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ABSTRACT 

Sarcopenia, or age-dependent decline in muscle force and power, impairs mobility, 

increasing the risk of falls, institutionalization, comorbidity, and premature death. Despite 

the relevance for the onset and outcome of sarcopenia, the etiology of age-related skeletal 

muscle denervation remains unknown. Symptoms of autonomic failure are frequently the 

presentation of advanced age and neurodegenerative diseases that impair adaptation to 

common physiologic stressors. Here, we reported that the SNS regulates neuromuscular 

junction transmission, maintains optimal Gαi2 expression and prevents any increase in 

Hdac4, myogenin, MuRF1, and miR-206. Ablation of SNS leads to upregulation of 

MuRF1, muscle atrophy, and downregulation of postsynaptic AChR. We elucidated the 

mechanism of action of sympathomimetic drugs, clenbuterol and salbutamol, which 

allowed us to conclude that the SNS influences skeletal muscle physiology by acting, not 

only at the NMJ postterminal, but the motor neuron terminal, in P/Q-Ca2+ channels and 

TRPV1 channels, and the sympathetic axon, in N-type Ca2+ channels. Our research also 

showed that prolonged NMJ activation depends on their effect on the balance between 

sympathetic and motor axon terminal activity. Next, we unveiled the molecular substrate 

accounting for the influence of endogenous sympathetic neurons on motoneuron-muscle 

transmission in young mice and its decline with aging. Finally, we showed that selective 

expression of Hand2 in the mouse sympathetic neurons from middle- through old-age 

increases muscle mass and force by (a) regulating skeletal muscle sympathetic and motor 

innervation; (b) improving AChR stability and NMJ transmission; (c) preventing 

inflammation and myofibrillar protein degradation; (d) increasing autophagy; and (e) 

probably enhancing protein synthesis. Our findings are relevant to clinical conditions 
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characterized by progressive decline of sympathetic innervation, such as 

neurodegenerative diseases and aging. 
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INTRODUCTION 

This section (1) states the specific problem to be studied and the research strategy used, 

(2) delineates the boundaries of the problem and limitations of the topic, and (3) reviews 

studies pertinent to this thesis. Discussion, limitations, and future directions of this 

project are included in Chapter 5. 

 

Sarcopenia  

Sarcopenia, or age-dependent decline in muscle force and power, impairs mobility, 

increasing the risk of falls, institutionalization, comorbidity, and premature death.1,2 

Sedentary people lose 0.5% of lean muscle mass every year between age 25 and 60, the 

rate doubles to about 1% after 60, and doubles again with decade change.3 Sarcopenia 

independently impairs quality of life in the adult population and is a major risk factor for 

many age-associated diseases. 

Studies have focused on the mechanisms underlying neuromuscular impairments in 

old age hoping that this may lead to novel therapies, including: (a) excitation-contraction 

uncoupling, 4,5 which leads to a decline in muscle specific force (force normalized to 

cross sectional area) 6; (b) loss in muscle mass associated with decrease in the number of 

muscle fibers as well as fiber atrophy 7,8; changes in fiber type 9,10; (c) decline in muscle 

power associated with decreased maximal isometric force and slower sliding speed of 

actin on myosin, 11,12 (d) impaired recovery after eccentric contraction, 13 (e) 

intramyocellular lipids deposit and changes in skeletal muscle quality,14 (f) increased 

myostatin mRNA and protein with aging,15 and (g) changes in β-adrenergic signaling 

with aging.16  Identifying the triggers of these changes remain elusive. However, some 
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explanations have been proposed, including: decreased muscle loading 17, mitochondrial 

dysfunction and oxidative damage, 18,19 age-dependent decrease in insulin-like growth 

factor-1 (IGF-1) expression or tissue sensitivity, 20-22 nuclear apoptosis,23 decreased 

muscle capillary density, 24 decline in satellite cell proliferation, 25 proteostatic 

dysfunction,26 and  inflammation.27,28 Unfortunately, some of these mechanisms are 

technically difficult to test in the whole organism, pharmacological interventions give rise 

to numerous side effects, or their principle has been disproved or difficult to 

demonstrate.1,22,29-32  

The study of the interaction between nerve and skeletal muscle is crucial for both 

tissues to survive and function adequately throughout life.33-35 Thus, muscle atrophy and 

weakness may result from primary neural or muscular etiologic factors, or a combination 

of both. Thus, examining the evidence for neural etiologic factors, on the decline in 

neuromuscular function with aging is essential to our understanding of the mechanisms 

underlying sarcopenia.  

 

Relationship between sarcopenia, muscle innervation, and muscle regeneration 

Sarcopenia is characterized by heterogeneous muscle fiber size and myosin heavy-chain 

composition,36,37 myofiber grouping, motor unit remodeling,38 and progressive 

neuromuscular junction (NMJ) degeneration, leading to complete or partial denervated 

synapses, and decreased Schwann cells.33,39,40 Despite the relevance for the onset and 

outcome of sarcopenia, the etiology of age-related skeletal muscle denervation remains 

poorly understood.41 
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Several groups have reported skeletal muscle denervation and reinervation, motor 

unit remodeling or loss in aging rodents or humans. 42-48  Motor unit remodeling leads to 

changes in fiber-type composition. 49 During development, muscle fiber type phenotype 

is determined by interactions with subpopulations of ventral spinal cord motor neurons 

that activate contraction at different rates, ranging from 10 (slow fibers) to 100 (fast-

fatigue resistant) or 150 Hz (fast-fatigue sensitive).50-52 Age-related remodeling of motor 

units appears to involve denervation of fast muscle fibers with reinnervation by axonal 

sprouting from slow fibers.7,38,53,54 When denervation outpaces reinnervation, a 

population of muscle fibers becomes atrophic and functionally excluded.  Although 

denervation contributes to skeletal muscle atrophy and functional impairment with 

aging,55 the time course of muscle denervation, and its prevalence in human and animal 

models of aging, remain to be determined.  A report analyzes the contribution of 

denervation to deficits in specific force in skeletal muscle in old compared with young 

rats.56 The combination of contraction force recordings together with muscle 

immunostaining for NCAM protein, a marker of fiber denervation, 57,58 has shown a 

significant higher number of denervated fibers in old rats. It has also been shown that the 

area of denervated fibers, detected by positive staining with neural cell adhesion 

molecule (NCAM) antibodies, accounts for a significant fraction of the decline in specific 

force.56   

More than a decade ago, the Delbono lab hypothesized that muscle denervation from 

aging mice is more extensive than predicted by functional and structural assays used 

previously. To address the extension and magnitude of denervation in aging rodents they 

utilized a combination of electrophysiological and immunohistochemical assays directed 
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to detecting the expression of tetrodotoxin (TTX)-resistant sodium channels (Na(v)1.5) in 

flexor digitorum brevis muscles from young-adult and senescent mice. Sodium current 

density measured with the macropatch cell-attached technique did not show significant 

differences between muscle fibres from young and old mice. The TTX dose-response 

curve, using the whole cell voltage-clamp technique, showed three populations of fibres 

in senescent mice, one similar to fibres from young mice (TTX sensitive), another one 

similar to fibres from experimentally denervated muscle (TTX resistant), and a third 

group intermediate between these two. Partially and fully denervated fibers added up to 

approximately 50% of the total number of fibers tested, a number that concurs with the 

percentage of fibers positive for the Na(v)1.5 channel by specific immunostaining.40 This 

study also revealed that new technical approaches are needed to accurately assess 

muscle denervation, which can be subtle but devastating due to cumulative damage over 

the years. 

Understanding the mechanisms of chronic nerve damage and recovery is crucial to 

design therapies for muscle denervation in the aging population. Different methods of 

inducing transient nerve injury and recovery have been employed with contrasting 

results. Recovery from denervation implies nerve sprouting and reinnervation by the 

same or neighboring motor units.  A slower regeneration and reinnervation in aged 

compared to young motor endplates has been recorded in response to crush injury of the 

peripheral nerve. 59  The difference in the time needed to recover from nerve injury has 

been attributed to a transient failure in the spatiotemporal relationship between Schwann 

cells, axons and the postsynaptic acetylcholine receptor regions during reinnervation in 
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aged rats. 59 However, in apparent contrast, a comparable capacity for regeneration has 

been shown in muscles from very old compared to young rodents. 60   

Preservation of nerve viability in primary muscle injury has been investigated as an 

essential prognostic factor for muscle restoration. Muscle regeneration in aging rodents 

was studied by injecting the local anesthetic, bupivacaine, in fast-twitch muscles. This 

agent induced similar muscle fiber damage and reduction in the mean tetanic tension in 

fast-twitch muscles from young adult (4 months) and old (32 and 34 months) rats. In a 

different approach, the same authors investigated muscle regeneration using 

heterochronic transplantation of nerve-intact extensor digitorum longus (EDL), a fast 

twitch muscle.  EDL muscles from 4 month or 32 month-old rats were cross-transplanted 

in place of the same muscle in 4-month-old hosts. As a control, contralateral muscles 

were autotransplanted back into the donors.  After 60 days, the old-into-young muscle 

transplants regenerated as well as the young-into-young autotransplants. Lack of nerve 

damage provided favorable conditions for muscle regeneration, together with an age-

related effect of the local environment on the transplants.60  As evidence of the 

importance of neural factors in nerve regeneration, the same group reported that when 

axons are allowed to regenerate in an endoneurial environment, there is no evidence of 

age-related impairment in muscle reinnervation.61  Although old muscle is capable of 

fully regenerating after injury, the presence of an intact nerve supply is critical to 

recovery; however, the differential contribution of motor and autonomic axons to skeletal 

muscle mass preservation was not examined in these studies. 

