplitude and frequency 

were first determined using a 5-10 min of recordings without motor nerve stimulation. 

PPF was then obtained using two stimuli of 0.1 ms duration at 10 ms interval, elicited at 

0.2 Hz. Quantal content (m) was determined using MEPPs and EPP1 amplitudes (mean 

EPP1s amp/mean MEPPs amp). Four to seven (4-7) NMJs were studied per muscle. 

Synaptic plasticity was determined by measuring EPPs (elicited using a single 

stimulus of 0.1 ms duration at 0.2 Hz) for 45 mn following a specific stimulation 

consisting of 1200 pulses delivered at 120 Hz (10s). Prior to the stimulation, control 

baselines were acquired by stimulation at 0.2 Hz for 20 min. Muscle contractions were 

prevented with partial blockade of the postsynaptic ACh receptors using D-tubocurarine 

(2.0 µM. Sigma). Only one NMJ was studied per muscle. 

Recordings with an initial membrane potential that was more depolarized than -65 

mV or with more than 5 mV variation from holding potential were not included in the 

analysis. NMJs were located using bright field illumination of an upright Olympus 

microscope with a 60X objective. Muscle fibers were impaled 50-100 µm from the NMJ 

to be studied, avoiding mechanical distortion of the NMJ. 
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Muscular and neuromuscular strength and fatigue: The nerve-muscle preparation was 

attached to a fixed force transducer (model 402A-500mN, Aurora Scientific Inc) at one 

end and an adjustable hook at the other end, using surgical thread. The knots for attaching 

the muscle to the force transducer and the hook were done at the level of the tendons, 

under a binocular, to ensure that no muscle fibers were damaged. The soleus was 

maintained vertically in a 140 ml beaker containing oxygenated Rees’ solution. The 

homemade system allowed us to stimulate both the muscle (by means of 2 platinum wires 

placed at each end of the muscle) and/or the deep peroneal nerve (using a suction 

electrode filled with extracellular saline), alternatively or simultaneously. 

Muscular and neuro-muscular twitch force responses were elicited by means of a 

single supra-maximal square-wave pulse of 1 ms and 0.1 ms, respectively. Optimal 

muscle length was determined by incrementally stretching the muscle until maximum 

neuro-muscular twitch force output was attained. After each length adjustment, a two-

minute rest period was allowed before the next stimulation. 

The fatigue protocol consisted of 120Hz, 300 ms nerve stimulation, at 1Hz, for 3 

min. Muscular stimulations were super-imposed to nerve stimulations at stimulations 2, 

10, 20, 30 and so on until the end of the fatigue protocol so that both muscular and 

neuromuscular fatigue could be measured. This was followed by a 30mn recovery period 

where muscular and neuromuscular strength were measured 2s, 5s, 10s, 15s, 30s, 1mn, 

1.5mn, 2mn, 2.5mn, 5mn, 10mn, 20mn and 30mn after the end of the fatigue protocol. 

2.3.6 Immunohistochemistry of EDL and soleus muscles 

Extensor digitorum longus (EDL) muscles from mice expressing YFP in nerve 

endings were used to visualize NMJs. Following perfusion, muscles were dissected and 

incubated with Alexa-555 bungarotoxin (Life Technologies, 1:1000 in 1XPBS) for 1 

hour. Muscles were then washed 3 times with 1XPBS and whole mounted using 

vectashield. NMJs were imaged using a Zeiss LSM 700 confocal microscope. Maximum 

intensity projections from confocal z-stacks were created using Zen Black (Zeiss) and 

analyzed using ImageJ.  
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NMJ Analysis: Structural features were analyzed based on previously described methods 

in Valdez et al., 2010 (Gregorio Valdez et al. 2010). In brief, full or partial denervation of 

NMJs is classified by inadequate apposition of YFP and BTX. Fragmented AChRs are 

defined as having five or more islands in the cluster. Sprouting NMJs are those with a 

nerve terminal overreaching the AChR cluster. NMJs with multiple innervation are those 

with more than one nerve terminal innervating a single AChR cluster. The endplate area 

is a measurement of the total area occupied by AChR clusters in a single muscle. 

Colocalization is a measurement YFP and BTX apposition analyzed using the ImageJ 

colocalization plugin. AChR intensity was determined from the mean integrated density 

of AChR clusters using ImageJ.  

2.3.7 Immunohistochemistry of TA sections 

Following perfusion, tibialis anterior (TA) muscles were dissected and incubated 

in 30% sucrose for 48 hours at 4°C. Muscles were then cut in half and placed in 

Fisherbrand base molds with Tissue Freezing Medium (Triangle Biomedical Sciences, 

Inc.) Using a cryostat, TA muscles were sectioned at 16 µm thickness and collected on 

gelatin-coated slides. Sections were first washed 3 times with 1XPBS and then incubated 

for 1 hour at room temperature with wheat germ agglutinin conjugated with alexa-555 

(WGA, 1:700) and DAPI (4’6-diamidino-2-phenylindole: Sigma-Aldrich; 28718-90-3; 

1:1,000) diluted in 1XPBS. Muscles were then washed 3 times with 1XPBS and whole 

mounted using Vectashield. Muscle fibers were imaged using a Zeiss LSM 700 confocal 

microscope. Maximum intensity projections from confocal z-stacks were created using 

Zen Black (Zeiss) and analyzed using ImageJ. Muscle fibers were outlined by WGA and 

measured in ImageJ using the grid function to randomly select at least 100 fibers per 

mouse to analyze fiber area. The percentage of centralized nuclei was then determined 

using the localization of DAPI in the outlined muscle fibers. 

2.3.8 Immunohistochemistry for fiber-typing TA sections 

Tibialis anterior (TA) muscles were immediately dissected following 

anesthetization with isoflurane and flash frozen in liquid nitrogen. Muscles were then cut 

in half and placed in Fisherbrand base molds with Tissue Freezing Medium (Triangle 
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Biomedical Sciences, Inc.) Using a cryostat, TA muscles were sectioned at 16 µm 

thickness and collected on gelatin-coated slides. Sections were first washed 3 times with 

1XPBS and then incubated for 1 hour at room temperature in blocking buffer (0.1% 

Triton X-100, 3% BSA, and 5% goat serum in 1XPBS). Next, sections were incubated 

with primary antibodies diluted in 3% BSA and 5% goat serum in 1XPBS overnight at 

4°C. The following primary antibodies were used: rabbit-anti-laminin (1:300), IgM-BF-

F3 (1:20), and IgG1-SC71 (1:40). Sections were then washed 3 times with 1XPBS and 

incubated for 2 hours at room temperature with secondary antibodies and 4’,6-diamidino-

2-phenylindole (DAPI, Sigma, 1:1000). The following secondary antibodies were used: 

Alexa-568 anti-mouse IgM (Life Technologies, 1:1000), Alexa-488 donkey anti-rabbit 

(Life Technologies, 1:1000), and Alexa-647 anti-mouse IgG1 (Life Technologies, 

1:1000). Slides were then washed 3 times with 1XPBS and mounted using Vectashield. 

Muscle sections were imaged using a Zeiss LSM 700 motorized confocal microscope. 

Maximum intensity projections from confocal z-stacks were created using Zen Black 

(Zeiss). The percentage of MyHCIIa and MyHCIIb fibers was determined based on the 

number of SC-71 and BF-F3 positive fibers, respectively. 

2.3.9 qPCR expression analysis 

Mice were anesthetized with isoflurane, then tibialis anterior muscles were 

dissected and immediately flash frozen in liquid nitrogen. RNA was prepared using an 

Aurum Total RNA Mini kit (Bio-rad) following the manufacturer’s instructions. cDNA 

was then synthesized from 100ng of total RNA using an iScript cDNA synthesis kit (Bio-

rad). PCR amplification was performed on the Bio-Rad CFX Connect Real-Time System 

(Bio-Rad) using iTaq Universal SYBR Green Supermix (Bio-rad). The primers used in 

this study are listed in Table 2.1.  

Table 2.1: qPCR primers 

Gene Fw (5’-3’) Rv (5’-3’) 
AChE CTACACCACGGAGGAGAGGA CTGGTTCTTCCAGTGCACCA 

Atrogin-1 GCAGCAGCTGAATAGCATCCA GGTGATCGTGAGGCCTTTGAA 
CHRNα CTTCAAAGAGCTTTGCCACC CCATGGAGCTCTCGACTGTT 
CHRNβ AGGTCTCAGGCACTTTGTCG TTCTACCTCCCACCAGATGC 
CHRNδ CCGATGCACTATCTCCCACT CTTAGCCTGAAGCAGGAGGA 
CHRNε GCTGTGTGGATGCTGTGAAC GCTGCCCAAAAACAGACATT 
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CHRNγ GCTCAGCTGCAAGTTGATCTC CCTCCTGCTCCATCTCTGTC 
FOXO-1 GAGTTAGTGAGCAGGCTACATTT TTGGACTGCTCCTCAGTTCC 
GAPDH CCCACTCTTCCACCTTCGATG GTCCACCACCCTGTTGCTGTAG 

LRP4 GGCAAAAAGCAGGAACTTGT TCTACCCAGTGGCCAGAACT 
Lynx1 ACCACTCGAACTTACTTCACC ATCGTACACGGTCTCAAAGC 

MUSK CCGATGTGTCTGCTCTTTGA ACAGGACAGTGGTGGAGGAC 
Myogenin ACCAGGAGCCCCACTTCTAT GTCCCCAGTCCCTTTTCTTC 

MyHCI CTCAAGCTGCTCAGCAATCTATTT GGAGCGCAAGTTTGTCATAAGT 
MyHCIIa GAGTGAGCAGAAGCGGAATGCT GCGGAACTTGGATAGATTTGTG 
MyHCIIb CACCTGGACGATGCTCTCAGA GCTCTTGCTCGGCCACTCT 
MyHCIIx GCTAGTAACATGGAGGTCA TAAGGCACTCTTGGCCTTTATC 

Rapsyn GTGCCATGGAGTGTTGTGAG CGGTTTCCGATCTCAGTCAT 

2.3.10 nAChR turnover 

The labeling of distinct nAChR pools was performed as described in Bruneau et 

al., 2005 (Bruneau et al. 2005) with slight modification. Male C57/BL6 and Lynx1-/- mice 

148 days of age were anesthetized by an intraperitoneal injection (5µL/g) of a mixed 

solution of ketamine (100mg/mL) and xylazine (20mg/mL) in sterile 0.9% saline. The 

mouse was placed on its back and the sternomastoid muscle was surgically exposed. 

Muscles were bathed in saturating levels of alexa 488-conjugated α-bungarotoxin 

(5µg/mL) for 1.5h and then washed with sterile saline three times for 5 minutes. Two 

days following exposure, the animal was perfused transcardially with 4% PFA and the 

sternomastoid muscles were dissected. Muscles were then incubated with alexa 555-

conjugated α-bungarotoxin (5µg/mL) for 1.5h and then washed with sterile saline three 

times for 5 minutes each. Sternomastoid muscles were whole mounted using vectashield 

and imaged with a Zeiss LSM 710 confocal microscope with the same scanning 

parameters. Maximum intensity projections from confocal z-stacks were created using 

Zen Black (Zeiss). The intensity of the 488 and 555 channels were analyzed at individual 

NMJs using ImageJ. The ratio of 555 to overall intensity was calculated for each NMJ 

and averaged for each animal. This ratio is considered the percentage of new nAChRs 

present. 

2.3.11 Hanging test 

Motor function in 12 month-old mice was examined using an inverted grid 

hanging test. The mice were placed on the center of a wire grid, which was mounted 25 
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cm above the table. After gently inverting the wire grid, we recorded the time the mouse 

remained hanging from the wire mesh. Each mouse was tested three times with at least 

five minute breaks between trials. When comparing the ability of mice to stay on the wire 

mesh, we only used the maximum time they spent hanging for each trial. At least 4 

animals per experimental condition were tested. 

2.3.12 Statistics 

For experiments with multiple experimental groups, a one-way ANOVA with 

Bonferroni post-hoc followed by a pairwise t-test was used to determine statistical 

significance between treatment groups. For comparisons between two experimental 

groups, a student’s t-test was used to determine significance. For comparison between 

two distributions, a Kolmogorov–Smirnov was used to determine significance. Bar 

graphs are represented as mean ± standard error. Statistical analysis was performed using 

R statistics and a p value <0.05 was considered significant. 

2.4 Results 

2.4.1 Lynx1 is expressed in skeletal muscles and interacts with nAChRs 
We first sought to determine if Lynx1 is expressed in skeletal muscles, and 

specifically by muscle fibers. Molecular and cellular analysis revealed that Lynx1 is 

present and increases progressively in developing tibialis anterior (TA) and extensor 

digitorum longus (EDL) muscles in wild-type mice. In these muscles, Lynx1 is 

significantly increased in P6 and P21 muscles compared to P1 (Figure 2.1A). We also 

found Lynx1 enriched in ribosomal mRNA fractions obtained from adult TA muscle 

compared with total muscle mRNA (Figure 2.1B), indicating that muscle fibers express 

Lynx1 transcript and protein. To further ascertain that Lynx1 is expressed in muscle 

fibers, we examined its expression in the myogenic cell line, C2C12, in culture. Similar 

to in vivo, Lynx1 levels increase as C2C12-derived myotubes mature (Figure 2.1C). In 

vivo and in vitro, the expression pattern of Lynx1 correlate with both the maturation of 

NMJs and natural shifts in cholinergic transmission suggesting that Lynx1 expression 

might be influenced by neuronal-derived agrin (z-agrin) and cholinergic transmission. 

We explored these possibilities by treating C2C12-derived myotubes with z-agrin or 
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carbachol (CCH), a mimetic of ACh, for 24 hours. Lynx1 expression is unaffected by z-

agrin, but it is significantly increased in the presence of CCH (Figure 2.1D). Further 

indicating that Lynx1 is directly under the influence of ACh, its expression correlates 

with levels of ACh at the NMJ, as indicated in two transgenic mice with differing 

amounts of ACh loaded into synaptic vesicles, VAChTHyp (Sugita et al. 2016) and 

VAChTKD (Prado et al. 2006) animal models (Figure 2.1E). We then examined the 

distribution of Lynx1 protein in skeletal muscles using an antibody we generated against 

mouse Lynx1. We found Lynx1 is localized at NMJs, based on staining of nAChRs using 

fluorescently tagged α-bungarotoxin (fBTX) (Figure 2.1F-G). Furthermore, similar to its 

mRNA expression, Lynx1 progressively concentrates at NMJs in the TA muscle during 

development (Figure 2.1H). These findings, along with published data (George et al. 

2017; Ibanez-Tallon et al. 2002; Miwa et al. 1999; Miwa et al. 2006; Nichols et al. 2014), 

suggest that Lynx1 directly interacts with nAChRs at NMJs. To test this possibility, we 

co-transfected HEK293 cells with muscle nAChR subunits and mCherry-tagged Lynx1. 

We then immunoprecipitated for nAChRs and blotted for detection of Lynx1. Indeed, 

Lynx1 is pulled-down with nAChRs (Figure 2.1I), confirming a direct interaction 

between Lynx1 and nAChRs in skeletal muscle. Altogether, these data confirm that 

Lynx1 is present in skeletal muscles and interacts with NMJ-associated nAChRs. 

2.4.2 Lynx1 plays a role in regulating nAChR sensitivity to ACh in skeletal muscles 

The association between Lynx1 and nAChRs in skeletal muscles suggests that 

Lynx1 plays a role in regulating cholinergic activity at the NMJ. To examine the function 

of Lynx1 at the NMJ, we began by assessing miniature endplate potentials (MEPPs) in 

NMJs from 4 month-old Lynx1-/- mice and controls (Figure 2.2A-B). While the overall 

mean amplitude and frequency of MEPPs remains the same (Figure 2.2C-D), the rise 

time is significantly faster (Figure 2.2E), as indicated by a steeper amplitude slope 

(Figure 2.2F) in Lynx1-/- NMJs compared to controls. This suggests that the peak 

amplitude of MEPPs is reached at a faster rate in Lynx1-/- mice. However, the quantal 

content remains constant between Lynx1-/- and control NMJs (Figure 2.2G). We then 

tested the response of NMJs lacking Lynx1 to tetanic stimulation. Following stimulation 

there is no observable depression in Lynx1-/- NMJs, as seen in controls (Figure 2.2H). 
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Together, these data suggest that without Lynx1, nAChRs are more sensitive to ACh. 

This led us to ask whether NMJs lacking Lynx1 become more susceptible to fatigue. 

Using a force transducer on the EDL muscle, we found that muscles lacking Lynx1 

become more fatigued compared to controls (Figure 2.2I). Overall, these data conclude 

that Lynx1 functions to desensitize nAChRs in the presence of ACh in order to reduce 

muscle fatigue. 

2.4.3 Lynx1 has no discernable role in maturing NMJs and muscle fibers 

Lynx1 levels progressively increase in developing muscles and at NMJs (Figure 

2.1). We thus asked if Lynx1 plays a role in the timely and proper maturation of NMJs 

and muscle fibers in the EDL and soleus muscles. We examined the EDL and soleus 

muscles from mice with and without Lynx1 at P6 (Figure 2.3A-D) because NMJs and 

muscle fibers undergo fast and dramatic morphological, molecular and functional 

changes at this age (Sanes and Lichtman 1999). However, we found no significant 

differences in nAChR cluster number (Figure 2.3E), nAChR cluster area (Figure 2.3F), 

colocalization (Figure 2.3G), sprouting nerve endings (Figure 2.3H), multiply innervated 

nAChRs (Figure 2.3I), or the total nAChR endplate area (Figure 2.3J) in either the EDL 

or soleus muscles of Lynx1-/- mice compared to controls. Furthermore, there are no 

differences in levels of nAChR subunits α, β, δ, ε, or γ in Lynx1-/- mice compared to 

control mice (Figure 2.3K). Additionally, expression of acetylcholinesterase (AChE), 

Muscle-Specific Kinase (MuSK), Low-density lipoprotein receptor-related protein 4 

(LRP4), and Receptor-Associated Protein of the Synapse (Rapsyn) remain unchanged in 

P6 Lynx1-/- mice compared to controls (Figure 2.3L-O).  

 To determine if the loss of Lynx1 affects the maturation of muscle fibers, we 

analyzed TA muscles from P6 Lynx1-/- and control mice (Figure 2.4A-B). As expected, 

based on our analysis of NMJs, there are no significant differences in muscle fibers 

average and frequency distribution cross-sectional area (CSA) in the TA muscle of P6 

Lynx1-/- mice compared to controls (Figure 2.4C-D). The incidence of centralized nuclei 

also remains unchanged (Figure 2.4E), and there are no significant differences in the 

expression profile of myosin heavy chains I, IIa, IIb, and IIx in Lynx1-/- mice compared 

to control mice (Figure 2.4F). Additionally, the loss of Lynx1 does not impact expression 



 46 

of Pax7 (Figure 2.4G) and myogenin (Figure 2.4H), two pro-myogenic genes. Taken 

together these data show that Lynx1 does not play a significant role in developing NMJs 

and muscle fibers. 

2.4.4 Loss of Lynx1 accelerates aging of NMJs 

Increased levels of Lynx1 at matured NMJs (Figure 2.1), and its determined 

function in nAChR regulation (Figure 2.2) suggest important roles in maintaining adult 

NMJs. We therefore examined NMJs in the EDL muscles of 4 month-old mice with and 

without Lynx1. This analysis revealed several structural differences at NMJs of Lynx1-/- 

compared to control mice (Figure 2.5A-B). These include a significant increase in the 

number of denervated and fragmented (Figure 2.5C) NMJs. Even though the overall area 

of occupied by nAChRs at NMJs is unchanged (Figure 2.5D), there is a marked reduction 

in the density of nAChRs in the postsynaptic region (Figure 2.5E). Additionally, adult 

Lynx1-/- mice have an increase in innervating axons with large blebs, however, the 

incidence of multiply innervated nAChRs is unchanged (Figure 2.5F). Although, Similar 

to conditions associated destabilization of nAChRs, there is a significant upregulation of 

transcripts for all subunits of the mature nAChR pentamer (Figure 2.5G). Interestingly, 

we also found that Lynx1-/- mice have increased expression of acetylcholinesterase 

(AChE) (Figure 2.5H), and other NMJ-associated genes including MuSK (Figure 2.5I) 

and LRP4 (Figure 2.5J). However, Rapsyn, which anchors nAChRs to the plasma 

membrane in a 1:1 stoichiometry, is decreased in Lynx1-/- mice (Figure 2.5K). These 

findings support immunohistochemical analysis showing reduced levels of nAChRs at the 

NMJs lacking Lynx1 (Figure 2.5E). Thus, the increased levels of transcripts for nAChRs, 

LRP4 and MuSK may be a compensatory mechanism to reintroduce and maintain 

nAChRs at NMJs. Increased expression of AChE could be another potential 

compensatory response, but in this case to dampen the increased activation of nAChRs 

due to the loss of Lynx1.  

 Based on the above findings, we hypothesized that NMJs lacking Lynx1 would 

continue to accrue age-related features at a faster rate with advancing age. To test this 

hypothesis, we extended our analysis to middle-aged mice (Figure 2.6A-B). We again 

found a higher incidence of denervated and fragmented NMJs in middle-aged Lynx1-/- 
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mice compared to age- and sex-matched control mice (Figure 2.6C). Middle-aged Lynx1-

/- mice also present with smaller receptor area (Figure 2.6D) and reduced nAChRs 

density, revealed by the lower intensity of BTX (Figure 2.6E). Additionally, middle-aged 

Lynx1-/- mice have more multiply innervated NMJs and innervating motor axons with 

large blebs, a hallmark of degenerating axons, (Figure 2.6F) in. Interestingly, nAChR 

subunits (Figure 2.6G) and AChE are expressed at lower levels (Figure 2.6H) while 

MuSK, LRP4, and Rapsyn remain unchanged in middle-aged aged Lynx1-/- mice 

compared to age-matched control mice (Figure 2.6I-K). Interestingly, these expression 

patterns are in contrast to those of young adult mice (Figure 2.5G-K), largely due to the 

fact that the expression of these genes changes significantly in older control mice, but not 

in aged Lynx1-/- mice (Figure 2.7). This difference suggests that skeletal muscles lacking 

Lynx1 are unable to adequately respond to age-related insults, which partially explains 

the accelerated degeneration of NMJs deficient for Lynx1.  

 If Lynx1 plays an important role in maintaining NMJs, its levels, distribution, or 

ability to modulate nAChRs must be impaired as NMJs degenerate with advancing age in 

control mice. We examined Lynx1 mRNA levels and distribution of its protein in aged 

skeletal muscles. Lynx1 expression is unchanged even though levels of nAChR subunits 

are increased in old skeletal muscles (Figure 2.8A). However, we found Lynx1 protein 

markedly reduced at NMJs of 24 month-old animals (Figure 2.8B-C), indicating that 

aging affects the ability of Lynx1 to modulate nAChRs. Thus, the reduced presence of 

Lynx1 may further augment the deleterious effects of dysregulated cholinergic activity on 

aged NMJs and skeletal muscles. 

2.4.5 Increased nAChR turnover in Lynx1 null mice 

The reduced intensity of nAChRs and altered expression of genes important for 

their stability at NMJs in adult and middle-aged mice (Figure 2.5, Figure 2.6) led us to 

ask whether nAChR turnover is increased in the absence of Lynx1. We examined the rate 

of nAChR turnover in the sternomastoid muscle of 3 month-old Lynx1-/- and control 

mice. In this experiment, mice were anesthetized to expose the sternomastoid muscle to 

saturating levels of alexa-488 conjugated BTX (A488-BTX) for 90 minutes to label all 

nAChRs on the postsynaptic membrane at NMJs. Mice were sutured and sacrificed two 
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days later to label the sternomastoid with alexa-555 conjugated BTX (A555-BTX), and 

thus reveal newly inserted nAChRs at NMJs (Figure 2.9A). Demonstrating the validity of 

this approach, A555-BTX fails to label NMJs in the sternomastoid after it is fixed 

immediately following exposure to saturating concentrations of A488-BTX (Figure 

2.9B). In stark contrast, NMJs are labeled with A555-BTX two days following the initial 

exposure to A488-BTX. We analyzed the intensity profile of alexa-488 and alexa-555 

labeled nAChRs to determine the ratio of new to old nAChRs across the endplate region 

(Figure 2.9C-D). In the sternomastoid of Lynx1-/- mice, the average ratio of new to old 

nAChR in NMJs of the sternomastoid muscle is significantly higher compared to control 

mice (Figure 2.9E). During the course of this experiment, we observed considerable 

variability in A555-BTX staining among NMJs within the sternomastoid of the same 

animal. This is likely due to differences in nAChRs turnover rates due to varied 

functional demands on NMJs within the same muscle. This observation prompted us to 

compare the frequency distribution of new to old nAChRs ratio between Lynx1-/- and 

control mice. We again found significantly more NMJs with more A555-BTX, and thus 

more new nAChRs, in Lynx1-/- mice (Figure 2.9F). These data show that Lynx1 also 

functions to stabilize nAChRs at the NMJ. 

2.4.6 Lynx1 functions to slow age-induced muscle atrophy 

We next determined if the deleterious changes at NMJs present in adult Lynx1-/- 

mice is accompanied my muscle fiber atrophy. We traced the perimeter of muscle fibers 

from 4 month-old Lynx1-/- and age-matched controls to determine their CSA and 

examined the distribution of myonuclei (Figure 2.10A-B). We found no significant 

differences in the average muscle fiber CSA (Figure 2.10C), the CSA frequency 

distribution (Figure 2.10D), or the occurrence of centralized nuclei (Figure 2.10E) in 

young adult Lynx1-/- compared to control mice. The expression profile of myosin heavy 

chains is also similar between Lynx1-/- and control mice (Figure 2.10F), indicating that 

muscle fibers retain their functional characteristics. However, there is a significant 

reduction of Pax7 (Figure 2.10G) and Myogenin expression (Figure 2.10H), as well as a 

dramatic increase of Atrogin-1 (Figure 2.10I) and Forkhead Box O1 (FOXO-1) (Figure 

2.10J) in adult Lynx1-/- mice. This suggests that while there are no structural differences 
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seen in the morphology of muscle fibers, there are underlying signs of muscle atrophy in 

Lynx1-/- mice.  

 Since NMJs further degenerate in middle-aged Lynx1-/- mice, we surmised that 

muscle fibers would also exhibit signs of aging in these mice. Indeed, the average muscle 

fiber CSA is significantly reduced in 12-month-old Lynx1-/- mice compared to age- and 

sex-matched control mice (Figure 2.11A-C). A cumulative frequency plot revealed the 

presence of more muscle fibers with a reduced CSA in the TA muscle of Lynx1-/- mice 

(Figure 2.11D), indicating that muscle fibers lacking Lynx1 are in the process of 

atrophying. Muscle fibers lacking Lynx1 also have more centralized myonuclei (Figure 

2.11E). To expand on these findings, we examined levels genes involved in myogenesis 

and muscle atrophy. We again found Pax7 significantly reduced in the TA muscle of 

middle-aged Lynx1-/- mice compared to controls of the same age (Figure 2.11F). 

However, myogenin was found increased, atrogin-1 unchanged, and Foxo-1 reduced in 

Lynx1-/- mice (Figure 2.11G-I). In addition to muscle atrophy, aging causes fast-type 

muscle fibers to de-differentiate into slow-type muscle fibers. To determine if this shift 

prematurely occurs in mice lacking Lynx1, we visualized muscle fiber types using 

antibodies against MYHCI, MYHCIIa and MYHCIIb (Figure 2.12A-C). We found fewer 

MYHCIIb-positive muscle fibers and more muscle fibers positive for either MYHCI or 

MYHCIIx in Lynx1-/- mice (Figure 2.12D). To corroborate these findings, we assessed 

transcript levels for each myosin heavy chain and found a significant increase in MYHCI 

in Lynx1-/- muscles (Figure 2.12E). These data show that Lynx1 also plays an important 

role in slowing aging of muscles fibers. 

2.4.7 Impaired motor function in mice deficient of Lynx1 

The premature degeneration of NMJs and muscle fibers are likely to compromise 

the output of the somatic motor system. We evaluated motor function of 12 month-old 

Lynx1-/- mice using an inverted wire-hanging test. This test showed that Lynx1-/- mice 

hang for less time compared to control mice (Figure 2.13A). This difference is likely due 

to reduced motor function since Lynx1 mice weight the same as control mice (Figure 

2.13B). Thus, NMJ degeneration and muscle atrophy caused by the loss of Lynx1 has 

functional impacts on motor performance. 
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2.5 Discussion 

This paper examined the role of Lynx1 in skeletal muscles, and particularly at 

NMJs. We show that Lynx1 expression increases and concentrates at NMJs during 

development. In addition to correlating with morphological maturation of the NMJ, 

Lynx1 levels closely follow changes in overall cholinergic activity and expression of the 

epsilon subunit of nAChRs. Importantly, we provide data revealing the function of Lynx1 

at the NMJ. We demonstrate that Lynx1 interacts with nAChRs to desensitize these 

receptors to ACh. It also functions to stabilize nAChRs at the NMJ. Additionally, we 

show that Lynx1 vacates NMJs with advancing age, suggesting that its loss exacerbates 

the deleterious effects of dysregulated cholinergic activity on NMJs and muscle fibers. 

Using Lynx1-/- mice, we show that Lynx1 plays a critical role in slowing the appearance 

of age-related pathological features on NMJs and muscle fibers. Thus, this study 

demonstrates the importance of Lynx1 in preserving the function and structure of NMJs 

and muscle fibers by modulating the activity of nAChRs. 

2.5.1 The loss of Lynx1 has no significant impact on developing NMJs and muscle 
fibers 

We found that Lynx1 expression significantly increases in skeletal muscles by P6, 

a time when the NMJ is undergoing significant morphological and functional changes 

(Sanes and Lichtman 1999). However, deletion of Lynx1 does not have an obvious effect 

on developing NMJs and muscle fibers. Why then do developing muscle fibers increase 

and concentrate Lynx1 at NMJs? Lynx1 may be upregulated early to ensure that 

cholinergic transmission is modulated as soon as NMJs fully mature. In this case, the 

presence of Lynx1 will have little to no impact on developing, and thus already highly 

plastic, NMJs due to the presence of nAChR pentamers containing the γ subunit. This is 

because the γ subunit functions to keep nAChR pentamers open for longer in the presence 

of ACh. Therefore, the γ subunit likely negates the further sensitization of these channels 

to ACh in the absence of Lynx1. In support of this possibility, moderately increasing 

levels of ACh in the synaptic cleft, and thus activity of nAChRs, does not affect 

developing NMJs (Sugita et al. 2016). Thus, the increased levels of Lynx1 may be a 
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preparatory step to ensure that the cholinergic system functions optimally in matured 

NMJs and skeletal muscles. 

2.5.2 The role of Lynx1 in NMJ maintenance 

We generated significant data indicating that Lynx1 functions to maintain and 

stabilize adult NMJs. First, we found that Lynx1 progressively accumulates at NMJs as 

mice mature and its expression strongly correlates with that of the epsilon subunit, which 

is primarily present at adult nAChR pentamers. Second, we discovered that deletion of 

Lynx1 sensitizes adult nAChRs to ACh. Loss of Lynx1 also destabilizes nAChRs and 

alters expression of genes with key roles at NMJs. Third, we found that Lynx1 

significantly reduced at NMJs of aged compared to young adult mice. Fourth and most 

importantly, the loss of Lynx1 accelerates the appearance of age-related morphological 

and molecular features at NMJs and in muscle fibers. Based on these findings, we 

conclude that Lynx1 is necessary to mitigate deleterious effects caused by normal aging 

on the cholinergic system, and thus NMJs and skeletal muscles.  

In rodents, cholinergic transmission at NMJs has been examined directly and 

indirectly during aging (Maxwell et al. 2018; Pousinha et al. 2015). Measurements of 

miniature endplate potentials (MEPPs), which represent the random fusion of vesicles at 

active zones, in the gastrocnemius muscle of 28 month-old compared to 10 month-old 

mice revealed increased amplitude but decreased frequency of MEPPs in old mice. A 

similar pattern of increased amplitude along with decreased frequency of MEPPs was 

also observed in the diaphragm of 29-34 month-old mice (Banker, Kelly, and Robbins 

1983). These studies also showed that aging increases the amplitude of endplate 

potentials (EPPs). Additionally, it was demonstrated that the safety factor increases at 

NMJs in old mice, in stark contrast to human studies showing that aging reduces the 

safety factor (Kelly 1978). Furthermore, spontaneous giant miniature endplate potentials 

(GMEPPs), which occur when ACh is released from vesicles residing outside the active 

zone, increase in frequency in the diaphragm of aged rats (Pousinha et al. 2015). These 

findings indicating that cholinergic transmission increases in old rodents were mostly 

confirmed in a recent study that compared functional parameters between NMJs of 12-14 

month-old and 24-28 month-old mice (Willadt, Nash, and Slater 2018). Together these 
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published findings suggested that higher and dysregulated cholinergic transmission may 

contribute to age-related changes at NMJs and elsewhere in skeletal muscles. In this 

regard, our lab recently demonstrated that NMJs prematurely acquire age-related 

morphological features in young adult transgenic mice in which the amplitude of MEPPs 

is constitutively increased (Sugita et al. 2016). Thus, the loss of Lynx1, due to genetic 

deletion or improper localization in aged NMJs, would undoubtedly exacerbate damages 

caused by dysregulated release of ACh. 

Along with functional evidence, published findings show that the expression and 

distribution of several molecules with key roles in the cholinergic system are altered at 

aged NMJs. This includes loss of nicotinic acetylcholine receptors (nAChRs) from the 

postsynaptic site, and accumulation of nAChRs in non-synaptic regions of muscle fibers 

(Smith, Williams, and Emmerling 1990). Additionally, the gamma subunit of the nAChR 

pentamer increases in old age (Xie et al. 2016), possibly resulting in the accumulation of 

mixed nAChRs pentamers, composed of the gamma or the epsilon subunit, at NMJs. 

Several other NMJ-associated genes are also increased in skeletal muscles of aged mice, 

including the muscle-specific kinase (MuSK) and low-density lipoprotein receptor-

related protein 4 (Lrp4) (Ibebunjo et al. 2013). These genes are elevated in young adult 

mice lacking Lynx1, providing additional evidence that NMJs prematurely age in the 

absence of Lynx1. 

2.5.3 Concluding remarks 

While the data in this paper are novel and significant, there are many unanswered 

questions regarding Lynx1 at NMJs and skeletal muscles. In particular, this study does 

not address the molecular mechanism recruited by cholinergic activity to influence 

expression of Lynx1. It also does not discriminate Lynx1 binding between nAChRs 

pentamers containing the epsilon or gamma subunit. Additionally, it remains unknown if 

nAChRs turnover faster at NMJs because of physical instability, or changes in their 

phosphorylation status due to increased binding to ACh in the absence of Lynx1. 

Answers to these questions may reveal why Lynx1 is largely missing from aged NMJs. 