 

Plasticity at the aging neuromuscular junction with aging 
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Age-associated structural and functional alterations of the neuromuscular junction such as 

instability of neuromuscular junction have been reported have been reported.34,62-66  The 

process of neuromuscular synapse formation and activity‐dependent editing of 

neuromuscular synaptic connections are better understood 67 than the events leading to 

denervation in aging mammals. Apparently, after synapse formation, the terminals of the 

same axon, described as a ‘cartel’, exhibit heterogeneity in terms of acetylcholine release, 

which may contribute to nerve terminal selection in the developmental transition from 

innervation of each muscle fiber by multiple nerve endings to the adult one‐on‐one 

pattern. It has also been demonstrated that activity plays a crucial role in synapse 

elimination during this period. 67,68 These concepts prompt the interesting hypothesis that 

a similar mechanism for neuromuscular synapse elimination is retained in senescent 

mammals. The level of physical activity and calorie intake among the elderly is highly 

variable and is considered of importance for successful neuromuscular function. 63  

Exercise and calorie restriction attenuate age-related NMJ spatial distortion.63  

More recently, the W. Thompson group reported that remodeling of the nerve 

terminal during the period of target absence does not explain the subsequent changes in 

the new NMJ. The authors found that the synapse becomes altered as the new fiber 

segment regenerates. Mechanisms for remodeling the synapse include failure of the 

regenerating muscle fiber to contact the old basal lamina and nerve terminal, growth of 

the nerve terminal and its glia toward the regenerating fiber, and remodeling of the initial 

contact as the nerve terminal becomes varicose.39 

Denervation of skeletal muscle evokes a series of changes in skeletal muscles from 

aging rodents, such as reorientation of costameres (rib‐like structures formed by 
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dystrophin and β‐dystroglycan),69 proliferation of triadic membranes,70 decrease in 

voltage-gated calcium channels, and alterations in the sarcoplasmic reticulum calcium 

release channel.71-74  The Delbono lab hypothesized that age‐related denervation may 

induce these structural and functional changes in mammalian muscle,75 including 

humans; however, the molecular substrate for these alterations is only partially 

understood. Costameric proteins transmit mechanical lateral forces and provide structural 

integrity in contracting mechanically loaded muscle fibers.76 Muscle activity and muscle 

agrin, the latter at a concentration two orders of magnitude lower than the effective 

concentration of neural agrin, regulate the organization of cytoskeletal proteins in skeletal 

muscle fibers.69 It would be interesting to explore these molecular changes in aging 

muscle.77 

The studies reported above strongly associate neural alterations in the onset and 

progression of the age‐related decline in skeletal muscle function. Therefore, 

interventions focused on motor neurons, their axons and associated non‐neuronal cells, 

and the neuromuscular junction may slow down or even reverse age‐related impairments 

of skeletal muscle. 

 

Does the sympathetic nervous system stabilize the NMJ pre- and post-synapse and 

skeletal muscle innervation?  

Skeletal muscle motor and sympathetic innervation was described more than a century 

ago;78 however, myofiber sympathetic innervation remained unexplored for decades 

probably due to technical limitations. Noradrenaline (NA), the main neurotransmitter of 

ganglionic sympathetic neurons, modulates neuromuscular transmission.79 Sympathetic 
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axons reach the muscle fiber,80 travelling through the peripheral nervous system as part of 

Remak bundles 81 and then surrounding blood vessels. Finally, they detach from the 

blood vessels to establish contacts with muscle fibers near the neuromuscular junction.82 

For a long time, sympathetic innervation of skeletal muscle was thought to be restricted 

to the blood vessels until it was observed in intra‐ and extrafusal fibers of several 

muscles. 81 This finding sparked researchers’ interest in understanding the role of 

postganglionic sympathetic neurons and their neurotransmitter(s) in myofiber 

composition and function. 

The sympathetic nervous system (SNS), a division of the autonomic nervous system, 

regulates the function of many tissues, and its genetic, autoimmune, or degenerative 

alteration results in a variety of clinical disorders affecting the brain, spinal cord, and/or 

nerve structure and function. It plays a role in skeletal muscle regeneration after 

injury83 and the ability to perform short intensive tasks like the Wingate test,84 and its 

deterioration with age results in incapacitating symptoms.33,85,86 Its functional impairment 

and resulting muscle weakness are manifestations of Alzheimer's disease87 and such 

synucleinopathies as Parkinson's disease, dementia with Lewy bodies, multiple system 

atrophy, and pure autonomic failure.88-99 Muscle weakness associated with autonomic 

dysfunction is also obvious in adrenal insufficiency, Lambert‐Eaton myasthenic 

syndrome, and chronic fatigue syndrome.83,100,101 Aging produces several changes in the 

autonomic nervous system that may impair adaptations to common physiologic stressors 

and increase the risk of developing diseases that further harm autonomic function. 

 

Leading questions and experimental approach 
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Due to the potential relevance in aging sarcopenia we examined the role of muscle 

sympathetic transmission and innervation as follows: 

Question 1 - Does the SNS regulate skeletal muscle motor innervation? 

Question 2 - Does the SNS regulate presynaptic and postsynaptic NMJ structure and 

function? 

Question 3 - Does the sympathetic neuron regulation of NMJ transmission decline 

with aging? 

Question 4 - Does maintenance of sympathetic neurons attenuate aging sarcopenia? 

 

To address Question 1 we studied the impact of regional sympathetic ablation on 

muscle motor innervation by using transcriptome analysis, retrograde tracing of the 

sympathetic outflow to the skeletal muscle, confocal and electron microscopy, NMJ 

transmission by electrophysiological methods, protein analysis, and state of the art 

microsurgical techniques, in C57BL6, MuRF1KO and Thy-1 mice.102 

We addressed Question 2 by examining whether two sympathomimetics in clinical 

use, salbutamol and clenbuterol, affect the motor axon terminal via extracellular Ca2+ and 

molecular targets, such as TRPV1 and P/Q- and N-type voltage-activated 

Ca2+ channels. Electrophysiological studies on ex-vivo preparations of peroneal nerves 

and lumbricalis muscles from young adult mice focused on spontaneous MEPPs and 

singly and repetitively evoked EPPs recordings.66 

Our approach to address Question 3 included sciatic-peroneal nerve immunolabeling 

coregistration, and electrophysiological recordings in a novel mouse ex-vivo preparation, 

the sympathetic-peroneal nerve-lumbricalis muscle preparation (SPNL), developed in the 

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/salbutamol
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/clenbuterol
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/axon-terminal
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/trpv1
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/electrophysiological-procedures
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/miniature-endplate-potential
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/endplate-potential
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Delbono laboratory. This approach unveiled the molecular substrate accounting for the 

influence of endogenous sympathetic neurons on motoneuron-muscle transmission in 

young mice and its decline with aging.103 

To address Question 4 we examined age-dependent expression of the heart and 

neural crest derivative 2 (Hand2), and tested the possibility that inducing its expression 

exclusively in SN attenuates (a) motor denervation, (b) impaired NMJ transmission, and 

(c) loss of muscle mass and function in old mice. To test this hypothesis, we delivered a 

viral vector carrying Hand2 expression or an empty vector exclusively to SNs by 

saphenous vein injection in 16 month-old C57BL/6 mice that were sacrificed 6 months 

later. Techniques include RNA-sequencing, real-time PCR, genomic DNA methylation, 

viral vector construct, tissue immunohistochemistry, immunoblot, confocal microscopy, 

electrophysiology, and in vivo mouse physical performance.  
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CHAPTER 1 

The Sympathetic Nervous System Regulates Skeletal Muscle Motor Innervation and 

Acetylcholine Receptor Stability 

Anna C. Zaia Rodrigues, Maria Laura Messi, Zhong-Min Wang, Martin C. Abba, Andrea 

Pereyra, Alexander Birbrair, Tan Zhang, Meaghan O’Meara, Ping Kwan, Elsa I. S. 
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Abstract 

Aim: Symptoms of autonomic failure are frequently the presentation of advanced age and 

neurodegenerative diseases that impair adaptation to common physiologic stressors. The 

aim of this work is to examine the interaction between the sympathetic and motor 

nervous system, the involvement of the sympathetic nervous system (SNS) in 

neuromuscular junction (NMJ) presynaptic motor function, the stability of postsynaptic 

molecular organization, and the skeletal muscle composition and function.  

Methods: Since muscle weakness is a symptom of diseases characterized by autonomic 

dysfunction, we studied the impact of regional sympathetic ablation on muscle motor 

innervation by using transcriptome analysis, retrograde tracing of the sympathetic 

outflow to the skeletal muscle, confocal and electron microscopy, NMJ transmission by 

electrophysiological methods, protein analysis, and state of the art microsurgical 

techniques, in C57BL6, MuRF1KO and Thy-1 mice. 

Results:  We found that the SNS regulates motor nerve synaptic vesicle release, skeletal 

muscle transcriptome, muscle force generated by motor nerve activity, axonal 

neurofilament phosphorylation, myelin thickness, and myofiber subtype composition and 

CSA. The SNS also modulates levels of postsynaptic membrane acetylcholine receptor 

by regulating the Gi2-Hdac4-Myogenin-MuRF1pathway, which is prevented by 

overexpression of the guanine nucleotide-binding protein Gαi2 (Q205L), a constitutively 

active mutant G protein subunit. 

Conclusion: The SNS regulates NMJ transmission, maintains optimal Gi2 expression 

and prevents any increase in Hdac4, myogenin, MuRF1, and miR-206.  SNS ablation 

leads to upregulation of MuRF1, muscle atrophy, and downregulation of postsynaptic 
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AChR. Our findings are relevant to clinical conditions characterized by progressive 

decline of sympathetic innervation, such as neurodegenerative diseases and aging.   
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Introduction 

Autonomic nervous system failure is a manifestation of devastating acute and chronic 

diseases. Its functional impairment and resulting muscle weakness are conspicuous 

symptoms of Alzheimer’s disease 1 and such synucleinopathies as Parkinson’s disease, 

dementia with Lewy bodies, multiple system atrophy, and pure autonomic failure. 2-14  

Muscle weakness associated with autonomic dysfunction is also obvious in adrenal 

insufficiency, Lambert-Eaton myasthenic syndrome, and chronic fatigue syndrome. 15-17 

Aging produces several changes in the autonomic nervous system that may impair 

adaptations to common physiologic stressors and increase the risk of developing diseases 

that further harm autonomic function. 

The sympathetic nervous system (SNS), a branch of the autonomic nervous system, 

regulates the function of many tissues, and its genetic, autoimmune, or degenerative 

alteration results in a variety of clinical disorders affecting the brain, spinal cord, and/or 

nerve structure and function. It plays a role in skeletal muscle regeneration after injury 18 

and the ability to perform short intensive tasks like the Wingate test, 19 and its 

deterioration with age results in incapacitating symptoms. 20-22  

More than a century ago, dual innervation of the skeletal muscle, motor and 

sympathetic, was described. 23-25 In 1970, Kuba reported that noradrenaline (NA), the 

main neurotransmitter of ganglionic sympathetic neurons, modulates neuromuscular 

transmission. 26  Research on the association between progressive muscle atrophy and 

sympathetic paralysis of voluntary muscles identified “functional synapses” between 

preganglionic sympathetic axons and skeletal muscle. 27-30 Sympathetic axons reach the 

muscle fiber 31 via Remak fibers traveling through the peripheral nervous system 32 and 
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surrounding blood vessels. 33,34  For a long time, sympathetic innervation of skeletal 

muscle was thought to be restricted to the blood vessels until it was observed in intra- and 

extrafusal fibers of the cat tenuissimus, soleus, extensor digitorum longus, peroneal, 

lumbrical, and diaphragm muscles. 33  This finding generated interest in understanding 

the role of postganglionic sympathetic axons and their neurotransmitter(s) in myofiber 

composition and function.  

For long time, skeletal muscle research was focused mainly in the relationship 

between catecholamines and membrane 2-adrenoceptors (AR), 35 probably due to the 

complexity of the SNS trajectory, neurotransmitters (noradrenaline, NA; ATP; and 

neuropeptide Y, NPY) and targets.  Note that 1- and 2-AR antagonists, such as 

propranolol, cause muscle weakness, 36 while-AR agonists enhance muscle strength in 

diseases characterized by congenital impaired neurotransmission. 37 β2-AR expression 

predominates in skeletal muscle 35 and mediates SNS action on the myofiber, and its 

agonists can remediate skeletal muscle sympathetic denervation, 31 but chronic 

administration has serious side effects that preclude their therapeutic use for muscle-

wasting conditions. 38  Designing future interventions that can adjust neurotransmitter 

release to changes in physiological demands with physical activity and/or age depends on 

understanding the role of SNS in muscle motor innervation.  In this study, we sought to 

clarify the role of the SNS in neuromuscular junction (NMJ) pre- and post-synapsis, 

motor axon and skeletal muscle innervation and function in sedentary mice.  

The development of antibodies against key enzymes in the synthesis of NA, tyrosine 

hydroxylase (TH) and dopamine--hydroxylase (DBH) or transgenic DBH have been 

used to characterize postganglionic sympathetic axons’ trajectory and connections to 
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spinal cord and skeletal muscle. 39-41 These techniques allowed for a direct assessment of 

the spatial relationship between the SNS and muscle innervation. A TH-positive 

immunoreaction at the NMJ was reported in monkey and human muscles, suggesting 

SNS innervation of the myofiber at the NMJ, 42 while sympathetic neurons expressing the 

DBH-tomato transgene and immunoreactivity to a TH or NPY antibody showed 

coregistration at the mouse diaphragm muscle. 31 In this study, by using TH 

immunoreactivity as well as transcriptome analysis, retrograde tracing of the sympathetic 

outflow to the skeletal muscle, confocal and electron microscopy, neuromuscular junction 

transmission by electrophysiological methods, protein analysis, and microsurgical or 

chemical sympathectomy in C57BL6, MuRF1KO and Thy-1 mice, we concluded that the 

SNS regulates NMJ pre- and post-synapsis, and muscle motor innervation and function. 
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Results 

Relationship between SNS and skeletal muscle innervation 

To examine the relationship between SNS and skeletal muscle innervation, we surgically 

removed the L2-L3 ganglia of the paravertebral chain, which supplies sympathetic 

innervation to hindlimb muscles (see Methods). Figure 1a shows the L2-L4 ganglia of 

the paravertebral chain after postmortem removing all abdominal organs.  Due to bilateral 

connections and caudal fusion (Fig. 1a, bottom arrow), the sympathetic trunk was 

excised bilaterally. Lumbar ganglia sympathectomy was followed by confirmation of the 

neuronal type composition of the removed structure by immunostaining for TH+ neurons 

(Fig. 1b-d).  Figure 1 shows two ganglia and their interspace devoid of sympathetic 

neurons (b), and a ganglion with high sympathetic neurons density recorded with 

epifluorescence (c) and confocal (d) microscopy. 

Previous studies established anatomical and histological relationships between the 

SNS and skeletal muscle but inferred their functional link from analysis of the interaction 

between NA and its receptor (2-AR). 35 Although connectivity between muscle 

sympathetic terminals and neurons located in the spinal cord intermediolateral column 

has been reported, 43 we sought to establish the relationship between the skeletal muscle 

and L2-L3 paravertebral sympathetic ganglia neurons, the SNS relay that we surgically 

removed in this study, by co-registering a retrogradely transported fluorescent agent with 

TH+ neurons. We injected Alexa Fluor-conjugated cholera toxin subunit B (CTB) AF488 

or AF555 in the TA or GA muscle, respectively, as our retrograde tracer.  Figure 1e-j 

shows ganglia neurons labeled with CTB-AF488 (e) and CTB-AFAF555 (f) injected in 

the TA and GA muscles, respectively. Cell nuclei and soma were stained with Hoechst 
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33342 (g) and immunostained with TH antibody (h), respectively. Figures 1i and j show 

panels e-g and e-h overlaps, respectively. These results show a functional connection 

between mouse hindlimb muscles and paravertebral ganglia sympathetic neurons.  

 

The SNS regulates genes associated with skeletal muscle denervation 

Loss of connectivity between the spinal nerves and skeletal muscles leads to extensive 

transcriptome modifications; 44 however, whether the SNS influences muscle gene 

transcription is unknown. To address this question we used the GA muscle for gene 

expression profiling by oligo-microarray because it is large and composed of several fiber 

types. 45  The volcano plot and heatmap (Fig. 2a, b) show the 182 genes most 

significantly modified (fold change > 1.5; p < 0.01) after surgical sympathectomy (see 

supplementary Excel file, worksheet sym_vs_sham), as confirmed by real-time PCR 

(qPCR) of randomly selected genes (Fig. S1). They can be grouped into several signaling 

pathways regulating muscle metabolism, circadian rhythm, gene transcription, and 

soluble N-ethylmaleimide-sensitive factor attachment protein receptor (SNARE)-

interacting proteins (Figs. 2c, S2). The following gene transcripts decreased to varying 

extents (14-78%): genes encoding synaptic vesicle docking and fusion (syntaxin binding 

protein-1 [Stxbp1]); members of the Notch signaling pathway (neuralized E3 ubiquitin 

protein ligase 1 [Neural1]); the circadian rhythm gene (periodic circadian clock 1 

[Per1]); proteins that interact with the SNARE, such as vesicle-associated membrane 

protein 3 (VAMP3), or vesicle transport through interaction with t-SNAREs homolog 1B 

(VTI1b); transcription factors (Forkhead box protein P1 [Foxp1]) or transcription factor 

binding proteins (CREB-binding protein [CREBBP]); protein kinase B [PKB or Akt1]); 
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and ubiquitin ligases (ubiquitin-conjugating enzyme E2 G2 [UBE2G2]) (Fig. S1). In 

contrast, genes associated with muscle motor denervation, such as Chrng and myogenin 

(Fig. 11A), were upregulated in both GA and TA muscles (225% and 68%, respectively) 

on day 7 after sympathectomy. Other genes (Musk and MyoD) showed only marginal 

changes (-1% to 3%) at the same timepoint (Fig. S1).  Based on a report that after sciatic 

nerve axotomy, the soleus muscle upregulates MyoD earlier and more strongly than the 

GA muscle does,46 we examined MyoD transcript levels in the soleus muscle from sham 

and sympathetic denervated mice. Data included in Figure S1 for MyoD-Sol, show a 

375% upregulation. Since sympathectomy results in upregulation of genes reportedly 

increased with muscle motor denervation (Chrng, MyoD, and myogenin) 47,48and 

downregulation of synaptic vesicle docking and fusion (Stxbp1) and presynaptic SNARE 

proteins (Vamp3 and VtI1b), we examined whether the SNS regulates motor axon 

synaptic vesicle release and postsynaptic AChR stability.  

 

The SNS regulates NMJ transmission and skeletal muscle force generated by motor 

nerve stimulation 

Upregulation of genes associated with muscle denervation suggests that SNS ablation 

leads to alterations in NMJ transmission and muscle force generation capacity.  We 

conducted functional recordings in a plantar nerve-lumbricalis muscle preparation for the 

following reasons, few myofiber layers, banded alignment of the NMJs, and parallel 

arrangement of its tendons. 49 Figure 3a illustrates these features in a plantar nerve-

lumbricalis muscle preparation from a B6.Cg-Tg(Thy1-YFP)HJrs/J-line 16 mouse 

that marks motor and sensory but not sympathetic axons. 50 Also, the SNS in 
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this muscle shows profuse TH+ terminal arborization, some of it in the proximity of 

labeled -bungarotoxin+ NMJ postterminals when the muscle is treated with iDISCO 

(Fig. 3b). However, despite overlap in the 2D projections (Fig. 3b), sympathetic axons 

did not show axonal terminals at the gutters of the postterminals when the NMJs were 

examined with a confocal microscope and in 3D reconstructed images (video 1). Thus, 

TH+ axons run proximate to the -BGT+ postterminals of the lumbricalis muscle.  In 

contrast to the sympathetic innervated lumbricalis muscle illustrated in Figure 3b, the 

panel c shows that TH immunoreactivity completely disappeared 7 days after 

sympathetic denervation (n = 8-10 muscles from 6 sympathectomized or sham-operated 

mice).  

Upregulation of genes associated with muscle denervation suggests that the amplitude 

of muscle force generated in response to motor nerve stimulation should be lower than 

that elicited by direct muscle stimulation. If NMJ transmission is impaired after SNS 

ablation, muscle force evoked by nerves, may lead to a lower and unsustained tetanic 

force. Figure 3 shows that sympathectomy causes a significant reduction in the indirect 

(nerve-evoked)/direct (muscle-evoked) contraction force ratio in the 20-150Hz 

stimulation range (d). Also, a progressive decline in nerve-evoked maximum force 

amplitude, or an unsustained plateau, was observed in sympathectomized (f) but not sham 

(e) mice. SNS ablation evokes significant loss in lumbricalis force and muscle mass. 

Seven days after sympathectomy, we measured significant decreases in absolute force 

(sham: 55 ± 6.2 mN; sympathectomized: 46 ± 7.1, n = 8 muscles from 4 mice per group; 

two-tailed P value = 0.017) and muscle fiber CSA (sham: 205 ± 31 µm2; 

sympathectomized: 164 ± 22, n = 120 fibers from 6 muscles and 4 mice per group; two-
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tailed P value = 0.025).  Figure 3 also shows twitches recorded in the peroneal nerve-

lumbricalis muscle preparations from sham (g) and sympathectomized (h) mice used for 

high- frequency stimulation. Consistent with the tetanic responses, twitches are smaller in 

the directly stimulated sympathectomized lumbricalis muscles, and their amplitude 

decreased further when indirectly stimulated. 

To define why nerve-evoked muscle contraction is depressed compared to direct 

muscle stimulation, we performed electrophysiological recordings in the plantar nerve-

lumbricalis muscle preparation from sympathectomized and sham-operated mice 

described above to determine whether the SNS regulates neuromuscular transmission. 

Spontaneous miniature end-plate potentials (MEPPs) were continuously recorded for 5 

minutes in myofibers exhibiting a resting membrane potential (RMP) of -60mV or more 

negative. Sarcolemmal RMP was slightly depolarized by sympathectomy (sham, -62 ± 

1.2 mV, n = 49; sympathectomy, -59 ± 1.2 mV, n = 54), but differences were not 

statistically significant (p= 0.067). Figure 3i shows selected MEPP recordings from 

sympathectomized and sham mice. Table 1 shows a significant decrease in amplitude, 

frequency, half-decay time, and duration in sympathectomized compared to sham mice as 

an indication of impaired pre- and postsynaptic function.  