Such insights could be used to preserve and restore Lynx1 function at aging NMJs, and 

thus serve as therapeutic interventions to attenuate aging of these synapses and skeletal 
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muscles. Alternatively, Lynx1 may be reintroduced exogenously to prevent and reverse 

aging of NMJs and skeletal muscles. Irrespective of approach, the data in this paper show 

that Lynx1 is a promising candidate for mitigating the deleterious effects of aging the 

cholinergic system, and thereby on NMJs, skeletal muscles and motor function. 
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Figure 2.1 Skeletal muscles express Lynx1 at the NMJ.  

Lynx1 mRNA expression is detected in TA and EDL muscles and is significantly 

upregulated at postnatal day 6 and 21, relative to postnatal day 1 (A). Lynx1 mRNA is 

enriched in ribosomal mRNA fractions obtained from adult TA muscle compared to total 

muscle mRNA (B). Lynx1 mRNA is expressed in C2C12 myotubes and is significantly 

upregulated at 3 and 7 days post-fusion compared to unfused myoblasts (C). Expression 

of Lynx1 is significantly upregulated in C2C12 myotubes treated with carbachol (CCH) 

compared to myotubes untreated, or exposed to z-agrin (D). Lynx1 mRNA expression is 

significantly increased in an animal model with increased cholinergic activity, VAChThyp, 

and significantly reduced in an animal model with a reduction in cholinergic activity, 

VAChTKD (E). Lynx1 protein is colocalized with BTX in control TA muscles (F), but 

colocalization is not present in Lynx1-/- muscles (G). In control muscles, Lynx1 

colocalization with BTX is significantly increased at postnatal day 6 and 21, relative to 

postnatal day 1 (H). Co-immunoprecipitation from HEK293 cells expressing nAChRs 

and mCherry-Lynx1 is able to pull down nAChRs bound to Lynx1 (I). Data represented 

as mean ± SEM. Expression is normalized to GAPDH and relative to control. All male 

mice were used for this study. P1, P6, P21 n= 5, C2C12 experiments were conducted 

with at least three biological replicates. Control n = 4; 4 months-old, VAChThyp n=4; 4 

months-old, VAChTKD n=4; 4 months-old, Lynx1-/- n = 3. F-G are representative images 

of P21 TA muscles. At least 30 NMJS were analyzed per animal (H). Scale bar = 20 µm. 

*p<0.05, **p<0.01, ***p<0.001. 
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Figure 2.2 Increased sensitivity in nAChRs lacking Lynx1.  

Example traces of spontaneous MEPP recordings from control and Lynx1-/- mice (A). An 

average of 100 traces from control and Lynx1-/- MEPP recordings (B). The mean 

amplitude (C) and frequency (D) of MEPPs. The average MEPP rise time to peak 

amplitude (E) and the slope of MEPPs to peak amplitude (F) between control and Lynx1-

/- mice. Calculated quantal content obtained from recordings of synaptic transmission, 

determined by EPP amplitude divided by MEPP amplitude (G). Synaptic plasticity 

represented as amplitude of EPPs at baseline and following tetanic stimulation (H). 

Neuromuscular fatigue represented as relative strength from baseline following super-

imposed muscle and nerve stimulations after fatigue protocol (I). Data represented as 

mean ± SEM. All male mice were used for this study. Control n = ≥ 5, Lynx1-/- n = ≥ 8. 

***p<0.001. 
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Figure 2.3 Loss of Lynx1 has no discernable impact on NMJ development.  

The EDL (A,B) and soleus (C,D) muscles were examined from P6 control (A,C) and 

Lynx1-/- (B,D) mice expressing YFP (green) in nerve endings and nAChRs visualized 

using BTX (magenta). In both EDL and soleus muscles there are no differences in the 

number of nAChR plaques (E), the area of nAChR clusters (F), colocalization between 

YFP and BTX (G), sprouting of the nerve terminal (H), multiply innervated nAChR 

plaques (I), or the area of the endplate region (J) between control and Lynx1-/- muscles. 

Similarly, the mRNA expression of nAChR subunits (K), AChE (L), MuSK (M), LRP4 

(N), or Rapsyn (O), are unchanged in Lynx1-/- TA muscles compared to controls. Data 

represented as mean ± SEM. Expression is normalized to GAPDH and relative to control. 

All male mice were used for this study. Control n = 5, Lynx1-/- n = 6. At least 50 NMJs 

were analyzed per animal. Scale bar = 20 µm. 



 59 



 60 

Figure 2.4 Loss of Lynx1 has no effect on muscle fiber development.  

TA muscles from P6 control (A) and Lynx1-/- (B) mice were cross-sectioned and stained 

with WGA (magenta) and DAPI (green) to visualize muscle fibers and their nuclei. There 

is no difference in the average cross-sectional area of muscle fibers from control and 

Lynx1-/- muscles (C). Similarly, the frequency distribution of cross-sectional area is the 

same in control and Lynx1-/- muscles (D). There is also no difference in the incidence of 

centralized nuclei (white arrow) in control and Lynx1-/- muscles (E). Furthermore, the 

mRNA expression of myosin heavy chains is similar between Lynx1-/- muscles (F). The 

mRNA expression of Pax7 (G) and myogenin (H) is unchanged in Lynx1-/- TA muscles 

compared to controls. Data represented as mean ± SEM. Expression is normalized to 

GAPDH and relative to control. All male mice were used for this study. Control n = 5, 

Lynx1-/- n = 6. At least 100 muscle fibers were analyzed per animal. Scale bar = 20 µm. 
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Figure 2.5 Lynx1 plays a role in NMJ maturation.  

Analysis of 4 month-old control (A) and Lynx1-/- (B) EDL muscles expressing YFP 

(green) in nerve endings and nAChRs visualized using BTX (red) shows increased NMJ 

denervation and fragmentation (C) in Lynx1-/- muscles. The receptor area (D) is 

unaffected by Lynx1 deletion, but there is a significant decrease in receptor staining 

intensity (E) in Lynx1-/- mice. There are more blebs on innervation nerves (yellow 

arrows), with no change in the incidence of multiply innervated nAChRs (F). However, 

qPCR analysis of 4 month-old TA muscle shows expression of all subunits in the mature 

muscle nAChR is significantly increased in Lynx1-/- muscles (G). Expression of AChE is 

significantly increased in Lynx1-/- muscles (H). Similarly, MuSK (I) and LRP4 (J) 

expression are significantly upregulated, while expression of Rapsyn (K) is significantly 

decreased in Lynx1-/- muscle. Data represented as mean ± SEM. Expression is 

normalized to GAPDH and relative to control. All male mice were used for this study. 

Control n=4, Lynx1-/- n=5. At least 30 NMJs were analyzed per animal. Scale Bar=30µm. 

*P<0.05, **P<0.01, ***P<0.001. 
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Figure 2.6 Lynx1 plays a role in NMJ maintenance.  

Analysis of 12 month-old control (A) and Lynx1-/- (B) EDL muscles expressing YFP 

(green) in nerve endings and nAChRs visualized using BTX (red) shows increased NMJ 

denervation and fragmentation in Lynx1-/- muscles (C). The area (D) and intensity (E) of 

nAChRs are also significantly reduced in Lynx1-/- muscles. Furthermore, there is an 

increase in the incidence of blebbing (arrows) on the innervating nerve and multiply 

innervated nAChRs (F). Expression of ε, γ, α, and β subunits is significantly reduced in 

Lynx1-/- TA muscles compared to controls (G). Similarly, expression of AChE is reduced 

in Lynx1-/- TA muscles (H). However, expression of MuSK (I), LRP4 (J), and Rapsyn 

(K) are unchanged. Data represented as mean ± SEM. Expression is normalized to 

GAPDH and relative to control. All male mice were used for this study. Control n=4, 

Lynx1-/- n=4. At least 30 NMJs were analyzed per animal. Scale Bar=30µm. *P<0.05, 

**P<0.01, ***P<0.001. 
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Figure 2.7 Age-related changes in nAChR expression.  

In TA muscles from wild type animals, there is a 3 to 8-fold increase in expression of ε, 

α, β, and δ subunits from 4 to 12 months of age (A). Similarly, expression of the γ 

subunit is increased 65-fold at 12 months of age compared to 4 months of age in control 

animals (B). However, in TA muscles from Lynx1-/- mice, there is no significant 

difference in the expression of ε, α, β, and δ subunits from 4 to 12 months of age (C). 

While the expression of the γ subunit is increased 5-fold at 12 months of age compared to 

4 months of age in Lynx1-/- mice (D), it is not to the extent of increased expression in 

control muscles. Data represented as mean ± SEM. Expression is normalized to GAPDH 

and relative to 4 months. All male mice were used for this study. Control n=4, Lynx1-/- 

n=4. ***P<0.001. 
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Figure 2.8 Endogenous Lynx1 expression in aging NMJs.  

Expression of Lynx1 remains constant in TA muscles from 4, 12, and 24 month-old 

animals (A). However, immunohistochemistry with anti-Lynx1 (red), BTX (blue), and 

YFP (green) revealed a loss of Lynx1 concentrated at the NMJ between 4 months (B) and 

24 months of age (C). Data represented as mean ± SEM. Expression is normalized to 

GAPDH and relative to 4 months. All male mice were used for this study. 4 months; n=5, 

12 months; n=5, 24 months; n=5. 
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Figure 2.9 Loss of Lynx1 accelerates nAChR turnover in skeletal muscle.  

Sternomastoid muscles of 4 month-old mice were surgically exposed and bathed in 

saturating levels of BTX-488 (green) for 1.5 hours, then washed and sutured. 48 hours 

later, animals were perfused and sternomastoid muscles were bathed in saturating levels 

of BTX-555 (red; A). Sternomastoid muscle perfused directly after exposure to BTX488 

and exposed to BTX555 has no turnover, and thus no BTX555 staining (B). The ratio of 

intensity between BTX-488 and BTX-555 was determined in control (C) and Lynx1-/- (D) 

muscles. Lynx1-/- muscles have an increased percentage of newly labeled nAChRs (E). 

However, there is also substantial variability in nAChR turnover based on individual 

functional demands and morphological makeup of NMJs within the same muscles. The 

frequency distribution also shows an increase in the frequency of new nAChRs among 

NMJs in Lynx1-/- muscles (F). Data represented as mean ± SEM. All male mice were 

used for this study. Control n=4, Lynx1-/- n=4. At least 50 NMJs were analyzed per 

animal. Scale Bars=100µm, B; 30 µm, D. *P<0.05, **P<0.01, ***P<0.001. 
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Figure 2.10 Loss of Lynx1 increases signs of atrophy in adult muscle.  

TA muscles from 4 month-old control (A) and Lynx1-/- (B) mice were cross-sectioned 

and stained with WGA (magenta) and DAPI (green) to visualize muscle fibers and their 

nuclei. There is no difference in the average cross-sectional area of muscle fibers from 

control and Lynx1-/- muscles (C). Similarly, the frequency distribution of cross-sectional 

area is the same in control and Lynx1-/- muscles (D). There is also no difference in the 

incidence of centralized nuclei in control and Lynx1-/- muscles (E). Furthermore, the 

mRNA expression of myosin heavy chains is similar between Lynx1-/- muscles (F). 

However, the mRNA expression of Pax7 (G) and myogenin (H) is significantly reduced 

in Lynx1-/- muscles compared to controls. In contrast, Atrogin-1 (I) and FOXO-1 (J) 

expression is substantially increased in Lynx1-/- muscles compared to controls. Data 

represented as mean ± SEM. Expression is normalized to GAPDH and relative to control. 

All male mice were used for this study. Control n=4, Lynx1-/- n=4. At least 100 muscle 

fibers were analyzed per animal. Scale Bar=30µm. *P<0.05, **P<0.01, ***P<0.001. 
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Figure 2.11 Muscle atrophy in aged Lynx1-/- mice.  

TA muscles from 12 month-old control (A) and Lynx1-/- (B) mice were cross-sectioned 

and stained with WGA (green) and DAPI (red) to visualize muscle fibers and their nuclei. 

Lynx1-/- muscles have a significantly decreased average cross-sectional area compared to 

controls (C). Similarly, the cumulative frequency distribution of cross-sectional area 

shows a significant reduction in Lynx1-/- muscles (D). Furthermore, Lynx1-/- muscles 

have an increase in the incidence of centralized nuclei compared to control muscles (E). 

Furthermore, the mRNA expression of Pax7 significantly reduced in Lynx1-/- muscles 

compared to controls (F). In contrast, Myogenin expression is considerably increased (G), 

Atrogin-1 expression is unchanged (H), and FOXO-1 (J) expression is significantly 

reduced in Lynx1-/- muscles compared to controls. Data represented as mean ± SEM. 

Expression is normalized to GAPDH and relative to control. All male mice were used for 

this study. Control n=4, Lynx1-/- n=4. At least 100 muscle fibers were analyzed per 

animal. Scale Bar=30µm. *P<0.05, **P<0.01, ***P<0.001. 
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Figure 2.12 Fiber type shifts in aged Lynx1-/- muscles.  

TA muscles from 12 month-old control and Lynx1-/- mice were cross sectioned and 

stained with antibodies against MyHCIIb (red), MyHCIIa (blue), and laminin (green) to 

examine muscle fiber types. IHC analysis revealed a significant reduction in MyHCIIb 

fibers, and an increase in fibers that are either MyHCI or MyHCIIx in Lynx1-/- muscles 

(D). Further analysis of mRNA expression revealed a significant increase in MyHCI, and 

a reduction in MyHCIIa in Lynx1-/- muscles compared to controls (E). Data represented 

as mean ± SEM. Expression is normalized to GAPDH and relative to control. All male 

mice were used for this study. Control n=4, Lynx1-/- n=4. At least 100 muscle fibers were 

analyzed per animal. Scale Bar=30µm. *P<0.05, **P<0.01, ***P<0.001. 
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Figure 2.13 Impaired motor function in middle-aged Lynx1-/- mice.  

At 12 months of age, 12 month-old Lynx1-/- mice have a significantly diminished 

hanging time compared to age-matched controls (A). However, 12 month-old Lynx1-/- 

mice have a similar weight to control animals of the same age (B). Data represented as 

mean ± SEM. Control n=4, Lynx1-/- n=4. Each animal was tested 3 separate days, with 3 

separate trials each day, taking the average of the highest test on each day. **P<0.01. 
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3.1 Abstract 

We previously showed that Lynx1, a modulator of cholinergic activity, plays an 

important role in maintaining adult neuromuscular junctions (NMJ). In this study, we 

asked if Lynx1 also functions to preserve and repair NMJs following injury and during 

the progression of amyotrophic lateral sclerosis (ALS). In wild type mice, Lynx1 

expression significantly decreases following severing of motor axons. Lynx1 remains 

significantly reduced during the initial stages of reinnervation and returns to basal levels 

only after regenerating motor axons fully form presynaptic sites. To ascertain the role of 

Lynx1 in regenerating NMJs, we examined the morphology of NMJs in mice lacking 

Lynx1 after severing motor axons. We found that while deletion of Lynx1 accelerates the 

initial reinnervation of NMJs, it delays cellular changes required to finalize the 

reformation of NMJs. These include the elimination of redundant axons innervating the 

same muscle fiber, and the shedding of extensions that go beyond the postsynaptic 

region. Deletion of Lynx1 also exacerbates denervation-induced fragmentation of 

postsynaptic sites, and the appearance of extra-synaptic clusters of nAChRs. Not 

surprisingly, these morphological changes at NMJs have downstream effects on muscle 

fibers, and the expression of genes involved in NMJs stability, myogenesis, and muscle 

atrophy. We next examined Lynx1 levels in skeletal muscles from the SOD1G93A mouse 

model of ALS and sought to determine if Lynx1 plays a role in ALS progression. Lynx1 

expression decreases prior to the degeneration of NMJs in SOD1G93A mice. Interestingly, 

deletion of Lynx1 significantly delays the time of symptom onset without altering the 

lifespan in male mice. In stark contrast, the loss of Lynx1 accelerates the appearance of 

symptoms in female SOD1G93A mice, and decreases their lifespan. Altogether, these data 

show that Lynx1 plays various, and at times seemingly opposite, roles at NMJs. Such 

disparate roles are likely attributed to Lynx1 functioning as a plasticity-regulating gene 

by altering cholinergic activity, and enhancing synaptic plasticity at the NMJ. 
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3.2 Introduction 

Cholinergic transmission is vital for proper communication across numerous 

synapses in the central and peripheral nervous systems (Toyka 1988). In fact, voluntary 

movement is initiated by cholinergic transmission at the synapse between motor neurons 

and skeletal muscles, called the neuromuscular junction (NMJ), where nicotinic 

acetylcholine receptors (nAChRs) receive and decode signals from acetylcholine (ACh) 

to drive contraction of skeletal muscles. The formation of NMJs occurs following a well-

orchestrated sequence of molecular changes, with many involved in modifying 

cholinergic transmission (Sanes and Lichtman 1999). This includes the upregulation, 

redistribution and clustering of nAChR subunits near the region where motor axons 

associate with the emerging postsynaptic region on muscle fibers (Sanes and Lichtman 

1999, 2001). The maturation of NMJs also depends on nAChR pentamers molecularly 

shifting so that they contain the epsilon instead of the gamma subunit (Millar and 

Harkness 2008). This molecular change modifies the functional properties of nAChR 

pentamers, with those containing the epsilon subunit being less sensitive to ACh (Naguib 

et al. 2002). Without these and other molecular changes, the NMJ would fail to transition 

from an immature plaque to a mature pretzel shaped synapse during development or fall 

apart in adulthood. Similar cellular and molecular changes occur following injury, due to 

the regenerative capacity of motor axons and muscle fibers, to re-establish fully 

functional and stable NMJs. In particular, the cholinergic system reverts to an immature 

state to augment cholinergic transmission in denervated muscle fibers. Following 

reinnervation, the cholinergic system progressively shifts again to better regulate the 

frequency and amplitude of cholinergic transmission (Frank, Gautvik, and Sommerschild 

1975; Ma et al. 2007). 