Next, we analyzed end-plate potential (EPP) amplitude at increasing stimulation 

frequencies (2-150Hz for 1s) in sympathectomized and sham mice (Fig. 3j). Each 

electrical pulse was followed by an EPP in all experiments. Note the ~28% reduction in 

EPP amplitude in fibers from sympathectomized compared to sham mice. Table 1 shows 

that sympathectomy significantly decreased EPP amplitude and quantal content, while 

EPP kinetics did not differ between groups. NMJ plasticity, measured by recording EPP 
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facilitation and depression, did not differ significantly between sympathectomized and 

sham mice at this timepoint (Table 2). These results indicate that the SNS regulates NMJ 

transmission and skeletal muscle force elicited by motor nerve stimulation. 

 

SNS ablation induces smaller axon cross-sectional area, extensive axonal 

neurofilament disorganization and dephosphorylation and decrease in postsynaptic 

area 

Marked presynaptic modifications in NMJ transmission, characterized by reduced MEPP 

frequency and EPP quantal content following sympathectomy, and impaired muscle 

tetanic contraction evoked by repetitive motor nerve stimulation prompted us to examine 

neurofilament (NF) phosphorylation and synaptic vesicle density and area at the motor 

axon terminals.  

Since phosphorylation regulates the NF network, its interactions with 

microtubules,51,52 synaptic vesicles’ axonal transport toward the preterminal,53,54 and 

synaptic plasticity,55 we reasoned that by increasing the affinity of NF to microtubules,51 

NF dephosphorylation might influence synaptic vesicles transport.56 More recently, 

others reported that NF subunits are integral components of synapses and modulate 

neurotransmission,57 which could explain the preterminal functional alterations reported 

in Figure 3 and Table 1. NMJ innervation was examined in sham (Fig. 4a, c, e, and g) 

and sympathectomized (Fig. 4b, d, f, and h) thy-1 transgenic mice. Thy-1+ motor axon 

terminals (a, b) co-register with nonphosphorylated NF (c, d). Similarly, Thy-1+ axons 

(e) overlap with phosphorylated NF in sham (g) but not sympathectomized mice (f, h). 

These data indicate that SNS ablation leads to extensive NF dephosphorylation.  
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 To examine the reserve of synaptic vesicles (SVs), we focused our confocal 

microscopic analysis on the trajectory of motor axons immunostained with SV2 antibody 

in Thy-1 transgenic mice in sham (Fig. 4i, k) and sympathectomized (Fig. 4j, l) mice. 

Panels i and j show Thy-1+ motor axons in green and -BGT+ postterminals in blue. 

SV2 immunostaining outlines the axonal terminals in sham (k) but less pronounced in 

sympathectomized (l) mice. SV2 staining of vesicles, most likely corresponding to 

sympathetic axons surrounding blood vessels (i, k, yellow arrows) and motor terminals 

(white arrows), are reduced by sympathectomy (l); however, SV2 clearly outlines the 

axonal terminal in both sham and sympathectomized mice. These data indicate that SNS 

ablation does not deplete large axons terminals from synaptic vesicles.  

To quantify myofiber innervation, we measured the fractional occupancy of 

postsynaptic endplates using SV2 or synaptophysin immunoreactivity overlapping the 

postterminal BGT+ area. The postsynaptic area in sham-operated (255 ± 31µm2) and 

sympathectomized (187 ± 28µm2) mice decreased significantly (P < 0.001). Our results 

show a decrease in area as reported for the chemically sympathectomized mice.58  

Presynaptic terminal immunoreactivity to SV2 shows an almost complete occupancy of 

the postterminal in sham (96 ± 2.2%; 77 NMJs) (Fig. 4m and o) and sympathectomized 

(94 ± 3.4%, 68 NMJs) (n, p) lumbricalis mice (p = 0.358). Since synaptophysin is a 

synaptic vesicle protein phosphorylated by the nonreceptor tyrosine kinase src,59,60 we 

also examined the synaptophysin fractional occupancy of postsynaptic endplates.  

Synaptophysin immunoreactivity significantly decreased in sympathectomized (47 ± 

3.2%, 85 NMJs) compared to sham-operated (85 ± 2.9%, 92 NMJs) mice (p < 0.01). 

NMJs were assessed on 4-5 lumbricalis muscles from 3 mice per group. Figure 4 also 
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shows the close-up of a terminal immunoreactive to synaptophysin (s) that fully overlaps 

with the postterminal (q) in a sham mouse, while the postterminal in (r) did not (t) in a 

sympathectomized mouse.  Whether sympathectomy evokes dephosphorylation, 

rendering synaptophysin less reactive to the antibody, is unknown but offers a potential 

explanation. The antibody clone YE269 is raised against human aa250-350 of the C-

terminus, which encompasses 3 phosphorylation sites, and the tyrosine phosphatase SH-

PTP1 immunoprecipitates in a complex with synaptophysin and src.61 

 Figure 5 show levels of NF-H (a), NF-M (b), NF-L (c), phosphorylated NF-H 

and NF-M (d), protein phosphatase 2 (PP2A) (e), and protein phosphatase 1 (PP1) 

phosphatases (f) in the lysates of both sciatic-tibio-peroneal nerves from 3 sham and 3 

surgically sympathectomized mice. Blots and SDS PAGE were probed for GAPDH and 

Coomassie blue (g, h), respectively. Quantification of the NF immunoblots normalized to 

GAPDH show a significant increase in NF-H and NF-M but not NF-H-L (i) with 

sympathectomy. Analysis of the phosphorylated (NF-P)/nonphosphorylated (NF) ratio (j) 

showed decreased phosphorylation of both NF-H and NF-M subunits with 

sympathectomy. To examine whether the decreased NF-H and NF-M phosphorylation is 

associated with protein dephosphorylation, we measured levels of PP2A (e) and PP1 (f) 

phosphatases and found that both are significantly increased with sympathectomy (k) as 

represented in their individual measurements normalized to GAPDH (l). 

Electron micrographs showed NF and microtubule dissociation in tibioperoneal 

nerves from sham (Fig. S4a, c) but not sympathectomized (b, d) mice, indicating that NF 

dephosphorylation induces its interactions with microtubules.52 Since our analysis was 

done 7 days after sympathectomy, and the NF half-life has been reported as 22 days,62 we 
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did not expect any significant decrease in the number of NFs per area, actually we have 

recorded an increase in NF-H and NF-M by immunoblot (Fig. 5i). Density did not differ 

significantly between the tibio-peroneal nerve of sympathectomized (279 ± 51 NF/µm2; n 

= 7 axons, 3 nerves from 3 mice) and sham (296 ± 43; n = 8 axons, 3 nerves from 3 mice) 

mice. These results in sham mice are consistent with those reported in the distal sciatic 

nerve of young rats.63 Inclusion of the whole sciatic-tibio-peroneal nerve for immunoblot 

analysis but focused electron microscopy sections on the proximal tibio-peroneal nerve 

could explain apparent discrepancies between the increased NF-H and NF-M levels but 

conserved NF density.  Due to the NF disorganization depicted in Figure S4b, d as 

opposed to S4a, c; we measured the distance between NFs in transmission electron 

micrographs of nerve transversal sections using the Nearest Neighbor Distances 

Calculation64,65 plugin for Image-J software.  The analysis includes 306 and 389 

distances measured in 7 axons from 3 nerves in sympathectomized and 8 axons from 3 

nerves in sham mice. Figure S4e shows that maximum counts for both groups are at the 

72nm center, followed by 54 and 89nm; however, a wider range of NF distances was 

observed in the sympathectomized mice. These results indicate that sympathectomy 

induces NF disorganization, characterized by increased dispersion in inter-NF distances. 

To further analyze the effect of sympathectomy on myelinated axons, we used 

toluidine-blue staining to examine myelin thickness and axonal diameter (Fig. 6a, b) and 

transmission electron microscopy (TEM) to examine mean SV area. A wider range of 

myelin thicknesses (c) and a shift toward smaller axonal diameters (d) are prominent in 

distal tibial nerves in sympathectomized compared to sham mice, while no significant 

differences in mean SV area were recorded at the axonal boutons (e-g), consistently with 
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immunofluorescence results in Fig. 4i-l. It will be of interest to examine in subsequent 

experiments SV depletion at later timepoints after sympathectomy.  

How sympathetic denervation leads to changes in axonal diameter, myelin thickness, 

and SV depletion in the axon trajectory is uncertain. Sympathectomy activates expression 

of the neurotrophins brain-derived neurotrophic factor (BDNF), nerve growth factor 

(NGF), and glial-derived nerve factor (GDNF) and neurotrophin receptor p75 (p75NTR) 

mRNAs in a range from 32-350% but does not modify the Schwann cell myelination 

program based on the analysis of c-Jun (AP1B1), EGR2 (Krox20), MBP, and MPZ (P0) 

transcripts in the sciatic-tibial nerve at day 7 after sympathectomy (Fig. 6h).  

 These results indicate that SNS ablation results in axon shift toward smaller CSA, 

thinner myelin sheet, NF and microtubule association as evidence of structural 

involvement of large myelinated axons in sympathectomized mice. Strong 

downregulation of ILK further supports a crosstalk between the sympathetic and motor 

muscle innervation in physiological conditions; however, whether preterminal structural 

disarray accounts for the decreased synaptic vesicle release frequency and quantal 

content after sympathectomy reported above, is unclear at the present. 

 

Sympathectomy induces selective myofiber atrophy and a shift in fiber subtype 

Since skeletal muscle sympathectomy compromises neuromuscular transmission, we 

reasoned that a natural consequence would be myofiber atrophy. Figure 7a shows 

representative hematoxylin- and eosin-stained TA and GA muscle cross-sections from 

sham (top panels) and sympathectomized (bottom) mice. The statistically significant 

myofiber atrophy observed in both muscles after sympathectomy (a) is quantified in (b). 



40 
 

The histogram of frequency shows a decrease in fiber CSA for both muscles after 

sympathectomy (c).  

To determine whether sympathectomy affected specific myofiber subtypes, we 

immunostained muscle cross-sections with antibodies specific for myosin-heavy chain 

isoforms and examined fiber type composition and CSA in the TA and GA muscles. 

Also, we determined whether sympathectomy differentially modifies myofiber 

composition and CSA in different muscles with a similar percentage of type-I fibers, such 

as GA and soleus muscles, as reported for peripheral nerve injury.46  Figure 7d shows 

representative TA and GA muscle cross-sections from sham (top panels) and 

sympathectomized (bottom) mice. Like GA, the soleus muscle showed an increased 

percentage of type I and a decrease in type IIa, but, here, the differences were statistically 

significant. The percentages of types IIb and IIx did not change with sympathectomy in 

either GA or soleus muscles (Fig. 7e). Moreover, in the GA, type-I fibers atrophied, and 

type-IIa CSA increased, but all soleus fibers exhibited a decrease in CSA with 

sympathectomy, which was statistically significant only for type-IIb and -IIx fibers (Fig. 

7f).  It should be noticed that type-IIb fibers in soleus muscle have been reported 

previously.45,66 The decrease in myofiber CSA evoked by sympathectomy in the TA, GA, 

and soleus muscles is consistent with the reported dramatic decline in muscle NA after 

sympathectomy67 and the prevention of muscle wasting associated with aging and disease 

by administering β2-AR agonists.35  Percent-loss in CSA was consistent with weight 

changes in 8 TA (-21 ± 1.6%), GA (-17 ± 2.2%), and soleus (-24 ± 1.9%) muscles from 4 

sympathectomized or 4 sham-operated mice. 
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The number of myofibers counted at the largest CSA did not change significantly 

with sympathectomy (TA sham: 3580±260; TA sympathectomized: 3620±320, p = 0.87; 

GA sham: 9650± 520, GA sympathectomy: 10020 ±780, p = 0.47; n = 4-5 muscles per 

group and treatment). These data support a selective rather than a general decrease in 

muscle fiber size, which is consistent with a short-term neurogenic atrophy.  

 

Sympathectomy decreases membrane AChR but not Chrna1 transcription 

Since our electrophysiological data support the idea that sympathectomy triggers NMJ 

postsynaptic modifications, we performed AChR pull-down and immunoblot analyses to 

determine sarcolemmal (Fig. 8a, b) and total AChR (c, d) protein levels. Figure 8a, b 

shows that AChR decreased in GA and TA muscles from sympathectomized compared to 

sham mice. Since MuRF1 is located near the postterminal synapse and plays a role in 

AChR turnover, 68 we examined whether MuRF1KO precludes the effect of SNS ablation 

on membrane AChR; in a mouse model of constitutive TRIM 63 ablation, KO prevented 

the decline in postterminal membrane AChR expression. As expected, GA and TA 

muscles from sham MuRF1KO exhibited higher levels of membrane AChR than sham 

wild-type mice, which is explained by MuRF1 role in AChR recycling. 68 To determine 

whether the decrease in AChR protein at day 3-7 after sympathectomy is regulated 

transcriptionally, we measured Chrna1 mRNA at day 7 (Fig. 11a) and day 3 after 

sympathectomy (Fig. 11b). A minor increase in gene expression was observed from day 

3 to 7 in the GA but not the TA, indicating that membrane' AChR downregulation occurs 

at the protein, not the transcript, level.  
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In contrast, the total pool of muscle AChR increased in the GA but was not modified 

in the TA following SNS ablation and was enhanced by MuRF1KO in both 

sympathectomized and sham mice (Fig. 8c, d). These results support the idea that SNS 

favors AChR redistribution and membrane insertion at the NMJ postterminal. 

 

Sympathectomy induces an increase in muscle MuRF1 by decreasing Gi2 and 

activating the Hdac4- myogenin-MuRF1pathway  

To examine the mechanism by which sympathectomy decreases membrane AChR, we 

measured the E3-ligase MuRF1 in GA and TA muscles from sympathectomized mice, it 

increased significantly (Fig. 9a). At day 3 but not day 7 after sympathectomy, MuRF1 

mRNA was significantly higher than in sham mice (GA: 102%; TA: 97%) (Fig. 11a, b). 

Desynchronized elevation of transcript and protein has been reported for this and other 

genes with sciatic denervation and spinal cord injury, 69 indicating early and transient 

gene overexpression after surgery. Increased MuRF1 protein and mRNA do not seem to 

depend on significant changes in IB, Akt, or NFB (Fig. 9 b-d) phosphorylation 

following sympathectomy.  

 We also found that histone deacetylase-4 (Hdac4) increased in the GA (Fig. 10a), 

and myogenin increased in both muscles (Fig. 10b). Transcript levels for Hdac4 were 

higher at day 3 (GA: 153%; TA: 210%) than day 7 (GA: 79%; TA: 91%), while Fbxo32 

(aka MAFbx or atrogin-1) was higher at day 7 (TA: 245; GA: 215%) than day 3 (TA: 

141; GA: 96%). Transcripts for FoxO1, FoxO3 did not vary appreciably between 

timepoints (Fig. 11a, b). Myogenin protein was significantly increased at day 7 (Fig. 

10b), corresponding to increases in gene expression at day 7 (GA: 161%; TA: 173%). 
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Levels of 2-AR showed a small but significant increase in the TA but not the GA (Fig. 

10c). Since myogenin regulates miRNA-206 and, through it, muscle reinnervation, 70 we 

measured miRNA-206 levels and found elevated levels (220% and 73%) in TA and 

serum, respectively, but not in GA muscle, at day 7 after sympathectomy (Fig. 11c).  

The SNS signals through cAMP/protein kinase-A (PKA) to regulate MuRF1 levels. 67  

After sympathectomy, PKA (RI) increased, while PKA (RII) did not change, so the 

PKA (RII)/ PKA (RI) ratio decreased (Fig. S5), possibly contributing to the impaired 

neuromuscular transmission associated with increased cardiac troponin-T in the NMJ 

postterminal, as previously proposed. 71  

 

Like surgery, chemical sympathectomy regulates skeletal muscle innervation 

We wanted to determine whether sympathectomy induced by a method other than surgery 

also regulates skeletal muscle innervation, so we administered 6(OH)DA for either one or 

two weeks. Figure S6 shows Hdac4, myogenin, MuRF1, Chrng, Chrna1, and Gadd45a 

muscle mRNA levels at days 7 and 14 afterward. Myogenin (p = 0.021) and Chrng (p < 

0.001) in the GA, but only the first  in the TA (p < 0.035) were significantly upregulated 

14 days after treatment, while the six transcripts were not significantly different 7 days 

after chemical sympathectomy. Immunoblot analysis confirmed that 2 weeks of this 

treatment increased 2-AR and Hdac4 in the GA and decreased Gi2 in both GA and TA 

muscles (Fig. S7). Changes are less obvious at one week, which indicates that 6(OH)DA 

requires more time than surgical sympathectomy to induce muscle motor denervation. 

Percent-loss in muscle CSA after chemical sympathectomy is consistent with weight 

changes after surgical sympathectomy in TA (day 7: -16 ± 1.4%; day 14: -22 ± 1.9%), 
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GA (-15 ± 2.3%; -19 ± 2.6%), and soleus (-16 ± 2.0%; -25 ± 3.1%) muscles. These data 

indicate that after chemical sympathetic ablation, muscle mass changes similar to those 

found in surgically treated mice take longer to develop. These results show that 

sympathectomy results in skeletal muscle motor innervation dysregulation, regardless of 

the procedure used to induce it.  

 

Constitutive active Gi2 (Q205L) expression precludes Hdac4-Myogenin-MuRF1 

pathway activation in the TA muscle 

A previous study reported a significant decrease in NA (>80%) in soleus and EDL 

muscles after sympathectomy using the same surgical technique, while plasma 

catecholamines did not differ between sympathectomized and sham mice.67 Since the 2-

AR is a heterotrimeric guanine nucleotide-binding protein (G protein)-coupled receptor, 

and muscle noradrenaline NA levels and receptor activity decrease with 

sympathectomy,67 we examined whether sympathectomy led to decreased Gi2 

activation, a mechanism postulated to activate myogenin.72  We found that Gi2 (Fig. 

10d) significantly decreased in the GA and TA muscles after sympathectomy.    

The human Gi2 (Q205L) mutant, subcloned into an AAV vector was injected 3 

and 4 weeks before mouse sympathectomy and euthanasia, respectively.  Although both 

muscles show statistically significant difference in Gi2 expression between surgically 

sympathectomized and sham mice, only the TA muscle was injected because it is smaller 

than the GA, showed more significant atrophy with sympathectomy (Fig. 7b), and 

requires significant less amount of virus.  AVV- Gi2(Q205L) expression prevented 

decreases in membrane AChR levels (Fig. 8a, b), and increases in MuRF1 (Fig. 9a), 
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Hdac4 (Fig. 10a), Myogenin (Fig. 10b) and 2-AR (Fig. 10c) expression induced by 

sympathectomy. These results indicate that increased muscle levels of Gi2 prevent 

evidence of sympathectomy-induced skeletal muscle motor denervation (Fig. 12).  
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Discussion 

The NMJ is a specialized synapse, anatomically modeled as a tripartite structure 

consisting of an alpha motor neuron terminal, a myofiber postterminal, and perisynaptic 

Schwann cells. 73 The NMJ plays a critical role in sustaining muscle mass, strength, 

posture, and locomotion throughout life. 21 Defining the mechanisms by which the SNS 

regulates these neuromuscular properties may also have broad health implications, 

particularly on gait and mobility in older adults.  That the SNS regulates neuromuscular 

junction function and maintenance was recently reported. 31  Due to the widespread 

distribution of the SNS and the established link with physical disability, investigating the 

impact of its focal ablation on neuromuscular junction transmission is needed. To achieve 

this goal, we performed a state-of-art microsurgical procedure to selectively remove 

sympathetic innervation of mouse hindlimb muscles without interfering with central 

sympathetic nuclei function, cardiac sympathetic innervation, the sympatho-

adrenomedullary system, or motor axons innervating the skeletal muscle. In contrast to 

the classical model of muscle denervation, in which sectioning the sciatic nerve or any of 

its branches engages sympathetic, sensory, and motor axons, and unlike prolonged 

chemical procedures, such as systemic 6(OH)DA administration, which induce 

sympathetic denervation, 74-77 our procedure selectively depletes hindlimbs supplied 

exclusively by L2-L3 paravertebral sympathetic ganglia. 78   

This study demonstrates that ganglionic sympathetic neurons establish a bi-

directional functional connection with the skeletal muscle and extensively regulate the 

skeletal muscle transcriptome, motor synaptic vesicle release, large axon diameter and 

myelin thickness, probably through NF phosphorylation, and postsynaptic AChR stability 
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and muscle fiber innervation through regulating Gi2, Hdac4, myogenin, MuRF1 and 

miR-206 levels. Treatments for conditions characterized by loss of muscle mass and 

force, such as aging may benefit by targeting the SNS in addition to skeletal muscle. 