Amyotrophic lateral sclerosis (ALS) is a neurodegenerative disease characterized 

by progressive NMJ denervation which leads to muscle atrophy and paralysis. In early 

stages of the disease, there is a period of compensatory reinnervation which is able to 

prolong neuromuscular function before the motor axon retracts in the classical dying back 

model (Dadon-Nachum, Melamed, and Offen 2011; Moloney, de Winter, and Verhaagen 

2014; Palma et al. 2016). Unfortunately, evidence suggests that cholinergic transmission 
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also becomes dysregulated early on, and impairs the stability of NMJs during the 

progression of ALS. Before physical symptoms arise, the frequency and amplitude of 

miniature endplate potentials (MEPPs), which represent the random fusion of vesicles at 

active zones, significantly increases in ALS-affected NMJs (D. Arbour et al. 2015; Rocha 

et al. 2013). Additionally, the frequency of spontaneous giant miniature endplate 

potentials (GMEPPs), which occur when ACh is released from vesicles residing outside 

presynaptic active zones of NMJs, has been shown to increase in the diaphragm of ALS-

afflicted rodents (Rocha et al. 2013). Furthermore, the overall mean amplitude of 

endplate potentials (EPPs) and quantal content has been shown to increase in skeletal 

muscles during symptomatic stages of ALS (D. Arbour et al. 2015; Rocha et al. 2013). 

Because of the anti-synaptogenic actions of ACh (Misgeld et al. 2005), increased 

cholinergic transmission has been postulated to contribute to degeneration of NMJs 

during the progression of ALS. Our lab recently tested this hypothesis using transgenic 

mice with altered expression of the vesicular acetylcholine transporter (VAChT) 

(Kolisnyk et al. 2013; Prado et al. 2006). We discovered that this genetic augmentation of 

ACh levels accelerates NMJ degeneration in the SOD1G93A mouse model for ALS, and 

causes their premature death (Sugita et al. 2016). These findings raise the possibility that 

fine-tuning cholinergic activity may attenuate ALS-induced degeneration of NMJs and 

skeletal muscles.  

The GPI anchored protein, Lynx1, is a promising candidate for modulating 

cholinergic activity at NMJs afflicted with ALS. Lynx1 has previously been shown to 

interact with nicotinic acetylcholine receptors (nAChRs) in the brain (Ibanez-Tallon et al. 

2002; Miwa et al. 1999) and in skeletal muscles (Figure 2.1). In skeletal muscles, Lynx1 

expression closely mirrors cholinergic activity and the development of the NMJ (Figure 

2.1). Importantly, it concentrates at NMJs to desensitize nAChRs to ACh (Figure 2.1). 

Through this function, Lynx1 plays an important role in maintaining the structural and 

molecular integrity of NMJs and muscle fibers during normal aging (Figure 2.5, Figure 

2.6). It also plays a critical role in preventing muscle fatigue and preserving motor 

function (Figure 2.2, Figure 2.13). Thus, Lynx1 is an important modulator of cholinergic 

activity, it functions to stabilize nAChRs, and to slow the ravages of normal aging on 

NMJs and muscle fibers. Thus, we sought to determine the impact of Lynx1 on NMJ 
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stability under various physiological conditions associated with dysregulated cholinergic 

transmission.  

In this study, we assessed the role of Lynx1 in regenerating NMJs of wild type 

mice following injury, and in promoting compensatory reinnervation in the SOD1G93A 

mouse model for ALS. Surprisingly, we found that following nerve injury, where 

cholinergic activity is sharply decreased as the injured axon retracts, deletion of Lynx1 

promotes and accelerates reinnervation of NMJs. However, loss of Lynx1 stalls cellular 

changes necessary for restoring the normal morphology of NMJs. We also show that 

deletion of Lynx1 from SOD1G93A mice delays the onset of neurological symptoms, 

possibly due to increased compensatory reinnervation of NMJs. These data show that 

while reducing Lynx1 accelerates reinnervation of NMJs, its levels must increase for 

NMJs to fully reform and remain stable following injuries and in ALS.  

3.3 Methods 

3.3.1 Source of mice 

We obtained Lynx1-/- mice (Miwa et al. 2006) from the lab of Dr. Morishita and 

began a colony of our own. These mice were mated with Thy1-YFP16 (Feng et al. 2000) 

animals in our colony to generate Lynx1+/-;Thy1YFP16 animals. In order to have 

littermate pairs of homozygous knockouts with controls, Lynx1+/-;Thy1YFP16 mice were 

mated together to yield litters with Lynx1-/-;Thy1YFP16 and Thy1YFP16 control mice. 

The colony is maintained on a C57BL/6 background. We also bred SOD1G93A animals 

(Gurney et al. 1994) obtained from Jackson Lab (B6SJL-Tg(SOD1*G93A)1Gur/J) with 

Lynx1-/- animals to generate breeding pairs of SOD1G93A;Lynx1+/- mice. These pairs were 

bred to generate SOD1G93A;Lynx1-/- mice and littermate SOD1G93A animals for survival 

analysis. A colony of SOD1G93A;Lynx1-/-;Thy1YFP16 mice was subsequently generated 

to easily visualize nerve terminals for morphological analysis. Mice were anesthetized 

with isoflurane followed by immediate dissection of tissues collected fresh, or 

transcardial perfusion with 1XPBS (pH 7.4) followed by 4% paraformaldehyde (PFA, pH 

7.4) for fixed tissues. All experiments were carried out under the NIH guidelines and 
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animal protocols approved by the Virginia Tech Institutional Animal Care and Use 

Committee.  

3.3.2 Fibular nerve crush 

A fibular nerve crush was performed as described in Dalkin et al., 2016 (Dalkin, 

Taetzsch, and Valdez 2016). In brief, the fibular nerve is crushed at the intersection as it 

passes over the lateral head of the gastrocnemius muscle tendon, near the knee. This 

technique creates a highly reproducible injury with a well characterized pattern of 

degeneration and re-innervation in wild-type mice. As reported in young adult mice, 

nAChRs become completely denervated by 4 days post-injury, motor axons begin to 

contact the post-synapse around 7 days, and the NMJ is fully innervated by 12 days post-

injury. Here, this procedure was done using Lynx1-/-;Thy1YFP16 and Thy1YFP16 

controls to precisely visualize innervating axons.  

3.3.3 Survival and disease onset analysis 

All mice affected with ALS were regularly observed at least twice a week. On a 

weekly basis, the weight of each mouse was recorded and symptoms were recorded. 

Onset of symptoms was classified as the time when mice were no longer able to splay 

their hind limbs when lifted from the tail. Animals were given hydrogel when they 

presented with significant hind limb paralysis. Mice were euthanized when they were 

unable to right themselves back up after laying on their sides. A Kaplan–Meier log rank 

test was used to compare the lifespan between the groups of mice affected with ALS. 

3.3.4 Immunohistochemistry and confocal microscopy of EDL muscles 

Extensor digitorum longus (EDL) muscles from mice expressing YFP in nerve 

endings were used to visualize NMJs. Following perfusion, muscles were dissected and 

incubated with Alexa-555 bungarotoxin (Life Technologies, 1:1000 in 1XPBS) for 1 

hour. Muscles were then washed 3 times with 1XPBS and whole mounted using 

vectashield. NMJs were imaged using a Zeiss LSM 700 confocal microscope. Maximum 

intensity projections from confocal z-stacks were created using Zen Black (Zeiss) and 

analyzed using ImageJ. Structural features were analyzed based on previously described 

methods in Valdez et al., 2010 (G Valdez et al. 2010). In brief, full or partial denervation 
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of NMJs is classified by inadequate apposition of YFP and BTX. Fragmented AChRs are 

defined as having five or more islands in the cluster. Sprouting NMJs are those with a 

nerve terminal overreaching the AChR cluster. NMJs with multiple innervation are those 

with more than one nerve terminal innervating a single AChR cluster. The endplate area 

is a measurement of the total area occupied by AChR clusters in a single muscle. 

Innervation is a measurement of YFP and BTX apposition analyzed using ImageJ. AChR 

intensity was determined from the mean integrated density of AChR clusters using 

ImageJ. 

3.3.5 Immunohistochemistry and confocal microscopy of TA sections 

Following perfusion, tibialis anterior (TA) muscles were dissected and incubated 

in 30% sucrose for 48 hours at 4°C. Muscles were then cut in half and placed in 

Fisherbrand base molds with Tissue Freezing Medium (Triangle Biomedical Sciences, 

Inc.) Using a cryostat, TA muscles were sectioned at 16 µm thickness and collected on 

gelatin-coated slides. Sections were first washed 3 times with 1XPBS and then incubated 

for 1 hour at room temperature with wheat germ agglutinin conjugated with alexa-555 

(WGA, 1:700) and DAPI (4’6-diamidino-2-phenylindole: Sigma-Aldrich; 28718-90-3; 

1:1,000) diluted in 1XPBS. Muscles were then washed 3 times with 1XPBS and whole 

mounted using Vectashield. Muscle fibers were imaged using a Zeiss LSM 700 confocal 

microscope. Maximum intensity projections from confocal z-stacks were created using 

Zen Black (Zeiss) and analyzed using ImageJ. Muscle fibers were outlined by WGA and 

measured in ImageJ using the grid function to randomly select at least 100 fibers per 

mouse to analyze fiber area. The percentage of centralized nuclei was then determined 

using the localization of DAPI in the outlined muscle fibers. 

3.3.6 Immunohistochemistry and confocal microscopy for fiber-typing 

Tibialis anterior (TA) muscles were immediately dissected following 

anesthetization with isoflurane and flash frozen in liquid nitrogen. Muscles were then cut 

in half and placed in Fisherbrand base molds with Tissue Freezing Medium (Triangle 

Biomedical Sciences, Inc.) Using a cryostat, TA muscles were sectioned at 16 µm 

thickness and collected on gelatin-coated slides. Sections were first washed 3 times with 
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1XPBS and then incubated for 1 hour at room temperature in blocking buffer (0.1% 

Triton X-100, 3% BSA, and 5% goat serum in 1XPBS). Next, sections were incubated 

with primary antibodies diluted in 3% BSA and 5% goat serum in 1XPBS overnight at 

4°C. The following primary antibodies were used: rabbit-anti-laminin (1:300), IgM-BF-

F3 (1:20), and IgG1-SC71 (1:40). Sections were then washed 3 times with 1XPBS and 

incubated for 2 hours at room temperature with secondary antibodies and 4’,6-diamidino-

2-phenylindole (DAPI, Sigma, 1:1000). The following secondary antibodies were used: 

Alexa-568 anti-mouse IgM (Life Technologies, 1:1000), Alexa-488 donkey anti-rabbit 

(Life Technologies, 1:1000), and Alexa-647 anti-mouse IgG1 (Life Technologies, 

1:1000). Slides were then washed 3 times with 1XPBS and mounted using Vectashield. 

Muscle sections were imaged using a Zeiss LSM 700 motorized confocal microscope. 

Maximum intensity projections from confocal z-stacks were created using Zen Black 

(Zeiss). The percentage of MyHCIIa and MyHCIIb fibers was determined based on the 

number of SC-71 and BF-F3 positive fibers, respectively. 

3.3.7 qPCR expression analysis 

Mice were anesthetized with isoflurane, then tibialis anterior muscles were 

dissected and immediately flash frozen in liquid nitrogen. RNA was prepared using an 

Aurum Total RNA Mini kit (Bio-rad) following the manufacturer’s instructions. cDNA 

was then synthesized from 100ng of total RNA using an iScript cDNA synthesis kit (Bio-

rad). PCR amplification was performed on the Bio-Rad CFX Connect Real-Time System 

(Bio-Rad) using iTaq Universal SYBR Green Supermix (Bio-rad). The primers used in 

this study are listed in Table 3.1. 

Table 3.1 qPCR primers 

Gene Fw (5’-3’) Rv (5’-3’) 
AChE CTACACCACGGAGGAGAGGA CTGGTTCTTCCAGTGCACCA 

Atrogin-1 GCAGCAGCTGAATAGCATCCA GGTGATCGTGAGGCCTTTGAA 
CHRNε GCTGTGTGGATGCTGTGAAC GCTGCCCAAAAACAGACATT 
CHRNγ GCTCAGCTGCAAGTTGATCTC CCTCCTGCTCCATCTCTGTC 

FOXO-1 GAGTTAGTGAGCAGGCTACATTT TTGGACTGCTCCTCAGTTCC 
GAPDH CCCACTCTTCCACCTTCGATG GTCCACCACCCTGTTGCTGTAG 

LRP4 GGCAAAAAGCAGGAACTTGT TCTACCCAGTGGCCAGAACT 
Lynx1 ACCACTCGAACTTACTTCACC ATCGTACACGGTCTCAAAGC 

MUSK CCGATGTGTCTGCTCTTTGA ACAGGACAGTGGTGGAGGAC 
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Pax7 GCGAGAAGAAAGCCAAACAC GTCGGGTTCTGATTCCACAT 
Rapsyn GTGCCATGGAGTGTTGTGAG CGGTTTCCGATCTCAGTCAT 

3.3.8 Statistics 

For experiments with multiple experimental groups, a one-way ANOVA with 

Bonferroni post-hoc followed by a pairwise t-test was used to determine statistical 

significance between groups. For comparisons between two experimental groups, a 

student’s t-test was used to determine significance. For comparison between two 

distributions, a Kolmogorov–Smirnov was used to determine significance. Bar graphs are 

represented as mean ± standard error. Statistical analysis was performed using R statistics 

and a p value <0.05 was considered significant. 

3.4 Results 

3.4.1 Effect of denervation on Lynx1 expression 

To begin to examine the role of Lynx1 in denervated and reforming NMJs, we 

assessed its expression in skeletal muscles after crushing the fibular nerve crush in 90 day 

old male wild-type mice. This injury leaves hind limb muscles, such as the extensor 

digitorum longus (EDL), completely denervated for several days. However, motor axons 

return to reinnervate postsynaptic sites between 7 and 12 days post-injury (Dalkin, 

Taetzsch, and Valdez 2016) (Figure 3.1A). Using this assay, we found that Lynx1 

expression decreases within a day after severing motor axons and becomes significantly 

downregulated at 4 days post-injury. Interestingly, Lynx1 expression is lowest at 7 days 

and remains significantly reduced at 9 days post-injury, which are time points when 

motor axons have returned, and are in the process of reinnervating postsynaptic sites. It 

takes over 12 days post-injury, the near complete reformation of NMJs, for Lynx1 to be 

expressed at similar levels as uninjured skeletal muscles (Figure 3.1B). These data show 

that Lynx1 is expressed at low levels in muscle fibers devoid of innervation and while the 

presynaptic site of motor axons mature, suggesting that loss of Lynx1 may in fact be 

advantageous for the initial reformation of NMJs.  
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3.4.2 Loss of Lynx1 accelerates NMJ reinnervation 

We next asked if deleting Lynx1 affects denervated postsynaptic sites and the 

subsequent rate of reinnervation by regenerating motor axons, and thus repair of NMJs. 

For this, we examined the morphology of NMJs from Lynx1-/- and littermate control mice 

at 8, 12, 16, and 20 days post-injury (Figure 3.2A-B). This time course captures the 

lowest point of Lynx1 expression and its gradual upregulation after axons begin to 

reinnervate muscle fibers. For this experiment, we used 140 day-old male Lynx1-/- mice 

and littermate controls expressing YFP in motor neurons to facilitate visualization of 

regenerating axons and their nerve endings at NMJs. We then stained the postsynaptic 

region of the NMJ with fluorescently conjugated alpha-bungarotoxin (fBTX). In Lynx1-/- 

mice, although severed motor axons reconnect with postsynaptic sites faster (Figure 

3.2C), the final cellular steps needed to reform matured presynaptic sites, and for muscle 

fibers to receive commands from only one axon, are delayed. At the postsynapse, deletion 

of Lynx1 significantly increases the number of fragmented NMJs in reinnervated muscles 

(Figure 3.2D). Additionally, we observed nAChR clusters in other regions of the muscle 

fiber, referred as extra-synaptic nAChR clusters, following denervation (Figure 3.3A-B). 

These extra-synaptic clusters were significantly more numerous and remained present 

even after the reformation of NMJs in Lynx1-/- muscles (Figure 3.3C). Published findings 

have shown that muscle fibers use extra-synaptic nAChR clusters to promote the growth 

of motor axons towards postsynaptic sites, and thus may partly explain the accelerated 

reinnervation observed in Lynx1-/- mice (Sanes and Lichtman 1999). Presynaptically, 

even at 20 days post-injury, the incidence of multiply innervated NMJs is significantly 

higher in Lynx1-/- mice compared to controls (Figure 3.4A-C). There are also 

significantly more and longer axonal extensions, referred to as sprouts, extending beyond 

postsynaptic sites in Lynx1-/- mice compared to control mice (Figure 3.4D-E). Together, 

these data indicate that Lynx1 functions to stabilize nAChRs during the final stages of 

NMJ reformation. Thus, while deletion of Lynx1 is beneficial in accelerating initial NMJ 

reinnervation, the presence of Lynx1 is necessary for complete synaptic maturation. 
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3.4.3 Molecular alterations in Lynx1-/- mice following injury 

Further investigating the role of Lynx1 in NMJ repair, we examined the 

expression of genes involved in NMJ formation and stability following nerve injury in 

Lynx1-/- and control muscles. Specifically, we examined levels of the gamma and epsilon 

subunits of nAChRs, muscle specific kinase (MuSK), LDL receptor related protein 4 

(LRP4), receptor associated protein (Rapsyn) and acetylcholinesterase (AChE). Although 

this analysis revealed a complex expression pattern for each gene, it generally 

corroborates the findings above, showing that loss of Lynx1 accelerates reinnervation and 

delays the final restoration of normal morphology of adult NMJs. For example, the 

expression of the nAChRs gamma subunit, MuSK, LRP4 and Rapsyn have been shown 

to tightly correlate with denervation and reinnervation of NMJs. These genes increase 

and decrease earlier in Lynx1-/- mice after severing motor axons, further indicating that 

muscle fibers lacking Lynx1 are more amenable to reinnervation. We also found higher 

levels of the nAChR epsilon subunit, AChE, MuSK, and LRP4 at 16 days post-injury, 

when NMJs should be fully reformed, in Lynx1-/- mice (Figure 3.5). These findings 

further suggest that NMJs lacking Lynx1 are continuing to mature, functionally and 

structurally, up to 16 days post-injury.  