 

The SNS extensively regulates the skeletal muscle transcriptome 

SNS ablation leads to up- and down-regulation of the skeletal muscle genes involved 

both in  proteolytic 78 and non-proteolytic events, including synaptic vesicle docking and 

fusion, circadian rhythm, gene transcription, the Notch pathway, and those engaging 

SNARE interacting proteins, Akt1, and ubiquitin ligases. Although many of these genes 

are downregulated, those associated with muscle motor innervation, such as Chrng and 

myogenin, were upregulated in both GA and TA muscles. Our data included in Figs. 2, 

11, S1 and S2 show that gene expression changes with time after sympathectomy. The 

transient elevation of Murf1 at day 3 shown in Figure 11 is followed by a more sustained 

expression of myogenin and Chrng between days 3 and 7 after sympathectomy. Whether 

the transcriptome profile changes beyond day 7 after surgery is unknown. We do not 

expect that one week of muscle sympathetic denervation fully recapitulates the muscle 

transcriptome changes reported for a complete spinal nerve axotomy. However, our data 

do show the activation of a motor denervation program similar to that described for 

experimental motor denervation and Amyotrophic Lateral Sclerosis.70,79 Whether MyoD 

is modified at different timepoints than those used in our study is unknown. Based on a 

report that after sciatic nerve axotomy, the soleus muscle upregulates MyoD earlier and 

more strongly than the GA muscle does,46 we examined MyoD transcript levels in the 

soleus muscle from sham and sympathetic denervated mice. MyoD in the soleus muscle 
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shows a 375% upregulation, which further supports the concept that hindlimb muscle 

surgical sympathectomy promotes increased transcription of genes reported to be 

elevated during muscle motor denervation.  However, the gene transcription activated by 

sympathectomy seems to be desynchronized across the hindlimb muscles. Based on this 

finding, we decided to explore the mechanisms by which SNS ablation leads to 

dysregulation of skeletal muscle innervation and, ultimately, their functional impact.  

Differences in the arrays and the number of unique IDs for each platform make direct 

comparison of our dataset with that published on mouse sciatic muscle denervation44 

difficult. We used an MG-430 Gene Atlas array strip, while they used a Muscle Array 

1.0; the printed DNA probes used to hybridize with the experimental cDNAs on the 

slides differ. Our array provided 21,679 unique IDs and theirs ~900 at day 7 post-

denervation. Despite this big difference in comparable genes, a substantial number are 

down- (202) or up- (279) regulated in both datasets. Almost half of the genes with unique 

IDs in their microarray (481) are similarly regulated by sympathetic denervation.  The 

Supplementary Excel file two DataSets_comparison_ GSE1893 and WF, provides a 

detailed analysis. Using DAVID functional assessment, we found that the 202 

downregulated and 279 upregulated genes in the two datasets clustered into 60 gene 

ontology (GO) term enrichment and KEGG pathways. As expected for interventions that 

induce widespread cell modifications, these clusters include a large set of genes that 

regulate myofiber molecular composition and function (see also Fig. 2 and S2 in this 

manuscript and Fig. 3 and Table 2 in 44).  

Still, transcriptome differences between sympathetic and motor denervation exist. 

Since we surgically interrupted only sympathetic, not motor, muscle axons, we expected 
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out-of-phase changes in gene transcription between the two interventions. Also, the 

amplitude of changes in gene expression after denervation varies significantly in the 

literature. Our microarray database and quantitative qPCR consistently show no 

significant elevations in Gadd45a mRNA in the first week after sympathectomy. 

Although Bongers et al. reported a large increase using qPCR,80 Raffaello et al. reported 

a more modest increase using a microarray and qPCR.44 Based on these methods, 

Gadd45a mRNA levels oscillate in the first two weeks after denervation, tending to 

decrease between days 3 and 7. Although Cohen et al. reported a 15-fold increase in 

Hdac4 at day 7 after muscle denervation,81 Furlow et al. reported a 3-fold increase at day 

3, consistent with our data.82 The time course of Hdac4 mRNA upregulation also varies 

in the literature, peaking at day 2 then declining80 or at day 7 with no later information 

provided.81 

Differences in gene expression can be explained by various factors: (a) The length of 

the nerve stump: surgical sympathetic denervation takes place at the lumbar paravertebral 

sympathetic ganglia chain, while motor denervation by axotomy of the sciatic nerve takes 

place at the trochanter level, closer to the hindlimb muscles, and evokes earlier signs of 

muscle denervation. (b) Variation in the transcript probes between arrays, as mentioned 

above. (c) Differences in the muscles examined. We looked at GA, and Raffaello et al.,44 

TA. (d) Direct motor axotomy leads to irreversible muscle denervation, while 

sympathectomy can evoke a process of motor denervation and reinnervation, which 

would account for the qualitative and quantitative differences between the interventions. 

(e) Although NMJ proximity to sympathetic ramifications appears to be a general feature, 

the precise morphological interaction may vary between muscle types,83 which would 
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account for the differences in the initiation and development of dysregulated muscle 

motor innervation that sympathetic ablation evokes.  Despite these caveats, global 

similarities exist, prompting us to propose that the SNS regulates skeletal muscle 

innervation.  

In addition to this analysis, a series of findings support SNS regulation of muscle 

innervation, including: (a) genes associated with muscle motor denervation, such as 

Chrng, MyoD, Fbxo32, and myogenin; synaptic vesicle docking and fusion (Stxbp1); and 

presynaptic SNARE proteins (Vamp3 and VtI1b); (b) NMJ transmission and skeletal 

muscle force generated by motor nerve stimulation; (c) selective fiber atrophy in three 

hindlimb muscles (TA, GA, and soleus); (d) axon cross-sectional area, axonal 

neurofilament organization and phosphorylation, and postsynaptic area; (e) AChR levels; 

and (f) activation of the Hdac4-myogenin-MuRF1-miR-206 pathway, which is also 

activated by motor denervation, among other major changes.  

Muscle and circulating levels of miR-206 play an important role in muscle 

innervation and myofiber nuclear signaling triggered by denervation.70,79 Here, we report 

increased miR-206 in TA but not GA muscles and elevation in serum a week after lumbar 

sympathetic denervation. That miR-206 is elevated in the TA but not the GA strengthens 

this finding’s significance. Levels of miR-206 depend on the relative proportion of fast- 

and slow-fiber composition; elevation is associated with muscles predominantly 

composed of fast-type fibers; decrease, with slow-type fibers; and no change with mixed 

fiber-type composition.84,85  Since myoD miRs are expressed in both cardiac and skeletal 

muscle, but miR-206 is skeletal muscle-specific,86 so its serum levels reflect the balance 

between myofiber expression and the magnitude of extrusion to circulation. Elevated 
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serum levels of miR-206 in response to sympathetic denervation indicate that fast fibers 

are contributing more than slow fibers to circulating levels. 

 

The SNS regulates NMJ transmission and muscle force generation  

Previous work has shown that administration of sympathomimetic agents prevents the 

effects of chemical sympathectomy, demonstrating that SNS innervation controls 

homeostasis of NMJs; 31 however, the mechanism is unknown. We found a significant 

decrease in (a) MEPP amplitude, frequency, half-decay time, and duration and (b) EPP 

amplitude and quantal content in sympathectomized compared to sham mice. Decreased 

EPP amplitude reflects less evoked ACh release, 87 while reduced quantal content reflects 

fewer ACh transmitters in the synaptic vesicles, 88 indicating that SNS ablation induces 

both presynaptic and postsynaptic alterations. Alterations in NMJ transmission lead to 

decreased muscle force generation in response to short (twitch) and prolonged (tetanus) 

motor nerve stimulation. 

 

SNS ablation leads to increased spinal nerve expression of genes encoding 

neurotrophins and extensive motor axon neurofilament dephosphorylation  

A decrease in synaptic vesicle release and quantum content indicates that motor axon 

function is impaired, but how sympathetic and motor axons in the spinal nerve 

communicate under normal and pathological conditions is unknown. To examine this, we 

examined whether sympathectomy alters myelination, myelin thickness, and/or NF 

phosphorylation in large axons like those in motor neurons. We found an increased 

variability in myelin thickness, which might be associated with activation of Schwann 
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cell reprogramming.89 Myelinating Schwann cells modulate NF phosphorylation, axonal 

caliber, and slow axonal transport. 90 Although our analysis at the sciatic-tibio-peroneal 

nerve showed no downregulation of genes encoding axonal myelination, we found a 

reactive increase in neurotrophin gene transcription. NFs are abundant in motor and other 

neurons with large axonal diameters.91,92 The mechanism underlying cross-talk between 

sympathetic and motor axons remains unclear. The dephosphorylated NF interaction with 

microtubules revealed by TEM may interfere with the transport of enzymes and peptide 

precursors via microtubules.93   

The phosphorylation state of NF proteins is the result of a dynamic balance between 

the levels and activity of kinases and phosphatases.55  By comparing the phosphorylation 

status of peroneal nerve innervating the lumbricalis muscle by immunofluorescence and 

the immunoblot analysis, we realize that the magnitude of nerve dephosphorylation is 

much larger in the former; however, it must be noted that immunofluorescence was 

recorded in the most distal segment of the peroneal nerve, while immunoblots required a 

lysate of the whole sciatic-tibial-peroneal nerve. A distal-to-proximal NF 

dephosphorylation gradient could explain the higher impact of nerve dephosphorylation 

on the nerve innervating the lumbricalis than the whole extension of the sciatic-tibial-

peroneal nerve, which is consistent with the reported substantially more phosphatase 

activity in nerve terminals.94 This proposal is further supported by our data showing an 

extensive but partial loss of immunoreactivity to the antibodies raised against the 

phosphorylated NF and SV2 at the nerve terminals in the EDL muscles. Fig. S3 shows z-

stack confocal images of EDL muscles from sham-operated (a, c) and lumbar 

sympathectomized (b, d, e) mice. Panels a and b show full co-registration of 
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nonphosphorylated NF (SMI 311 Ab) plus SV2 Ab (green, AF488) and BGT-680 (blue, 

cy5.5) at the NMJs; c, d and e show staining of phosphorylated NF (SMI 312 Ab) ) plus 

SV2 Ab (green, AF488) and BGT-680 (blue, cy5.5).  Immunoreactivity to NF-P and SV2 

antibodies is positive in the muscle from a sham mouse (c) and some areas of the muscle 

7 days after sympathectomy (d), but negative for NF (SMI 3112) in others (e). 

Quantification of this analysis shows a significant difference between sham and 

sympathectomized mice (sham: 98 ± 1.6 positive in 105 NMJs in 3 muscles from 3 mice; 

sympathectomized: 22 ± 2.7% positive immunoreactivity in 69 NMJs in 3 muscles from 

3 mice; P <0.001).   

This study does not rule out an increase in PP2A and PP1 phosphatases activity, a 

role for the calcineurin phosphatase, and/or a decrease in levels of activity of previously 

identified NF kinases, such as cyclin-dependent protein kinase 5, mitogen-activated 

protein kinase, casein kinase 1 and 2, and glycogen synthase kinase 3b, 55,95 in the lower 

levels of NF phosphorylation in sympathectomized compared to sham-operated mice. 

That dephosphorylation facilitates NF enzymatic degradation has been reported; 96 

however, we have recorded a significant increase in NF-H and NF-M subunit levels 

which could be due to the relatively short sympathectomy.  It should be notice that the 

increased susceptibility of dephosphorylated NF to calpain enzymatic degradation has 

been reported in vitro;96 and whether this happens in vivo is unclear. 