3.4.4 Loss of Lynx1 preserves myogenic stability following nerve injury  

 Skeletal muscles are generally resilient to short-term denervation, and thus 

initially exhibit minor myogenic changes when innervating motor axons are severed 

(Sakakima et al. 2000). However, the profound structural and molecular alterations at 

NMJs in Lynx1-/- mice following injury may influence denervation-induced changes in 

muscle fibers. To address this possibility, we examined muscle fibers at 8, 12, 16, and 20 

days post-injury. Using 16 µm cross-sections stained with a pan-laminin antibody to 

reveal the perimeter of muscle fibers, we found no difference in the average muscle fiber 

cross-sectional area (CSA) between Lynx1-/- and control mice at any stage post-injury 

(Figure 3.6A-C). However, the incidence of centralized nuclei, visualized by staining 

with DAPI, is significantly higher in control muscles at 8 and 12 days-post injury 

compared to Lynx1-/- muscles (Figure 3.6D). This decrease in centralized nuclei is no 

longer evident at 16 and 20 days post-injury. The reduced number of centralized 
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myonuclei in Lynx1-/- mice serves as additional evidence that loss of Lynx1 accelerates 

reinnervation, thus diminishing the adverse effects of denervation on muscle fibers. To 

corroborate this cellular analysis, the expression of genes associated with muscle atrophy 

and degeneration were examined. We found that atrogin-1 and FOXO-1 expression is 

reduced much faster in skeletal muscles of Lynx1-/- mice during the initial stages of 

reinnervation (Figure 3.6E-F). However, the expression of Pax7, a transcription factor 

that plays a role in myogenesis, remains unchanged in Lynx1-/- mice (Figure 3.6G), 

indicating the overall number of muscle satellite cells is the same between genotypes 

regardless of innervation status. Altogether these results show that Lynx1-/- mice endure 

less myogenic damage, likely resulting from the accelerated rate of reinnervation of 

muscle fibers.  

3.4.5 Loss of Lynx1 affects symptomatic onset and disease progression in ALS-afflicted 
animals 

 It is well-established that NMJ denervation followed by subsequent reinnervation, 

a process called compensatory reinnervation, is a hallmark of the initial symptomatic 

stages of ALS (Dadon-Nachum, Melamed, and Offen 2011). There is also increasing 

evidence that cholinergic activity becomes dysregulated prior to ALS-related symptoms, 

and potentially contributes to the progression of the diseases (D. Arbour et al. 2015; 

Casas et al. 2013; Rocha et al. 2013). Given the role of Lynx1 in modulating nAChRs 

and during reinnervation of muscle fibers, we surmised that Lynx1 may be a modifier of 

ALS-pathogenesis. Hence, we examined the expression of Lynx1 in muscles from pre-

symptomatic (70 days) and symptomatic (90 days) SOD1G93A mice. Lynx1 is 

significantly downregulated in SOD1G93A mice compared to controls at 70 days of age, 

and continues to decrease at 90 days of age (Figure 3.7A). Furthermore, muscles that are 

spared, or affected at a later stage in ALS progression, have no change in Lynx1 

expression in 90 day-old SOD1G93A mice compared to controls (Figure 3.7B). This 

suggests that Lynx1 may play a role in ALS disease progression. To investigate this 

possibility, we generated SOD1G93A;Lynx1-/- mice and evaluated their symptom 

progression and fatality rate. Interestingly, the average age at symptom onset is 

significantly increased in male SOD1G93A;Lynx1-/- mice compared to male SOD1G93A 

controls (Figure 3.7C). However, the average age of symptom onset is significantly 
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reduced in female SOD1G93A;Lynx1-/- mice, and becomes similar to that of male 

SOD1G93A;Lynx1-/- mice (Figure 3.7C). Overall, the survival of male SOD1G93A mice is 

unaltered by the deletion of Lynx1 (Figure 3.7D). However, deletion of Lynx1 

significantly reduced the survival rate of female SOD1G93A animals (Figure 3.7D). These 

data indicate that Lynx1 modulation of nAChR may impact ALS disease onset and 

progression. Furthermore, the differences in symptom onset and survival between male 

and female cohorts raise additional questions regarding the underlying mechanisms that 

differentially affect disease progression in male compared to females.  

3.5 Discussion 

The data reported here support previous evidence that Lynx1 plays a role in 

synaptic plasticity, in this case at the NMJ. We show that deletion of Lynx1 accelerates 

regeneration of NMJs, partly by increasing the number of extra-synaptic nAChR clusters, 

previously found to promote reinnervation of muscle fibers. We also provide evidence 

that deletion of Lynx1 slows the initial stages of ALS progression, possibly by promoting 

compensatory reinnervation. Thus, deletion of Lynx1 enhances the initial regeneration of 

NMJs. However, Lynx1 is required for NMJs to fully reform as NMJs lacking Lynx1 

remain highly fragmented, multiply innervated, and retain long nerve sprouts after the 

recovery phase should have ended. Together, these data show that targeting Lynx1 at 

precise stages may be a promising approach for promoting regeneration of NMJs 

following injury and in ALS. 

 There are several data points in this, and other studies, that most parsimoniously 

explain the diverse effects of deleting Lynx1 in initial compared to later stages of NMJ 

reformation. To start, our data show that Lynx1 is expressed at low levels in denervated 

muscles and only begins to increase after axons have reinnervated muscle fibers in wild 

type mice. This suggests that muscle fibers naturally reduce Lynx1 expression to enhance 

cholinergic activity during the initial stages of reinnervation. In this manner, 

downregulation of Lynx1 allows muscle fibers to become more resilient to denervation 

and substantially amplify signal from limited amounts of ACh during initial phases of 

reinnervation. In a previous study, we also showed that Lynx1 stabilizes nAChRs at the 
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NMJ. Hence, the reduced expression of Lynx1 likely contributes to increased nAChR 

turnover, and other NMJ-associated molecules, in denervated muscles. Because of this 

increased plasticity with low levels of Lynx1, the postsynaptic region should be more 

amenable to functional, cellular, and molecular changes during the initial stages of 

reinnervation. Thus, the complete loss of Lynx1 may simply confer muscle fibers and 

NMJs with the ability to withstand denervation and accelerate the initial phase of 

reinnervation. In this study, we also showed that Lynx1 expression returns to basal levels 

after the near complete regeneration of NMJs, indicating that Lynx1 must be present to 

restore normal cholinergic activity, and stabilize the NMJ by decreasing the turnover of 

nAChRs and associated molecules. Supporting this action of Lynx1, we previously 

showed that loss of Lynx1 accelerates degeneration of NMJs during normal aging and 

partly by affecting the response of muscle fibers to cholinergic transmission and 

destabilizing nAChRs. These findings strongly indicate that muscle fibers temporally 

alter Lynx1 levels to either amplify or modify their response to varying levels of ACh, 

and subsequent activation of nAChR.  

 Supporting this possibility, we found that Lynx1 progressively decreases in 

skeletal muscles of male SOD1G93A mice. This is similar to our findings that Lynx1 is 

decreased in wild type male animals following denervation, which we showed promotes 

reinnervation following severing of motor axons. Furthermore, we have shown that 

Lynx1-/- male mice have more type I muscle fibers, shown to resist degeneration (Frey et 

al. 2000). We found that Lynx1 deletion delays disease onset without extending the 

lifespan of male SOD1G93A mice, a mouse model of ALS. This effect is possibly due to 

increased compensatory reinnervation and consequently delayed denervation of NMJs 

(Dadon-Nachum, Melamed, and Offen 2011; Moloney, de Winter, and Verhaagen 2014; 

Schaefer, Sanes, and Lichtman 2005). Interestingly, deleting Lynx1 from female 

SOD1G93A mice had the opposite effect as observed in male SOD1G93A mice. The loss of 

Lynx1 from female SOD1G93A mice accelerated disease onset and shortened lifespan. 

There are a number of potential reasons for this gender difference. First, it is worth noting 

that we did not examine Lynx1 levels in female SOD1G93A mice. It is therefore possible 

that Lynx1 expression remains unchanged, or instead increases, prior to disease onset in 

female SOD1G93A mice, having a different effect on the ability of muscle fibers to 
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respond to changing cholinergic activity during the progression of ALS. Along this line, 

there are clear differences in skeletal muscles between males and females. In females, 

skeletal muscles have more type I and IIa muscle fibers, and show a lower contractile 

force compared to males (Haizlip, Harrison, and Leinwand 2015). It has also been shown 

that decreased estrogen signaling diminishes the regenerative capacity of muscle fibers in 

males (Haizlip, Harrison, and Leinwand 2015; Veldink et al. 2003). Additionally, the 

expression of important myo-miRNAs are generally lower in females compared to males 

(Pegoraro, Merico, and Angelini 2017). Future studies should further examine the 

relationship between Lynx1 and the differences between males and females. Such studies 

should also examine if there are differences in cholinergic activity between the two sexes 

prior to ALS disease onset. 
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Figure 3.1 Lynx1 is downregulated following nerve injury.  

After fibular nerve crush, the NMJs are completely denervated 4 days after injury, 

leaving the NMJ devoid of cholinergic input. Between 7 and 10 days post-injury, the 

motor axon begins to reinnervate nAChRs and forms a matured synapse after 12 days 

(A). During this time course following injury, Lynx1 mRNA expression in wild-type TA 

muscles is significantly downregulated at 4, 7, and 9 days post-injury compared to 

uninjured muscle, and returns to basal levels by 12 days post-injury (B). Data represented 

as mean ± SEM. Expression is normalized to GAPDH and relative to uninjured control. 

All male mice were used for this study. Control n=5, Lynx1-/- n=5. *P<0.05, **P<0.01. 
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Figure 3.2 Loss of Lynx1 accelerates NMJ reinnervation.  

EDL muscles from control (A) and Lynx1-/- (B) mice expressing YFP (green) in nerve 

endings, with nAChRs visualized using BTX (red), were analyzed at 8, 12, 16, and 20 

days following peroneal nerve crush. At 8 and 12 days post-injury, Lynx1-/- muscles have 

significantly more innervated NMJs compared to controls (D). However, at all time-

points examined, Lynx1-/- muscles have significantly increased fragmented NMJs (E). 

Data represented as mean ± SEM. All male mice were used for this study. Control n=5, 

Lynx1-/- n=5. At least 30 NMJs were analyzed per animal. Scale Bar=30µm. *P<0.05, 

**P<0.01, ***P<0.001. 
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Figure 3.3 Extra synaptic clusters in Lynx1-/- mice.  

EDL muscles from control (A) and Lynx1-/- (B) mice expressing YFP (green) in nerve 

endings, with nAChRs visualized using BTX (red), were analyzed at 8, 12, 16, and 20 

days following peroneal nerve crush. At each time-point following injury, Lynx1-/- 

muscles have increased extra synaptic clusters (arrows; C). Data represented as mean ± 

SEM. All male mice were used for this study. Control n=5, Lynx1-/- n=5. Scale 

Bar=30µm. *P<0.05, **P<0.01, ***P<0.001. 
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Figure 3.4 Excess nerve sprouting in Lynx1-/- mice following injury.  

EDL muscles from control (A) and Lynx1-/- (B) mice expressing YFP (green) in nerve 

endings, with nAChRs visualized using BTX (red), were analyzed at 8, 12, 16, and 20 

days following peroneal nerve crush. At each time-point following injury, Lynx1-/- 

muscles have an increased incidence of multiply innervated nAChRs (asterisks; C). 

Additionally, Lynx1-/- muscles have an increased incidence of nerve terminal sprouting 

(arrows) compared to control muscles at each time-point following injury (D). 

Furthermore, the length of nerve sprouts is significantly longer in Lynx1-/- muscles 

compared to controls at each time-point following injury (E). Data represented as mean ± 

SEM. All male mice were used for this study. Control n=5, Lynx1-/- n=5. At least 30 

NMJs were analyzed per animal. Scale Bar=30µm. *P<0.05, **P<0.01, ***P<0.001. 
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Figure 3.5 Expression changes following nerve injury.  

Relative to control TA muscles, CHRNε expression is significantly downregulated at 12 

days post-injury, and upregulated at 16 days post-injury in Lynx1-/- TA muscle (A). At 8 

days post-injury, Lynx1-/- muscles have a marked increase in CHRNγ expression 

compared to controls, however at 12 days-post injury this trend is reversed (B). AChE 

expression is downregulated 8 days post-injury in Lynx1-/- muscles compared to controls, 

and subsequently upregulated at 12, 16, and 20 days post-injury (C). Expression of 

MuSK is dramatically increased in Lynx1-/- muscles at 8 days post-injury compared to 

controls, but becomes decreased at 12 days post-injury (D). LRP4 (E) and Rapsyn (F) 

expression follow a similar pattern: increased in Lynx1-/- muscles at 8 days post-injury 

compared to controls, decreased at 12 days post-injury, and subsequently upregulated at 

16 days post-injury. Data represented as mean ± SEM. Expression is normalized to 

GAPDH and relative to 8 day post-injury control. All male mice were used for this study. 

Control n=5; 3 months old, Lynx1-/- n=5; 3 months old. Statistics shown are calculated 

between control and Lynx1-/- at individual time-points, *P<0.05, **P<0.01, ***P<0.001. 
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Figure 3.6 Lynx1 plays a role in muscle fiber repair.  

TA muscles from 3 month-old control (A) and Lynx1-/- (B) animals following peroneal 

nerve injury were cross-sectioned and stained with WGA (red) and DAPI (green) to 

visualize muscle fibers and their nuclei. Following nerve injury, the average cross-

sectional area is similar between Lynx1-/- and control animals at 8, 12, 16, and 20 days 

post injury (C). However, at 8 and 12 days post-injury, Lynx1-/- muscles show a reduction 

in the prevalence of centralized nuclei (white arrow; D). Atrogin-1 (E) and FOXO-1 (F) 

have similar expression patterns, where they are increased in Lynx1-/- muscles at 8 days, 

decreased at 12 days, and increased again at 16 days post-injury compared to controls at 

the same time-points. However, expression of Pax7 (G) is unchanged following nerve 

injury. Data represented as mean ± SEM. Expression is normalized to GAPDH and 

relative to 8 day post-injury control. All male mice were used for this study. Control n=5; 

3 months old, Lynx1-/- n=5; 3 months old. At least 100 muscle fibers were analyzed per 

animal. Scale Bar=30µm. Statistics shown are calculated between control and Lynx1-/- at 

individual time-points. *P<0.05, **P<0.01, ***P<0.001. 
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Figure 3.7 Lynx1 contributes to ALS disease progression.  

Expression of Lynx1 is significantly reduced in TA muscles from 70 and 90 day-old 

SOD1G93A animals compared to controls (A). At 90 days of age, Lynx1 expression is 

significantly reduced in the TA, EDL, gastrocnemius (GAST), soleus (SOL), and gracilis 

(GRAC) muscles, but unchanged in diaphragm (DIA) and sternomastoid (SM) muscles of 

SOD1G93A animals compared to controls (B). In male SOD1G93A;Lynx1-/- animals, the age 

at symptom onset is significantly higher than male SOD1G93A animals. Female SOD1G93A 

animals have a delayed symptom onset compared to male SOD1G93A animals. However, 

female SOD1G93A;Lynx1-/- animals have a decrease in age to symptom onset compared to 

female SOD1G93A animals (C). Interestingly, the rate of survival is similar between male 

SOD1G93A;Lynx1-/- compared to male SOD1G93A animals (D). However, the survival rate 

of female SOD1G93A;Lynx1-/- mice is significantly reduced compared to female SOD1G93A 

animals (E). Data represented as mean ± SEM. Expression is normalized to GAPDH and 

relative to control. Expression: Control n=4, SOD1G93A n=4. Survival: Male SOD1G93A 

n=15, Male SOD1G93A;Lynx1-/- n=22, Female SOD1G93A n=9, Female SOD1G93A;Lynx1-/- 

n=12. *P<0.05, **P<0.01, ***P<0.001. 
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4.1 Abstract 

Studies over the last few decades have established that exercise prevents, and 

even reverses the deleterious effects of aging neuromuscular junctions (NMJs) and 

skeletal muscles. During exercise, the activity of the cholinergic system undoubtedly 

increases and various other molecular pathways are recruited to preserve and restore the 

youthful morphology of NMJs and muscle fibers. Because daily exercise is not feasible 

for everyone, the discovery of endogenous and synthetic molecules that mimic and 

augment the beneficial effects of limited bouts of exercise on the muscular system is 

paramount. Recent studies have demonstrated that Lynx1, an endogenous modulator of 

nAChRs, may be a promising target to modify the response of NMJ and skeletal muscles 

to exercise. Lynx1 plays an important role in the maintenance and stability of NMJs 

during adulthood. It also plays an important role in the repair of NMJs following injury to 

motor axons. Thus, we reasoned that Lynx1 might play a significant role in the response 

and remodeling of NMJs and skeletal muscles to exercise. Here, we show that Lynx1 

expression significantly increases in skeletal muscles of 6 month-old adult mice after 4 

months of voluntary exercise. Despite this finding, deletion of Lynx1 does not affect the 

activity and distance traveled of mice on a running wheel. However, morphological 

analysis revealed that NMJs lacking Lynx1 have significantly fewer denervated and 

fragmented NMJs compared to controls after 4 months of voluntary exercise. Exercise 

also preferentially increases the number of type 1 muscle fibers and preserves the health 

of muscle fibers in Lynx1-/- mice compared to controls. Altogether, these data show that 

loss of Lynx1 augments the benefits of exercise on NMJs and skeletal muscles. 
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4.2 Introduction 

Extensive research over the last two decades has proven that exercise remodels 

NMJs and muscle fibers (Panenic and Gardiner 1998; Stockinger et al. 2018; G. Valdez 

et al. 2010). A number of molecules have been shown to be involved in the remodeling of 

the NMJs by exercise. These include laminin β2, neurotrophin 4 (NT-4), and Bassoon, 

which act to organize active zones in the presynapse and increase efficiency of 

neurotransmission (Nishimune, Stanford, and Mori 2014). Exercise also improves 

mitochondrial function in muscle via PGC1a and sirtuin1 activity (Aspnes et al. 1997; 

Lass et al. 1998; Menzies et al. 2013; D. C. Wright et al. 2007), which has been directly 

linked to improved NMJ health in aged muscle (Rygiel, Picard, and Turnbull 2016). 

Furthermore, exercise has been shown to boost the ability of muscle fibers to cope with 

oxidative stress (Lass et al. 1998), which is increasingly compromised and contributes to 

NMJ degeneration in aged muscle (Brunk and Terman 2002; Vasilaki and Jackson 2013). 

The most prominent difference in exercised mice is a shift in muscle fiber type, 

depending on the type of training (Deschenes et al. 1993; Wilson et al. 2012). 

Since exercise invariably increases cholinergic activity, many groups have 

examined how exercise affects the cholinergic system. To date, exercise has been shown 

to increase miniature endplate potential (MEPP) amplitude and frequency, increase 

excitatory post-synaptic potentials (EPPs), and increase quantal content in skeletal 

muscles (Argaw, Desaulniers, and Gardiner 2004; Desaulniers, Lavoie, and Gardiner 

2001; Fahim 1997; Nishimune, Stanford, and Mori 2014). There is also evidence 

suggesting that exercise might increase the production and recycling rate of presynaptic 

acetylcholine (Panenic and Gardiner 1998). These changes in cholinergic transmission 

are accompanied by an increase in acetylcholinesterase activity, specifically the 

tetrameric form, G4 (Blotnick and Anglister 2016; Jasmin and Gisiger 1990; Wen et al. 

2009). Thus, exercise modifies the structure and function of NMJs and skeletal muscles 

partly by altering the cholinergic system. 

Our lab recently showed that Lynx1, an endogenous modulator of nAChR 

activity, plays an important role in maintaining and repairing NMJs and muscles during 
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aging and following injury to innervating motor axons (Figure 2.2, Figure 2.5, Figure 

2.6). We therefore asked if Lynx1 modulation of nAChRs contributes to the beneficial 

effects of exercise on NMJs and skeletal muscles. We found that Lynx1 is upregulated in 

skeletal muscles of 6 month-old adult mice that had voluntarily exercised for 4 months, 

suggesting it is induced to modulate the activity of nAChRs. While deletion of Lynx1 

does not impact the activity or endurance of mice, the absence of Lynx1 augments the 

effects of exercise on NMJs and muscle fibers. Additionally, in the absence of Lynx1, 

NMJs are less denervated and fragmented following 4 months of voluntary exercise. 

Deletion of Lynx1 also increases levels of genes associated with NMJ stability in 6 

month-old mice after 4 months of voluntary exercise. Furthermore, Lynx1-/- mice have 

more type1 muscle fibers and decreased signs of muscle atrophy compared to controls 

after 4 months of exercise. These data demonstrate that Lynx1 functions to limit NMJ 

plasticity during exercise. Thus, reducing the level or function of Lynx1 could be a 

promising strategy for increasing the beneficial effects of exercise on NMJs and skeletal 

muscles.  

4.3 Methods 

4.3.1 Source of mice 

We obtained Lynx1-/- mice (Miwa et al. 2006) from the lab of Dr. Morishita and 

began a colony of our own. These mice were mated with Thy1-YFP16 (Feng et al. 2000) 

animals in our colony to generate Lynx1+/-;Thy1YFP16 animals. In order to have 

littermate pairs of homozygous knockouts with controls, Lynx1+/-;Thy1YFP16 mice were 

mated together to yield litters with Lynx1-/-;Thy1YFP16 and Thy1YFP16 control mice. 

The colony is maintained on a C57BL/6 background. Mice were anesthetized with 

isoflurane followed by immediate dissection of tissues collected fresh, or transcardial 

perfusion with 1XPBS (pH 7.4) followed by 4% paraformaldehyde (PFA, pH 7.4) for 

fixed tissues. All experiments were carried out under the NIH guidelines and animal 

protocols approved by the Virginia Tech Institutional Animal Care and Use Committee. 
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4.3.2 Running wheel activity monitoring 

Two month-old ice were Thy1YFP16 male mice and five Lynx1-/-;Thy1YFP16 

male mice housed individually in a Mouse Activity Wheel Chamber with Filter Lid 

(Lafayette Instruments Neuroscience; Model 80820F) with a 12-hour light/dark cycle and 

access to food and water ad libitum. Their activity was monitored continuously with 

Activity Wheel Monitor Software (Lafayette Instruments Neuroscience; Model 86065) 

for a total of 4 months.  

4.3.3 Immunohistochemistry and confocal microscopy of EDL muscles 

Extensor digitorum longus (EDL) muscles from mice expressing YFP in nerve 

endings were used to visualize NMJs. Following perfusion, muscles were dissected and 

incubated with Alexa-555 bungarotoxin (Life Technologies, 1:1000 in 1XPBS) for 1 

hour. Muscles were then washed 3 times with 1XPBS and whole mounted using 

vectashield. NMJs were imaged using a Zeiss LSM 700 confocal microscope. Maximum 

intensity projections from confocal z-stacks were created using Zen Black (Zeiss) and 

analyzed using ImageJ.  

NMJ Analysis: Structural features were analyzed based on previously described methods 

in Valdez et al., 2010 (G Valdez et al. 2010). In brief, full or partial denervation of NMJs 

is classified by inadequate apposition of YFP and BTX. Fragmented AChRs are defined 

as having five or more islands in the cluster. Sprouting NMJs are those with a nerve 

terminal overreaching the AChR cluster. NMJs with multiple innervation are those with 

more than one nerve terminal innervating a single AChR cluster. The endplate area is a 

measurement of the total area occupied by AChR clusters in a single muscle. Innervation 

is a measurement of YFP and BTX apposition analyzed using ImageJ. AChR intensity 

was determined from the mean integrated density of AChR clusters using ImageJ. 

4.3.4 Immunohistochemistry and confocal microscopy of TA sections 

Following perfusion, tibialis anterior (TA) muscles were dissected and incubated 

in 30% sucrose for 48 hours at 4°C. Muscles were then cut in half and placed in 

Fisherbrand base molds with Tissue Freezing Medium (Triangle Biomedical Sciences, 

Inc.) Using a cryostat, TA muscles were sectioned at 16 µm thickness and collected on 
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gelatin-coated slides. Sections were first washed 3 times with 1XPBS and then incubated 

for 1 hour at room temperature with wheat germ agglutinin conjugated with alexa-555 

(WGA, 1:700) and DAPI (4’6-diamidino-2-phenylindole: Sigma-Aldrich; 28718-90-3; 

1:1,000) diluted in 1XPBS. Muscles were then washed 3 times with 1XPBS and whole 

mounted using Vectashield. Muscle fibers were imaged using a Zeiss LSM 700 confocal 

microscope. Maximum intensity projections from confocal z-stacks were created using 

Zen Black (Zeiss) and analyzed using ImageJ. Muscle fibers were outlined by WGA and 

measured in ImageJ using the grid function to randomly select at least 100 fibers per 

mouse to analyze fiber area. The percentage of centralized nuclei was then determined 

using the localization of DAPI in the outlined muscle fibers. 

4.3.5 Immunohistochemistry and confocal microscopy for fiber-typing 

Tibialis anterior (TA) muscles were immediately dissected following 

anesthetization with isoflurane and flash frozen in liquid nitrogen. Muscles were then cut 

in half and placed in Fisherbrand base molds with Tissue Freezing Medium (Triangle 

Biomedical Sciences, Inc.) Using a cryostat, TA muscles were sectioned at 16 µm 

thickness and collected on gelatin-coated slides. Sections were first washed 3 times with 

1XPBS and then incubated for 1 hour at room temperature in blocking buffer (0.1% 

Triton X-100, 3% BSA, and 5% goat serum in 1XPBS). Next, sections were incubated 

with primary antibodies diluted in 3% BSA and 5% goat serum in 1XPBS overnight at 

4°C. The following primary antibodies were used: rabbit-anti-laminin (1:300), IgM-BF-

F3 (1:20), and IgG1-SC71 (1:40). Sections were then washed 3 times with 1XPBS and 

incubated for 2 hours at room temperature with secondary antibodies and 4’,6-diamidino-

2-phenylindole (DAPI, Sigma, 1:1000). The following secondary antibodies were used: 

Alexa-568 anti-mouse IgM (Life Technologies, 1:1000), Alexa-488 donkey anti-rabbit 

(Life Technologies, 1:1000), and Alexa-647 anti-mouse IgG1 (Life Technologies, 

1:1000). Slides were then washed 3 times with 1XPBS and mounted using Vectashield. 

Muscle sections were imaged using a Zeiss LSM 700 motorized confocal microscope. 

Maximum intensity projections from confocal z-stacks were created using Zen Black 

(Zeiss). The percentage of MyHCIIa and MyHCIIb fibers was determined based on the 

number of SC-71 and BF-F3 positive fibers, respectively. 
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4.3.6 qPCR expression analysis 

Mice were anesthetized with isoflurane, then tibialis anterior muscles were dissected and 

immediately flash frozen in liquid nitrogen. RNA was prepared using an Aurum Total 

RNA Mini kit (Bio-rad) following the manufacturer’s instructions. cDNA was then 

synthesized from 100ng of total RNA using an iScript cDNA synthesis kit (Bio-rad). 

PCR amplification was performed on the Bio-Rad CFX Connect Real-Time System (Bio-

Rad) using iTaq Universal SYBR Green Supermix (Bio-rad). The primers used in this 

study are listed in Table 4.1. 

Table 4.1 qPCR primers 

Gene Fw (5’-3’) Rv (5’-3’) 
AChE CTACACCACGGAGGAGAGGA CTGGTTCTTCCAGTGCACCA 
Atrogin-1 GCAGCAGCTGAATAGCATCCA GGTGATCGTGAGGCCTTTGAA 
CHRNε GCTGTGTGGATGCTGTGAAC GCTGCCCAAAAACAGACATT 
CHRNγ GCTCAGCTGCAAGTTGATCTC CCTCCTGCTCCATCTCTGTC 
FOXO-1 GAGTTAGTGAGCAGGCTACATTT TTGGACTGCTCCTCAGTTCC 
GAPDH CCCACTCTTCCACCTTCGATG GTCCACCACCCTGTTGCTGTAG 
LRP4 GGCAAAAAGCAGGAACTTGT TCTACCCAGTGGCCAGAACT 
Lynx1 ACCACTCGAACTTACTTCACC ATCGTACACGGTCTCAAAGC 
MUSK CCGATGTGTCTGCTCTTTGA ACAGGACAGTGGTGGAGGAC 
MyHCI CTCAAGCTGCTCAGCAATCTATTT GGAGCGCAAGTTTGTCATAAGT 
MyHCIIa GAGTGAGCAGAAGCGGAATGCT GCGGAACTTGGATAGATTTGTG 
MyHCIIb CACCTGGACGATGCTCTCAGA GCTCTTGCTCGGCCACTCT 
MyHCIIx GCTAGTAACATGGAGGTCA TAAGGCACTCTTGGCCTTTATC 
Rapsyn GTGCCATGGAGTGTTGTGAG CGGTTTCCGATCTCAGTCAT 

4.3.7 Statistics 

For experiments with multiple experimental groups, a one-way ANOVA with 

Bonferroni post-hoc followed by a pairwise t-test was used to determine statistical 

significance between groups. For comparisons between two experimental groups, a 

student’s t-test was used to determine significance. For comparison between two 

distributions, a Kolmogorov–Smirnov was used to determine significance. Bar graphs are 

represented as mean ± standard error. Statistical analysis was performed using R statistics 

and a p value <0.05 was considered significant. 
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4.4 Results 

4.4.1 Lynx1 expression increases during exercise 

 Previous analysis of Lynx1 both in the brain and skeletal muscles show that it 

functions to desensitize nAChRs to ACh (Ibanez-Tallon et al. 2002) (Figure 2.2). Given 

that exercise naturally increases the frequency of cholinergic transmission, we assessed 

Lynx1 levels in skeletal muscles of 6 month-old wild type mice that had voluntarily 

exercised for 4 months. Lynx1 is significantly increased in skeletal muscles from mice 

that had exercised compared to sedentary mice (Figure 4.1A). The increase in expression 

of Lynx1 is presumably to counteract the heightened cholinergic transmission caused by 

exercising. Interestingly, previous data has shown that mice lacking, or expressing a 

dominant negative version of Lynx1, were shown to have increased capacity for motor 

learning (Miwa and Walz 2012). To extend on such findings, we examined the activity 

pattern and endurance of Lynx1-/- mice. Starting at 2 months of age, male Lynx1-/- and 

wild type littermate mice were monitored in cages with running wheels for 4 months. 

Surprisingly, there are no differences in the average distance per minute (Figure 4.1B) or 

the overall cumulative distance ran (Figure 4.1C) between Lynx1-/- mice and controls. 

Hence, deletion of Lynx1 does not affect the ability of young adult mice to repetitively 

and voluntary run. 

4.4.2 Deletion of Lynx1 augments the benefits of exercise on NMJs 

Exercise and the Lynx1 protein have separately been shown to alter the 

morphology of NMJs and muscles fibers. We therefore asked if NMJs and muscle fibers 

lacking Lynx1 are more amenable to changes induced by exercise. We examined NMJs 

from extensor digitorum longus (EDL) muscles of 6 month-old control (Figure 4.2A) and 

Lynx1-/- mice that had exercised using running wheels for 4 months (Figure 4.2B). These 

mice expressed YFP in motor neurons, which made it relatively easy to visualize the 

presynaptic region of the NMJ. We then used fluorescently tagged α-bungarotoxin 

(fBTX) to label nAChRs, and thus reveal the postsynaptic region. Surprisingly, structural 

analysis revealed a significant decrease in the number of denervated and fragmented 

NMJs in exercised Lynx1-/- mice compared to controls (Figure 4.2C). Similarly, there are 
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fewer fragmented NMJs in exercised Lynx1-/- mice compared to controls (Figure 4.2D). 

These results suggest that in the absence of Lynx1, NMJs are better equipped to readily 

respond and adapt to heightened cholinergic activity induced by repetitively exercising. 

We then examined the levels of genes involved in NMJ maintenance and formation 

between 6-month-old Lynx1-/- and control mice, both sedentary and exercised for 4 

months. This analysis revealed that the nAChR epsilon subunit (CHRNε) and 

acetylcholinesterase (AChE) are reduced in sedentary Lynx1-/- compared to control mice 

(Figure 4.3A,C). However, the nAChR gamma subunit (CHRNγ), muscle specific kinase 

(MuSK), LDL receptor related protein 4 (LRP4) and Rapsyn remain unchanged in 

sedentary Lynx1-/- compared to control mice (Figure 4.3B,D-F). Following exercise, 

CHRNγ, LRP4 and Rapsyn significantly increase in both Lynx1-/- and control mice 

(Figure 4.3B,E-F). However, CHRNγ and Rapsyn are higher by approximately 21.5% 

and 20% respectively in exercised Lynx1-/- compared to control mice (Figure 4.3B,F). 

We also found that exercise significantly reduces levels of MuSK, only in Lynx1-/- mice 

(Figure 4.3D). In contrast, exercise reduces levels of AChE, only in control mice (Figure 

4.3C). This expression data serves as additional evidence that NMJs respond differently 

to exercise in the absence of Lynx1. Interestingly, these findings mostly agree with our 

previous analysis of these genes in 12-month old but not 4-month-old sedentary Lynx1-/- 

and control mice (Figure 2.5, Figure 2.6). This suggests that NMJs and muscle fibers 

prematurely transition into a middle-aged phenotype at 6 months of age in the absence of 

Lynx1. However, exercise is able to reduce age-related NMJ degeneration in animals 

lacking Lynx1. 

4.4.3 Deletion of Lynx1 augments the benefits of exercise on muscle fibers 

We next examined myogenic changes in the tibialis anterior (TA) muscles of 

sedentary and exercised Lynx1-/- and control mice (Figure 4.4A-D). Using 16 µm cross-

sections of TA muscles stained with a pan-laminin antibody to outline muscle fibers, we 

traced the perimeter of individual fibers to calculate the total cross-sectional area (CSA). 