Our muscle transcriptome analysis shows that after sympathectomy, integrin-linked 

kinase (ILK) signaling is the most downregulated. It links the extracellular matrix to the 

actin cytoskeleton 97 and promotes formation of cell-cell contacts. 98,99  Integrins are 
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involved in human NF-H phosphorylation 100 and stimulate phosphorylation of the NF-M 

subunit KSP repeat motif by activating Erk1/Erk2 in motor neurons. 101   

 

SNS regulates MuRF1 expression and postsynaptic AChR  

We found an elevation in MuRF1 transcript and protein after SNS ablation. The increase 

in the E3 ligase led to a decrease in sarcolemmal AChR but an increase in the total 

amount. MuRF1 is expressed in both type-I and type-II fibers, preferentially in the latter, 

is highly enriched in the postterminal, interacts with AChR in endocytic structures, 68 and 

is involved in muscle trophism and maintenance. 102  Preferential MuRF1 expression in 

type-II fibers may account for some discrepancy between measures in GA and TA 

muscles. Sympathectomized MuRF1KO mice showed AChR partition between the 

sarcolemma and subsarcolemmal domain similar to that observed in innervated young 

mice. These results support the conclusion that MuRF1 mediates SNS regulation of the 

fraction of receptors located at the postterminal NMJ.  

 Sciatic denervation leads to increased MuRF1 and Fbxo32 in the rat,103 while 

MuRF1 but not Fbxo32 (atrogin-1) was significantly altered at day 14 after motor 

denervation in both soleus and tibialis anterior in the mouse as determined by 

immunoblot.102 In a previous study,44 Fbxo32 decreased at day 7 after motor denervation, 

In response to mouse motor denervation the overexpression of Fbxo32 and MuRF-1 

peaked at day 3 and thereafter declined, suggesting that other signaling pathways and 

other proteolytic mechanisms might become predominant at later times.”44 Note that 

treatment with the 2-AR agonist clenbuterol prevents denervation-induced increases in 

Fbxo32 levels.104 These data indicate that maintaining sympathetic activity or stimulating 



55 
 

2-AR prevents increases in Fbxo32 levels. We analyzed Fbxo32 expression in qPCR 

studies using primers flanking the E-boxes in the Fbxo32 promoter. 70 These data show a 

significant increase of this gene in TA and GA muscles at days 3 and 7 after 

sympathectomy (Fig. 11).  

Whether MuRF1 mediates muscle atrophy in response SNA ablation is controversial. 

Transgenic muscle-specific overexpression of MuRF1 does not cause muscle atrophy,105 

but the same group demonstrated that MuRF1 KO dramatically prevents denervation-

induced atrophy in mouse TA muscle.102 More recently, that induction of genes 

associated with the NMJ is blunted in MuRF1 KO mice has been reported.82 Thus, we 

cannot rule out MuRF1 participation in denervation-induced muscle atrophy.   

 The increase in MuRF1 after sympathectomy suggests that the SNS inhibits its 

expression under physiological conditions. We ruled out the participation of several 

alternative pathways, 106 and the potential effect of β2-AR was also excluded because it 

was increased in the TA but produced no significant changes in the GA after SNS 

ablation We also found an increase in PKA(RI but a decrease in the PKA(RII 

PKA(RI ratio, which was recently proposed as a marker of the failure of postsynaptic 

AChR recycling and membrane insertion. 71 An alternative mechanism for the elevation 

of MuRF1 levels after SNS ablation could be decreased muscle autophagy. However, 

although lysosome degradation of proteasomes has been demonstrated in rat liver 107 its 

role in the skeletal muscle is not known.     

Impaired motor axon function is further supported by elevated Hdac4 concentration at 

the NMJ. 81, 70 The Hdac4 gene decreased from day 3 to day 7 after sympathectomy, 

while the protein remained elevated at day 7. MuRF1 regulation by the canonical Gi2-
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myogenin cascade has been reported, 108 but whether SNS dysfunction is involved is 

unknown. We found that sympathectomy downregulates Gi2, which has been shown to 

increase, Hdac4 108 and both findings were prevented by infecting the TA muscle with 

the constitutively activated form of Gi2,  
109 which expression was carry out by an adeno-

associated virus, AAV-Gi2(Q205L).  Myogenin induces muscle and serum miR-206, 

which suppresses Hdac4 and promotes reinnervation. 70  A role of the SNS denervation 

of blood vessels in NMJ molecular composition and function cannot be ruled out; 

however, Gi2(Q205L) expression specifically in myofibers 108 is consistent with a direct 

effect of sympathetic input on NMJs. Also, muscle flow recording has shown that the 

effect of epinephrine on neuromuscular transmission is independent of concomitant 

vascular changes produced by the catecholamine. 110   

In summary, the SNS regulates NF phosphorylation, motor axon vesicle release, 

maintains optimal Gi2 expression and prevents any increase in Hdac4, myogenin, 

MuRF1, and miR-206.  Upregulation of MuRF1 leads to muscle atrophy and 

downregulation of postsynaptic membrane AChR. Our findings are relevant to clinical 

conditions characterized by progressive decline of sympathetic innervation, such as 

neurodegenerative diseases and aging sarcopenia.  
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Materials and Methods 

Animals and ethics statement 

Young (2-3-month-old) male and female C57BL/6 and B6.Cg-Tg(Thy1-YFP)16Jrs/J 

mice were obtained from the National Institute on Aging (NIA) and Jackson Laboratory 

(Stock No: 003709), respectively, and along with the MuRF-1(Trim63)-KO mice (our 

colony)111 were housed in the pathogen-free Animal Research Program (ARP) of the 

Wake Forest School of Medicine (WFSM) at 20-23°C and a 12:12-hour dark-light cycle. 

All mice were fed chow ad libitum and had continuous access to drinking water. All 

experimental procedures were conducted in compliance with National Institutes of Health 

laboratory animal care guidelines. We made every effort to minimize mouse suffering. 

The protocol A15-219 was approved by the WFSM Institutional Animal Care and Use 

Committee for this study. 

 

Surgical sympathectomy and experiment recording times 

Mice were anesthetized with 2% inhaled isoflurane. Microsurgical bilateral excision of 

the second and third lumbar (L2-L3) ganglia of the paravertebral sympathetic chain (Fig. 

1a) involved opening the ventral abdominal wall, retracting the organs laterally, 

identifying paravertebral structures, including the sympathetic ganglia chain, aorta, and 

renal arteries; and excising the ganglia. 112-115 Tibialis anterior (TA), gastrocnemius (GA), 

soleus, EDL, and lumbricalis muscles did not exhibit TH+ immunoreactivity 7 days after 

sympathectomy, which indicates that these muscles do not receive sympathetic 

innervation from the paravertebral sympathetic ganglia other than L2-L3. Ganglia were 

cryopreserved and stored in Tissue-Tek® O.C.T. (optimal cutting temperature) compound 
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(Sakura Finetek, Torrance, CA, USA) at -80°C. Control mice were subjected to sham 

operation, consisting of all the previous steps but omitting sympathetic ganglia removal. 

Sham and sympathectomized mice were anesthetized for the same average time. Most 

experiments were performed 7 days after sympathectomy or sham operation. However, 

Figure 11 includes data collected on day 3, and Figures S6-S7 show data collected on 

days 7 and 14 after surgery, as indicated. The rationale for using these specific timepoints 

is explained for each set of experiments. 

 

Chemical sympathectomy 

For chemical sympathectomy, 6-hydroxydopamine (6(OH)DA, Sigma-Aldrich, St. Louis, 

MO) was diluted in 0.3% ascorbic acid in sterile oxygen-free water. Since IV 

administration for more than a week resulted in deterioration of overall health status, 

6(OH)DA (100 mg/kg) or vehicle alone were intramuscularly injected into the hindlimb 

of 2-month-old C57BL/6 mice every other day for one or two weeks. Oxygen-free water 

was obtained by gassing water with N2 for 20 min. 116  All solutions were prepared fresh 

before injection.  

 

Cholera toxin injection and sympathetic ganglia immunohistochemistry  

TA and GA muscles were injected with 4µl cholera toxin subunit B (CTB)-conjugated 

Alexa Fluor® 488 (1µl/µl) and 4µl CTB-conjugated Alexa Fluor® 555 (5µl/µl), 

respectively. The next day, mice were anaesthetized by intraperitoneal injection of a 

ketamine/xylazine mixture (1 ml ketamine + 0.2 ml xylazine + 8.8 ml H2O) and 

transcardially perfused with 2% paraformaldehyde (PFA) in 0.1M sodium phosphate 
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buffer solution (pH 7.4). TA, GA, and L2-L3 sympathetic ganglia were removed and 

cryopreserved by sucrose treatment; then O.C.T. was embedded, and they were sliced 

with a cryostat to obtain 10-15µm tissue sections. Figure 1b-d represents three 

independent experiments.  

 

Sympathetic ganglia immunohistochemistry 

Sympathetic ganglia were pinned in a dish coated with Sylgard 184 silicone (Dow 

Corning, Midland, MI), fixed in 2% PFA at 4°C overnight, cryopreserved with increasing 

concentrations of sucrose (5% at 4°C overnight, 20% at 4°C overnight, and 30% at room 

temperature for 6h), rinsed in PBS, and frozen in O.C.T. Cryosections (10-15µm), 

mounted on a glass slide, were rinsed in PBST and blocked with 1% Triton and 10% goat 

serum in PBS at 4°C overnight.  Ganglia were labeled with primary rabbit anti-TH 

polyclonal antibody (AB152, dilution 1:100; Millipore, Billerica, MA) in the presence of 

4% goat serum and 1% Triton in PBS at 4°C overnight. Next day, the preparation was 

washed in PBST and the secondary AF568 goat anti-rabbit IgG antibody (A-11036, 

dilution 1:1000, ThermoFisher; Waltham, MA) added and incubated at 4°C overnight. 

Next day, the preparation was washed with PBST, the nuclei labeled with Hoechst 33342 

(H3570, dilution 1:2000, Invitrogen, Carlsbad, CA) at room temperature for 5min, 

washed in PBS and mounted using mounting medium (S3023, Dako, Carpinteria, CA) 

(Fig. 1b-d). Fluorescently labeled ganglia were imaged on an inverted, motorized, 

fluorescent microscope (Olympus, IX81, Tokyo, Japan) with an Orca-R2 Hamamatsu 

CCD camera (Hamamatsu, Japan). The camera driver and image acquisition were 

controlled with a MetaMorph Imaging System (Olympus).   
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TA, GA, and EDL skeletal muscle histochemical and immunofluorescence 

Skeletal muscle histochemical and immunofluorescence analysis followed reported 

procedures. 45,117 TA, GA and EDL muscles were used for these experiments due to their 

distinct fiber type composition, and larger size than lumbricalis, a muscle extensively 

used in this study.  Briefly, muscles were dissected, perpendicularly stuck to a plastic 

surface by means of O.C.T thickened with baby powder, quickly frozen in liquid 

nitrogen, and stored at −80 °C until cut into 10-µm sections at -20°C with a Leitz cryostat 

(Buffalo Grove, IL).  