We found that exercise reduces the average muscle fiber CSA in both Lynx1-/- and 

control mice (Figure 4.4E). However, exercise is more effective at decreasing the size of 

muscle fibers lacking Lynx1 since their average CSA is decreased by approximately 
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23.7% compared to exercised control mice. As expected, a frequency histogram shows 

that exercise decreases the average CSA largely by increasing the number of smaller 

muscle fibers, a shift slightly more pronounced in mice lacking Lynx1 (Figure 4.4F). We 

then examined muscle fibers for signs of degeneration and regeneration, which exercise 

exacerbates (Song et al. 2012). First, we examined the location of myonuclei using 4′,6-

diamidino-2-phenylindole (DAPI) in control (Figure 4.5A) and Lynx1-/- muscle fibers 

following exercise (Figure 4.5B). Myonuclei located away from the peripheral 

membrane, thus in the center of the muscle fiber, mark degenerating and regenerating 

muscle fibers. Following exercise, there are fewer centralized nuclei in muscle fibers of 

both Lynx1-/- and control mice (Figure 4.5C). A comparison between exercised mice 

revealed that there are approximately 13.7% fewer muscle fibers with centralized nuclei 

in Lynx1-/- compared to control mice.  

The reduced size of muscle fibers following exercise may be due to a shift in the 

number of fast to slow muscle fibers populating the TA muscle. To address this 

possibility, we stained TA muscles from sedentary and exercised control and Lynx1-/- 

animals with antibodies against type IIb and IIa muscle fibers. All unlabeled muscle 

fibers were classified as either type IIx or type I (Figure 4.6A-C). Immunostaining 

revealed a decrease in type IIb muscle fibers in exercised Lynx1-/- and control muscles 

(Figure 4.6D). While exercise increases the number of type IIa muscle fibers in both 

groups, Lynx1-/- mice have significantly fewer type IIa muscle fibers compared to 

exercised control mice (Figure 4.6E). Exercise also increases the number of either type I 

or IIx muscle fibers in both genotypes, but more robustly in Lynx1-/- mice (Figure 4.6F). 

To further validate these myogenic changes, we examined mRNA expression of myosin 

heavy chains in sedentary and exercised TA muscles. The expression of MYHC1 is 

significantly upregulated in sedentary Lynx1-/- muscles compared to sedentary controls. 

While MYHC1 increases in both genotypes following exercise, it is more significantly 

upregulated in exercised Lynx1-/- compared to exercised control mice (Figure 4.7A). In 

stark contrast, MYHC2x is unaffected by exercise or genotype (Figure 4.7B). These 

findings therefore suggest that exercise increases the number of slow type muscle fibers 

in both genotypes, and preferentially in Lynx1-/- mice. Thus, not surprisingly, MYHC2A 

expression is significantly reduced during exercise, and is significantly lower in exercised 
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Lynx1-/- muscles compared to exercised controls (Figure 4.7C). The expression of 

MYHC2B is also significantly reduced by exercise to the same extent in Lynx1-/- and 

control muscles (Figure 4.7D). These data show that muscle fibers lacking Lynx1 are 

more responsive to the effects of exercise.  

We also examined levels of two genes associated with muscular atrophy and 

degeneration, Atrogin-1 and FOXO-1. Exercise significantly upregulates the expression 

of Atrogin-1 in controls, but not Lynx1-/- mice (Figure 4.7E). In contrast, FOXO-1 

expression is significantly downregulated in sedentary Lynx1-/- compared to control mice. 

Following exercise, FOXO-1 expression decreased in both genotypes, but more robustly 

in Lynx1-/- muscles compared to exercised controls (Figure 4.7F). The expression pattern 

of Atrogin-1 is expected given its role in protein catabolism, which has been shown to 

increase in exercise, and in the absence of Lynx1. However, we were surprised to find 

FOXO-1 reduced in sedentary Lynx1-/- mice and following exercise in both genotypes. 

One potential explanation is that FOXO-1 levels decrease during repetitive and chronic 

exercise, a possibility supported by a recent study which found repression of FOXO 

transcription is critical for adaptation to chronic exercise training (Sanchez 2015). 

According to these data, decreased FOXO-1 expression could further signify increased 

adaptation following exercise in Lynx1-/- animals. Irrespective, these findings yet again 

show that molecules utilized by skeletal muscles to adapt, in this case to chronic exercise, 

are preferentially altered in Lynx1-/- mice. 

4.5 Discussion 

The data presented here demonstrates that Lynx1 plays a role in the remodeling of 

NMJs and muscle fibers induced by repetitive and chronic exercise. Specifically, we 

show that deletion of Lynx1 augments the neuromuscular benefits of exercise, both at the 

NMJ and in skeletal muscles. Exercised Lynx1-/- muscles have fewer denervated and 

fragmented NMJs compared to those from exercised control mice. Additionally, mice 

lacking Lynx1 show a more pronounced shift towards type 1 muscle fibers, and with 

fewer molecular signs of muscle atrophy, compared to control mice after exercise. Thus, 

deletion of Lynx1 accelerates NMJ and muscle fiber remodeling induced by exercise.   
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Previous characterizations of Lynx1 demonstrate its critical role in neuromuscular 

maturation in aging skeletal muscles. We have shown that deletion of Lynx1 accelerates 

the appearance of age-related morphological and molecular changes at NMJs and in 

muscle fibers (Figure 2.5, Figure 2.6, Figure 2.10, Figure 2.11). We have also shown that 

these changes occur because the loss of Lynx1 destabilizes nAChRs at NMJs and alters 

the response of muscle fibers to cholinergic transmission (Figure 2.2, Figure 2.9). Since 

exercise naturally increases the frequency of cholinergic transmission (Desaulniers, 

Lavoie, and Gardiner 2001; Fahim 1997), we hypothesized that deletion of Lynx1 would 

intensify the effects of cholinergic transmission and consequently cause deleterious 

changes at NMJs and muscle fibers. However, this was not the case as deletion of Lynx1 

instead augmented the benefits of exercise. This dichotomy can potentially be explained 

by the role of Lynx1 in synaptic plasticity. Exercise is known to stimulate synaptic 

remodeling at the NMJ in order to increase synaptic efficiency (Nishimune, Stanford, and 

Mori 2014). In contrast, Lynx1 has been shown to limit synaptic plasticity, both in the 

CNS (Morishita et al. 2010; Takesian et al. 2018) and more recently in skeletal muscles 

(Chapter 3). Thus, deletion of Lynx1 may allow skeletal muscles to more readily respond 

to changes in cholinergic transmission during exercise. In support of this possibility, there 

are significant expression changes of NMJ-associated genes in Lynx1-/- compared to 

control mice following repetitive and chronic exercise. While CHRNγ expression is 

increased in exercised muscle from control mice, it is more substantially upregulated by 

exercised in Lynx1-/- mice (Figure 4.3B). A similar pattern of expression is seen with 

Rapsyn (Figure 4.3F). In contrast, AChE expression is downregulated in exercised 

muscle from control mice. However, AChE expression is already downregulated in 

sedentary Lynx1-/- muscles, and remains the same following exercise (Figure 4.3C). This 

heightened adaptability in the absence of Lynx1 allows the NMJ and muscle fibers to 

more easily remodel during exercise, which further promotes synaptic efficiency and 

likely fine-tunes other cellular processes with muscle fibers.   

Because this study is limited to young adult male mice, it is possible that Lynx1 

may play a more prominent, or potentially different, role at NMJs and muscle fibers of 

older mice during exercise. These hypotheses are plausible when considering exercise has 

been shown to differentially affect adult and aged skeletal muscles. For instance, exercise 
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increases nAChR receptor area in adult mice, while it causes nAChR receptor area to 

decrease in aged mice (Andonian and Fahim 1987). Importantly, it is known that other 

molecules important for the stability and function of NMJs and muscle fibers are 

dysregulated in old age. Hence, such molecules may be in place to promote remodeling in 

young adult mice, but not in aged mice lacking Lynx1 after a prolonged bout of exercise. 

In future studies aimed at further evaluating the role of Lynx1 in exercised NMJs and 

muscle fibers, it will be critical to consider the age of the animals in addition to duration, 

frequency, and type of exercise. In addition, the impact of Lynx1 on NMJs and muscle 

fibers of female mice will need to be investigated. This line of investigation is 

particularly important given our findings in a mouse model of amyotrophic lateral 

sclerosis where deletion of Lynx1 slows disease onset in males but has the opposite effect 

in females (Figure 3.7). Finally, our previous findings that loss of Lynx1 accelerates 

reinnervation of NMJs following injury to motor axons (Figure 3.2) suggests that 

inhibiting Lynx1 levels or function could be used together with exercise to promote 

recovery of NMJs and skeletal muscles when peripheral nerves are damaged. 
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Figure 4.1 Loss of Lynx1 does not affect running wheel activity.  

In TA muscles of 6 month-old wild-type animals, Lynx1 mRNA expression is increased 

following 4 months of running wheel activity (A). However, deletion of Lynx1 has no 

impact on the average meter run per minute (B) over the course of 4 months between 

Lynx1-/- animals and controls Similarly, there is no difference in the average cumulative 

distance (C) run in Lynx1-/- animals compared to controls. Data represented as mean ± 

SEM. Expression is normalized to GAPDH and relative to sedentary control. All male 

mice were used for this study. Control n=5; 2 months old at the start of exercise, Lynx1-/- 

n=5; 2 months old at the start of exercise. Exercised for 4 months. ***P<0.001. 
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Figure 4.2 Loss of Lynx1 augments benefits of exercise at the NMJ.  

Immunohistochemical analysis of exercised EDL muscles from sedentary and exercised 

control (A) and Lynx1-/- (B) animals expressing YFP (green) in nerve endings and 

nAChRs visualized using BTX (red). Sedentary Lynx1-/- muscles have a significant 

increase in denervated NMJs compared to sedentary controls. However, exercise reduces 

the incidence of denervated NMJs in control and Lynx1-/- muscles. There is a significant 

reduction in the number of denervated NMJs in exercised Lynx1-/- muscles compared to 

exercised control muscles (C). Sedentary Lynx1-/- muscles have a significant increase in 

fragmented NMJs compared to sedentary controls. However, exercise reduces the 

incidence of fragmented NMJs in control and Lynx1-/- muscles. There is a significant 

reduction in the number of fragmented NMJs in exercised Lynx1-/- muscles compared to 

exercised control muscles (D). Data represented as mean ± SEM. All male mice were 

used for this study; 2 months old at the start of exercise, exercised for 4 months. Control 

n=5; 6 months old, Lynx1-/- n=5; 6 months. At least 30 NMJs were analyzed per animal. 

Images are representative images of exercised muscles. Scale bar = 30µm. *P<0.05, 

**P<0.01. 
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Figure 4.3 Expression changes in NMJ-associated genes following exercise.  

Quantification of mRNA expression levels between sedentary and exercised control and 

Lynx1-/- TA muscles shows a decrease in CHRNε in both sedentary and exercised Lynx1-

/- muscles compared to controls (A). Expression of CHRNγ is significantly increased in 

exercised muscles in both Lynx1-/- and controls, with significantly higher expression in 

exercised Lynx1-/- muscles compared to exercised controls (B). Expression of AChE is 

significantly decreased in sedentary Lynx1-/- muscles compared with sedentary controls, 

and is reduced in exercised control muscles compared to sedentary controls, but remains 

similar between exercised and sedentary Lynx1-/- muscles (C). MuSK expression is 

largely unchanged; however, it is decreased in exercised Lynx1-/- muscle compared to 

sedentary Lynx1-/- muscle (D). Expression of LRP4 is significantly increased in exercised 

muscles in both Lynx1-/- and controls (E). Expression of Rapsyn is significantly increased 

in exercised muscles in both Lynx1-/- and controls, with significantly higher expression in 

exercised Lynx1-/- muscles compared to exercised controls (F). Data represented as mean 

± SEM. Expression is normalized to GAPDH and relative to sedentary control. All male 

mice were used for this study. Control n=4, Lynx1-/- n=4. *P<0.05, **P<0.01, 

***P<0.001, # = P<0.05 compared to exercised control. 
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Figure 4.4 Exercise promotes smaller muscle fibers.  

TA muscles from 6 month-old sedentary (A-B) and exercised control (C) and Lynx1-/- 

(D) mice were cross-sectioned and stained with WGA to visualize muscle fibers. 

Exercised muscles have a significantly decreased average cross-sectional area compared 

to sedentary muscles from both Lynx1-/- and control animals (E). Furthermore, the 

cumulative frequency is significantly different, with a shift towards smaller fibers in 

exercised muscles (F). Data represented as mean ± SEM. All male mice were used for 

this study; 2 months old at the start of exercise, exercised for 4 months. Control n=5; 6 

months old, Lynx1-/- n=5; 6 months old. At least 100 muscle fibers were analyzed per 

animal. Scale bar = 30µm. *P<0.05. 
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Figure 4.5 Decreased muscle fiber degeneration following exercise. 

TA muscles from 6 month-old sedentary and exercised control (A) and Lynx1-/- (B) mice 

were cross-sectioned and stained with WGA (green) and DAPI (red) to visualize muscle 

fibers and their nuclei. Exercise reduced the occurrence of centralized nuclei (white 

arrows) in Lynx1-/- and control animals (C). Data represented as mean ± SEM. All male 

mice were used for this study; 2 months old at the start of exercise, exercised for 4 

months. Control n=5; 6 months old, Lynx1-/- n=5; 6 months old. At least 100 muscle 

fibers were analyzed per animal. Scale bar = 30µm. *P<0.05, **P<0.01. 

 



 130 

Figure 4.6 Exercise induces shifts in muscle fiber type.  

TA muscles from 6 month-old sedentary and exercised control and Lynx1-/- mice were 

cross-sectioned and labeled with antibodies against MyHCIIb (A; red), MyHCIIa (B; 

blue), and laminin (C; green) to examine muscle fiber types. IHC analysis revealed a 

significant reduction in MyHCIIb fibers in exercised Lynx1-/- and controls muscles 

compared to sedentary counterparts (D). Exercise increases expression of MyHCIIa in 

Lynx1-/- and controls, but to a much greater extent in control muscles (E). There is also 

an increase in fibers that are either MyHCI or MyHCIIx in exercised Lynx1-/- and control 

muscles (F). Data represented as mean ± SEM. All male mice were used for this study; 2 

months old at the start of exercise, exercised for 4 months. Control n=5; 6 months old, 

Lynx1-/- n=5; 6 months. At least 3 cross-sections were analyzed per animal. Scale 

Bar=30µm *P<0.05, **P<0.01, ***P<0.001. 
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Figure 4.7 Myogenic expression changes following exercise.  

Further analysis of mRNA expression from TA muscles from 6 month-old sedentary and 

exercised control and Lynx1-/- mice revealed a significant increase in MyHCI in 

exercised Lynx1-/- and control muscles, with a significantly higher expression in 

exercised Lynx1-/- muscle compared to exercised controls (A). The expression of 

MyHC2x is unaffected by exercise or genotype (B). In contrast, exercise led to a 

reduction in MyHCIIa expression in Lynx1-/- and control muscles, with significantly 

lower expression in in exercised Lynx1-/- muscle compared to exercised controls (C). 

MyHCIIb expression is reduced in exercised in exercised Lynx1-/- and control muscles 

compared to sedentary counterparts (D). Expression of Atrogin-1 is significantly 

upregulated in exercised control muscles compared to sedentary muscle, but is unchanged 

in exercised Lynx1-/- muscle (E). FOXO-1 expression is reduced in sedentary Lynx1-/- 

muscle compared to sedentary control, and is also reduced in exercised muscle—to a 

greater extent in Lynx1-/- mice (F). Data represented as mean ± SEM. All male mice were 

used for this study; 2 months old at the start of exercise, exercised for 4 months. Control 

n=5; 6 months old, Lynx1-/- n=5; 6 months. *P<0.05, **P<0.01, ***P<0.001. 
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Chapter 5 : Discussion and Future Perspective 

5.1 Summary of results 

In this thesis, I show for the first time that Lynx1 is present in skeletal muscles, and 

localizes to NMJs where it plays critical roles in various conditions (Figure 2.1, Figure 

3.7, Figure 4.2). Similar to its function in the brain, I found that in skeletal muscles 

Lynx1 functions to reduce the sensitivity of nAChRs to synaptic ACh, which is important 

for preventing muscle fatigue (Figure 2.2). Further analysis revealed that while Lynx1 

expression increases in skeletal muscles as mice mature, the deletion of Lynx1 has no 

discernable impact on the development of the NMJ and muscle fibers (Figure 2.3, Figure 

2.4). However, in young adult and aged animals, deletion of Lynx1 alters the morphology 

and molecular composition of NMJs and muscle fibers. Specifically, young adult Lynx1 

null animals have an increased prevalence of denervated and fragmented NMJs, and an 

increase in nAChR turnover (Figure 2.5, Figure 2.9). In middle-aged mice lacking Lynx1, 

there is a further increase in denervated and fragmented NMJs that is accompanied by a 

decrease in muscle fiber size and a shift towards type I muscle fibers (Figure 2.6). 

Additionally, deletion of Lynx1 alters levels of molecules with critical roles in the 

function and stability of NMJs and muscles fibers (Figure 2.5, Figure 2.6). Due to the 

morphological and molecular features prevalent in aging Lynx1-/- animals, I have 

concluded that the loss of Lynx1 accelerates aging of NMJs and muscle fibers. 

Since Lynx1 primarily functions to modulate the activity of nAChRs, I hypothesized 

that Lynx1 also plays important roles in conditions that affect cholinergic activity and 

skeletal muscles. Surprisingly, the role of Lynx1 in skeletal muscles varies based on 

temporal factors. This is exemplified when motor axons are severed, which leads to an 

initial sharp decrease followed by a gradual reestablishment of normal cholinergic 

transmission as NMJs reform. Based on my observation of Lynx1 knockout mice at 

various ages, I hypothesize that the loss of Lynx1 would impede reformation of NMJs. 

However, my findings suggest a much more complex role for Lynx1 in regenerating 

NMJs. I found that NMJs from Lynx1 null mice become reinnervated faster compared to 

NMJs of control mice (Figure 3.1). However, deleting Lynx1 delays the final steps of 
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reinnervation, which are necessary for NMJs to fully reform (Figure 3.1). Thus, Lynx1 

must be reduced to promote reinnervation but then subsequently induced for NMJs to 

reacquire their normal morphology.  

Based on the role of Lynx1 in repairing NMJs following injury to motor axons, I 

hypothesized that deletion of Lynx1 might delay denervation of NMJs caused by ALS. In 

early stages of the disease, NMJs have been shown to undergo bouts of denervation and 

compensatory reinnervation (Dadon-Nachum, Melamed, and Offen 2011; Schaefer, 

Sanes, and Lichtman 2005). Additionally, ALS has been shown to dysregulate 

cholinergic transmission in skeletal muscles (Arbour et al. 2015; Casas et al. 2013; 

Dadon-Nachum, Melamed, and Offen 2011; Rocha et al. 2013; Gregorio Valdez et al. 

2012). Indeed, I found that male mice harboring an ALS-causing mutant gene, 

SOD1G93A, and lacking Lynx1 exhibit disease symptoms later in life (Figure 3.7). 

However, this delay in symptom onset is not accompanied by an increase in survival. 

These results might be explained by data showing that deletion of Lynx1 accelerates 

reinnervation, but not the proper the reformation of adult NMJs. Thus, the onset of 

symptoms may be delayed in ALS animals lacking Lynx1 because the mechanisms of 

compensatory reinnervation are enhanced, which delays the complete denervation of 

NMJs.  

Lastly, I examined the role of Lynx1 in exercised muscles. As a natural stimulant of 

cholinergic transmission at the NMJ (Desaulniers, Lavoie, and Gardiner 2001; Fahim 

1997), exercise has been shown to have numerous benefits to NMJs and muscle fibers 

(Nishimune, Stanford, and Mori 2014; G Valdez et al. 2010). However, based on the role 

of Lynx1 in desensitizing nAChRs, I hypothesized that deletion of Lynx1 would prolong 

the effects of increased cholinergic transmission, and consequently contribute to NMJ 

degeneration during exercise. Surprisingly, this was not the case as Lynx1 deletion 

proved to amplify the benefits of exercise on NMJs and muscle fibers (Figure 4.2, Figure 

4.6). 

Overall, the results presented here demonstrate that Lynx1 plays important, yet 

seemingly opposite, roles at NMJs and muscle fibers. Because the effect of Lynx1 is 
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dependent on the type and stage of various conditions, a more accurate description of the 

function of Lynx1 is that it restricts plasticity of the NMJ. During development and 

following injury, increased plasticity makes the NMJ more amenable to developmental 

changes and repair, thus deletion of Lynx1 is beneficial in these conditions. However, 

increased plasticity in mature adult NMJs accelerates deleterious structural and functional 

changes. 

5.2 The role of Lynx1 in synaptic plasticity 

The data presented here strongly suggest a role for Lynx1 in NMJ plasticity. This 

evidence supports previous work showing that Lynx1 inhibits synaptic plasticity in the 

central nervous system, both in the visual and auditory cortex (Morishita et al. 2010; 

Takesian et al. 2018). The development of the visual system has a critical period of 

synaptic elimination and neuronal circuit refinement, responsible for organizing 

experience-based circuits, but ultimately inhibits plasticity in the adult brain (Kiorpes 

2004; Takesian and Hensch 2013). Recent research has found that Lynx1 is upregulated 

just after the critical period of visual acuity in V1 and the LGN (Morishita et al. 2010). 

Furthermore, deletion of Lynx1 through the use of Lynx1 null mice extended synaptic 

plasticity of the visual system into adulthood, in part by increasing dendritic spine 

turnover in V1 (Morishita et al. 2010). Thus, Lynx1 has been classified as a molecular 

brake at the end of the critical period, which contributes to the inhibition of plasticity in 

adult neural circuits (Nabel and Morishita 2013; Takesian and Hensch 2013). Lynx1 has 

also been shown to play a role in plasticity of the auditory system, even though the 

mechanisms behind the critical period are still largely undefined (Takesian et al., 2018). 

During the critical period of the auditory system, newborns become increasingly familiar 

with repeated sounds, such as speech (Takesian et al., 2018). It was recently reported that 

5-HT3A receptors play a major role in coordinating inputs in the auditory cortex by 

forming topographic maps, which are enhanced during the critical period by increased 

cholinergic signaling through nAChRs (Takesian et al., 2018). Similar to the visual 

cortex, expression of Lynx1 is rapidly increased in the auditory cortex at the end of the 

critical period to inhibit plasticity in adult circuits (Takesian et al. 2018). Thus, Lynx1 

may be a promising target for treating disorders associated with aberrant neural circuit 
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formation, including mental disorders, early childhood blindness or deafness, and 

potentially even autism.  

These studies have exclusively focused on the role of Lynx1 in the central nervous 

system over the last few decades, leaving many questions unanswered about its role in 

the peripheral nervous system (PNS). However, there is evidence, albeit indirect, that 

Lynx1 affects the PNS, specifically in the somatic motor system. Recently, Julie Miwa 

and colleagues generated a mouse model overexpressing the secreted isoform of Lynx1, 

lacking the GPI anchor. While the overall motor performance of these mice is similar to 

controls, motor learning is improved in mice overexpressing secreted Lynx1 compared to 

controls (Miwa and Walz 2012). Interestingly, overexpressing full length Lynx1 protein 

had no effect on motor performance or motor learning. These studies concluded that the 

non-membrane bound isoforms of Lynx1 may compete with GPI-anchored Lynx1 in a 

dominant-negative fashion, and thereby enhance synaptic plasticity as previously shown 

in Lynx1 null animals (Miwa and Walz 2012). These data demonstrate that Lynx1 

regulation of cholinergic activity plays a role in the motor system, without establishing 

whether the effects emanate from the CNS or PNS. 

While the development of the NMJ is not classically defined by a critical period, it 

does undergo monumental morphological and functional changes during development, 

including elimination of redundant axons (Sanes and Lichtman 1999). At birth, the 

plaque-like structures, composed of nAChRs and defined as postsynaptic sites on 

mammalian muscle fibers, are innervated by multiple motor axons. Within the first few 

postnatal weeks, some axons begin to withdraw from the postsynaptic site, culminating in 

a single motor axon innervating one postsynaptic site. This process, however, does not 

reduce the number of motor units, it simply refines their size (Sanes and Lichtman 1999). 

Synaptic elimination is classically characterized as a competitive process shown to 

depend on activity (Nelson et al. 1993). While synaptic elimination is not typically 

defined as a critical period that reduces synaptic plasticity, the functional purpose of 

synaptic elimination is to fine tune the NMJ for efficient and synchronized transmission 

from motor axons to muscle fibers (Nguyen and Lichtman 1996). To date, molecular 

mediators of synaptic elimination are poorly understood. However, one possibility 
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alluded to by Jeff Lichtman and colleagues is the regulation of postsynaptic efficiency 

(Nguyen and Lichtman 1996). Interestingly, there is a mechanism that regulates 

postsynaptic efficiency as the NMJ matures. The subunit composition of nAChR 

pentamers shifts as the γ subunit is replaced by the ε subunit. The incorporation of the ε 

subunit allows mature skeletal muscles to adequately respond to increased ACh released 

by the presynapse (Yumoto, Wakatsuki, and Sehara-Fujisawa 2005), taking place 

between postnatal day 6 and 7 in rodents (Brehm 1989; Mishina et al. 1986; Naguib et al. 

2002). Together, these data set the stage for the potential involvement of Lynx1, a 

postsynaptic modulator, in the development of the NMJ. 

Similar to the visual and auditory cortex, expression of Lynx1 in skeletal muscles is 

developmentally regulated and increases at the time of synaptic elimination. Moreover, 

Lynx1 concentrates at the postsynaptic region and modulates the activity of nAChR. In 

this manner, Lynx1 could contribute to synaptic elimination at the NMJ. However, data 

presented here suggest that deletion of Lynx1 does not significantly impact NMJ 

development, including synaptic elimination (Figure 2.3). Thus, there must be additional 

compensatory mechanisms driving synaptic elimination in the absence of Lynx1. 

However, in adult NMJs, Lynx1 plays an important role in their maintenance and 

stability. Young adult and aged mice lacking Lynx1 have more denervated, fragmented, 

and smaller NMJs (Figure 2.5, Figure 2.6). Loss of Lynx1 also decreases the density of 

nAChRs at adult NMJs. Interestingly, at 12 months of age, Lynx1 knockout mice exhibit 

an increase in multiply innervated receptor plaques compared to control mice (Figure 

2.6). These data indicate that Lynx1 plays a role in preventing plasticity at adult NMJs, 

and is necessary for the maintenance of NMJs in adulthood. However, plasticity at the 

NMJ becomes beneficial following injury and in diseases such as ALS. Supporting the 

idea that Lynx1 inhibits NMJ plasticity, the data presented here show that deletion of 

Lynx1 is able to delay the onset of symptoms in an ALS mouse model (Figure 3.7), 

potentially by accelerating the process of compensatory reinnervation (Figure 3.2).   
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5.3 Insights into Lynx1 modulation of nAChRs at NMJs 

The precise regulation of nAChRs at NMJs were not addressed in this study; 

however, there are promising leads from studies in the CNS, transgenic mice, and from 

cells in culture. Studies using a water-soluble domain of Lynx1, which lacks the 

glycophosphatidylinositol anchor, have provided useful evidence for the interaction of 

Lynx1 with muscle-type nAChRs. It is reported that ws-Lynx1 competes with α-

bungarotoxin for binding with the acetylcholine-binding protein (AChBP) and torpedo 

californica nAChRs, suggesting that Lynx1 binds to classical agonist and competitive 

antagonist binding sites of nAChRs (Lyukmanova et al. 2013). Therefore, it is reasonable 

to postulate that Lynx1 competes with ACh binding in order to prevent nAChR 

activation, and in this manner desensitizes the receptor. In addition to its classical role in 

inhibiting ACh binding to nAChRs, recent work using an AAV to express mCherry-

tagged Lynx1 in cultured neurons show that Lynx1 is present in both the endoplasmic 

reticulum (ER) and the plasma membrane (Nichols et al. 2014). Furthermore, it was 

demonstrated that Lynx1 can bind α4 nAChR subunits before pentamer assembly, 

suggesting that these two proteins interact in the ER. This interaction aids in the 

preferential assembly of low-sensitivity nAChR pentamers presented to the plasma 

membrane (Nichols et al. 2014). At the NMJ, nAChR pentamers are not as diverse 

compared to pentamers present in the CNS. Thus, Lynx1 may also play a role in deciding 

whether nAChR pentamers with the γ or ε subunit are trafficked to the NMJ. In fact, I 

provide evidence suggesting Lynx1 may play a role in nAChR trafficking to the 

postsynaptic region of the NMJ (Figure 2.9). Furthermore, I show that Lynx1 expression 

tightly correlates with that of the ε subunit in developing skeletal muscles (Figure 2.1).  

My experiments also strongly suggest that Lynx1 plays an important role in 

anchoring nAChRs at the NMJ. I show that in adult Lynx1 knockout mice the expression 

and rate of nAChR turnover from the NMJ significantly increase. These findings are 

partially supported by experiments on cultured neurons indicating that Lynx1 may also be 

involved in receptor turnover in neurons (Nichols et al. 2014). In both skeletal muscles 

and neurons, reducing Lynx1 expression would therefore increase the sensitivity of 

nAChRs and result in increased ACh-mediated current. Nonetheless, my own data and 
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published findings establish that skeletal muscles express Lynx1 to decrease the plasticity 

of NMJs, regardless of the precise mechanisms involved. 

5.4 Future perspectives for therapeutics targeting Lynx1 in the peripheral nervous 

system 

Cholinergic dysregulation in skeletal muscles has been implicated as a contributing 

factor to a number of different conditions including aging, ALS, congenital myasthenic 

syndrome (CMS), and multiple sclerosis (MS) (Arbour et al. 2015; Di Bari et al. 2016; 

Casas et al. 2013; Magalhães-Gomes et al. 2018; Pousinha et al. 2015; Shi, Fu, and Ip 

2012). However, in many of these conditions, cholinergic modulation has yet to be 

addressed as a potential therapeutic avenue. In ALS and CMS, limited success has been 

found using synthetic pharmacological agents that modulate cholinergic transmission 

(Magalhães-Gomes et al. 2018; Palma et al. 2016; Rodrigues et al. 2013). Thus, Lynx1, 

an endogenous postsynaptic modulator of cholinergic transmission, is a promising 

candidate for maintaining and restoring the normal function of NMJs and skeletal 

muscles under conditions that alter cholinergic transmission.  

While the data presented here support the therapeutic potential of Lynx1 in 

neuromuscular disorders, specifically in ALS, there is still more to learn. Future 

experiments should involve a detailed analysis of the morphology, function, and 

molecular composition of NMJs and muscle fibers throughout the progression of ALS in 

the absence of Lynx1. This may reveal how Lynx1 promotes compensatory reinnervation 

but does not prevent the eventual degeneration of NMJs . Additionally, the different 

effects of deleting Lynx1 in males versus females afflicted with ALS should be 

investigated to either rule out un-related gender-based differences, or to discover 

contributing gender-based factors that may function at the NMJ, or discover an additional 

role for Lynx1 in the somatic motor system. There are well-documented differences in 

the etiology and pathogenesis of ALS between males and females in patients and rodent 

models (Heiman-Patterson et al. 2005; Manjaly et al. 2010; McCombe and Henderson 

2010). These differences are widely thought to be caused by environmental factors, but 

molecular and biological explanations have yet to be defined. One possible explanation is 
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the difference in the muscle composition between males and females. Research has 

shown that the expression of important myo-miRNAs are generally higher in males 

compared to females, which could lead to increased susceptibility to ALS in male 

muscles (Pegoraro, Merico, and Angelini 2017). Additionally, female muscle tissue has a 

higher prevalence of type I and IIa fibers and show a lower contractile force compared to 

males, which could further contribute to their resistance to ALS pathology (Haizlip, 

Harrison, and Leinwand 2015). The role of estrogen in skeletal muscle maintenance has 

also been implicated, particularly because decrease in estrogen signaling has been shown 

to decrease the regenerative capacity of muscle fibers (Haizlip, Harrison, and Leinwand 

2015; Veldink et al. 2003). Growing evidence also suggests that physical activity could 

play a role in the susceptibility of females to ALS. A population study of the Women’s 

Health Initiative (WHI) cohort concluded that physical activity of post-menopausal 

women is a risk factor for ALS (Eaglehouse et al. 2016). However, in study using 

transgenic mouse models, exercise was able to delay symptom onset and survival time 

specifically in female mice, with no change in male mice. The exercised female mice also 

had higher estrogen levels, further supporting evidence of its neuroprotective role in 

skeletal muscles (Veldink et al. 2003). However, it is worth noting that the animal models 

acquire ALS-symptoms at a relatively young age compared to humans, and thus the 

levels of estrogen and other hormones are bound to be drastically different. Nevertheless, 

these data suggest that loss of Lynx1 would increase nAChR sensitivity to synaptic ACh 

and theoretically mimic the effects of exercise at the NMJ. In this case, Lynx1 would 

increase the survival rate of female ALS-afflicted animals. However, the results 

presented here contradict this hypothesis as Lynx1 null SOD1G93A female animals have a 

shorter time to symptom onset and decreased survival rate. In fact, their symptom onset 

and survival closely mirror that of male SOD1G93A mice. Thus, the benefits of exercise 

may not be purely imitated by manipulations in cholinergic transmission. This can be 

demonstrated by the effects of increased VAChT expression in SOD1G93A animals, which 

selectively decreases survival in male mice (Sugita et al. 2016). Interestingly, growing 

evidence in the CNS suggests a critical link between estrogen levels and cholinergic 

transmission in the context of memory and learning. It has been demonstrated that 

estrogen therapy can increase ChAT activity, modify mAChR expression, increase AChE 
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activity, and increase the density of nAChRs in the hypothalamus leading to improved 

cognition and memory (Newhouse and Dumas 2015). Thus, estrogen is neuroprotective 

and can lead to increased cholinergic function. Perhaps modification of the cholinergic 

system through both VAChT and Lynx1 negatively impact the neuroprotective effects of 

estrogen in skeletal muscles. 

It is also important to consider that the findings presented in this thesis emanate from 

analyzing a mouse line with a globally missing Lynx1. Hence, it remains unknown if 

other cholinergic cells, including motor neurons and macrophages, are also affected when 

Lynx1 is deleted, and contribute to the changes at NMJs and muscle fibers reported in 

this thesis. This question could be addressed by using a Lynx1 conditional transgenic 

mouse. Overall, the data in this dissertation highlight the importance of temporally 

regulating Lynx1 for NMJs and skeletal muscles to respond adequately to shifts in 

cholinergic transmission. Hence, the stage is set for future studies designed to ascertain 

the consequences of reducing or increasing Lynx1, potentially using an adeno-associated 

virus (AAV), at various time points and in different conditions that invariably affect the 

cholinergic system and the viability of NMJs and muscle fibers. 
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