 To obtain consistent fiber counting across muscles and mice, we serially sectioned 

the muscle at the main CSA as determined macroscopically then confirmed the largest 

CSA in the serially mounted hematoxylin- and eosin-stained slices microscopically. The 

microscopic approach used the Nanozoomer Olympus Microscope, a digital image 

stitching system.  Here, we reported the myofibers counted at the largest CSA. 

For immunofluorescence, cryosections were rinsed in phospho-buffered saline 

(PBS) and blocked with 10% goat serum in PBS for 1 hour. Myofiber subtypes were 

identified with specific myosin heavy chain (MHC) isoform antibodies and 

immunofluorescence microscopy. Muscle sections were incubated with primary mouse 

antibodies BA-F8 (MHC type-I, dilution: 1: 50), SC-71 (MHC type-IIa, dilution: 1:500), 

BF-F3 (MHC type-IIb, dilution: 1:100), and 10% goat serum in PBS for 2 hours at room 

temperature. All primary antibodies were purchased from the University of Iowa 

Developmental Studies Hybridoma Bank (DSHB). After washing the sections with PBS 

twice for 5 minutes, they were incubated with secondary goat anti-mouse antibodies 
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AF350 IgG2b (against BA-F8,1:500), AF488 IgG (1SC-71, 1:500), and AF555 IgM (BF-

F3, 1:500) in 10% goat serum in PBS for 1 hour at room temperature followed by two 5-

minute washes with PBS. All secondary antibodies were purchased from Invitrogen 

(Thermo Fisher, Carlsbad, CA). Tissue sections were mounted using fluorescence 

mounting medium and visualized with an IX81 Olympus fluorescence microscope.  

Fibers negative to these three antibodies (black) were labeled IIx as reported previously.45 

Unfortunately, commercially available antibodies against type IIx did not work 

convincingly in our hands.   

 

Neurofilament and neuromuscular junction immunostaining in lumbricalis muscles 

For these experiments, we took advantage of the anatomical organization of the 

lumbricalis into few myofiber layers, which allowed us to fully image the intact muscle 

and assess muscle fiber innervation avoiding cryosection distortions. Lumbricalis 

muscles were dissected, freed from surrounding tissues, the tendons pinned in a Sylgard 

coated dish, fixed in 2% PFA at 4°C overnight, washed in PBST for 10 min three times, 

and blocked with 1% Triton and 10% goat serum in PBS at 4°C overnight.  Next day the 

muscle was incubated in nonphosphorylated SMI-311 (cat #837801, dilution:1:500, 

Biolegend, San Diego, CA) or phosphorylated nerve neurofilament SMI-312 (cat 

#837901, dilution: 1:500, Biolegend), plus synaptic vesicle protein 2 (cat. SV2, dilution: 

1:10, DSHB), and -bungarotoxin (BGT) CF680R (cat #00003, dilution: 1:250, Biotium, 

Fremont, CA) in 1% Triton and 4% goat serum in PBS at 4°C overnight.  Next day, the 

preparation was washed 3 times in PBST for 1h each. An AF568 goat anti-mouse IgG 

(cat #A11004, dilution: 1:1000, ThermoFisher), used as the secondary antibody for SMI-
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311, SMI-312, and SV2, plus 1% goat serum and BGT CF680R were added at room 

temperature for 4h.  The preparation was washed 3 times in PBS for 1h each, tendons 

were cut, the lumbricalis muscle mounted on a glass slide using Dako mounting medium 

and visualized with an Olympus IX81 fluorescence microscope or an Olympus 

FV1200/IX83 spectral laser scanning confocal microscope.  

 

NMJ preterminal and postterminal area and quantification of the fractional occupancy 

of postsynaptic endplates 

The NMJ postterminal area was calculated by manually outlining the borders of the 

BGT+ pretzel shape and converting squared pixels to squared microns using MetaMorph 

or Image-J Imaging software. Similarly, the preterminal area was calculated by outlining 

SV2 or synaptophysin (ab32127antibody (Abcam, Cambridge, MA, USA) positive zones.  

We quantified the fractional occupancy of postsynaptic endplates using SV2 or 

synaptophysin immunoreactivity overlapping the postterminal BGT+ area. Identity of 

experimental groups was blinded to the investigator.    

 

Modified iDISCO clearing technique 

For lumbricalis muscle immunofluorescence as shown in Fig. 3b and video 1, muscles 

were treated with a modified iDISCO technique. 31,118 Muscles, pinned in a Sylgard 

coated dish, were fixed in 4% PFA at 4°C overnight.  Next day, muscles were washed 

three times with PBS in 1 h and preincubated with 0.2% Triton X-100/20% (vol/vol) 

DMSO/ 0.3 M glycine in PBS at 37 °C overnight. Muscles were then incubated in 0.2% 

Tween in PBS with 10 μg/ml heparin (PTwH) at room temperature for 2 days and then 
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blocked with 0.2% Triton X-100/10% (vol/vol) DMSO/6% (vol/vol) BSA in PBS (PTDB 

solution) at 37°C for 24 h. Muscles were washed three times with PTwH in 1 h, followed 

by incubation with primary (rabbit anti-TH polyclonal antibody, AB152, dilution 1:100; 

Millipore) and secondary (AF594 donkey anti-rabbit IgG antibody, R37119, dilution 

1:1000, ThemoFisher) antibodies in PTDB solution (diluted with PTwH) for 4 days each. 

Postterminals were stained with BGT CF680R, added together with secondary antibody. 

Between primary and secondary antibody staining, muscles were washed with PTwH 

solution for 2 days and again 2 days before imaging. Muscles were mounted on a glass 

slide using Dako mounting medium. 

 

Electron microscopy, myelin staining with toluidine blue, and neurofilament distances 

quantification 

Lumbricalis muscles, pinned to a Sylgard coated dish at slack length, were fixed in 

vitro in 0.5% glutaraldehyde–4% PFA in PBS for 30–60 min. In our hands, this fixation 

procedure and cardiac perfusion and fixation do not differ in terms of preparation quality. 

Due to the particular arrangement of the NMJs, we excised a band of muscle equidistant 

from both tendons and further processed for electron microscopy. In addition, 

tibioperoneal nerves were fixed in 2.5% glutaraldehyde, placed in 1% osmium tetroxide, 

dehydrated through a graded series of ethanol and propylene oxide cut at 0.39 µm, and 

stained with toluidine blue. Images were obtained using a FEI Tecnai BioTwin 

transmission electron microscope (120 keV; ThermoFisher).  
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 The distance between NFs in transmission electron micrographs of nerve 

transversal sections was measured using the Nearest Neighbor Distances Calculation64,65 

plugin for Image-J software. 

 

Electrophysiological recording of neuromuscular transmission 

Surgical sympathectomized and sham mice were sacrificed 7 days after surgery, and the 

lumbricalis muscle was dissected with its plantar nerve attached (Fig. 1e). The 

neuromuscular preparation was incubated in μ-conotoxin GIIIB (Alomone Labs, 

Jerusalem, Israel) to a final concentration of 1 µM for 30 minutes to prevent muscle 

contraction. The NMJ transmission was then recorded intracellularly in oxygenated 

normal mammalian Ringer’s solution (in mM, 135 NaCl, 5 KCl, 1 MgSO4, 15 NaHCO3, 

1 Na2HPO4, 11 D-glucose, 2.5 calcium gluconate, pH 7.4) using a TEV-200A amplifier 

(Dagan Co., Minneapolis, MN), DigiData 1322A, and pClamp10.5 software (MDS 

Analytical Technologies, Sunnyvale, CA). The intracellular electrodes (~40mΩ) were 

filled with 2M K-citrate and 10 mM K-chloride and mounted on the stage of a MP-285 

micromanipulator (Sutter Instruments, Novato, CA). An upright, fixed-stage Zeiss 

Axioscope FS microscope (Carl Zeiss, Thornwood, NY) with a 10 or 20X, water 

immersion FLUAR objective (Zeiss), mounted on a microscope translator (Sutter 

Instruments), was used to visualize the preparation. We recorded miniature endplate 

potentials (MEPPs) and evoked endplate potentials (EPPs) in an average of 15 NMJs per 

mouse. The proximity of the recording microelectrode to the NMJ was established 

microscopically and by the amplitude of MEPPs. EPPs were elicited by electrical 

stimulation at increasing frequencies from 2 to 150 Hz. EPP facilitation and depression 
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were measured as the ratio between the maximum and the first EPP amplitudes and 

between the first and the last EPP of the run, respectively. MEPPs were baseline 

corrected, and their amplitude, frequency, time-to-peak, half-decay time, and duration 

were retrieved by setting basic selection criteria to conduct peak selection. Quantal 

content was calculated by dividing the mean amplitude of the EPP by the mean amplitude 

of the MEPPs as described. 49  

 

Assessment of muscle force generated by direct muscle- or nerve-evoked stimulation 

We recorded nerve-evoked muscle contraction at increasing frequencies (2-150Hz) for 1s 

in sympathectomized and sham mice using an Aurora Scientific 407A force transducer 

and stimulator. We then blocked neuromuscular transmission with 10-5 g/ml d-

tubocurarine. After verifying that nerve stimulation evoked no detectable muscle 

contraction, we switched to direct muscle force recording, using field stimulation 

generated between two parallel platinum plates, and repeated maximal sub tetanic and 

tetanic forces at the same frequencies in lumbricalis muscle. The composition of the bath 

solution was the same used for NMJ transmission recordings. The experiment was carried 

out at room temperature (~21°C). 

 

Protein isolation and immunoblots 

Total and membrane acetylcholine receptor pull-down and immunoblot. To isolate the 

total cytosolic AChR fraction, frozen muscles were mechanically disrupted using a 

mortar and pestle in liquid nitrogen and handheld Tissue-TearorTM in ice-cold RIPA® 

buffer (Sigma-Aldrich, St. Louis, MO) plus Roche complete Mini Protease Inhibitor 
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Cocktail from Thermo Fisher Scientific. The resulting homogenate was centrifuged at 

18,000 g for 10 min at -4°C to remove insoluble debris, and the total amount of protein in 

the supernatant was measured.  

BiotinXX-BGT (Thermo Fisher) was added to the proteins to start total AChR pull-

down, which was completed overnight with NeutroAvidin beads (Thermo Fisher). SDS-

PAGE was conducted using a 4-20% gradient gel in a Mini-PROTEAN gel system (Bio-

Rad Laboratories, Hemel Hempstead, Herts, UK). Gels were then transferred to 0.45µm 

pore size PVDF membranes (Millipore, Billerica, MA). For primary antibody incubation, 

blots were blocked in 5% nonfat dry milk with 0.1% TWEEN in tris-buffered saline 

(TBS, 150 mM NaCl, 50 mM Tris-HCl, pH 7.5). An anti-AChR α1 primary (Biolegend, 

San Diego, CA) and anti-rat horseradish peroxidase (HRP) secondary antibody Jackson 

Immunoresearch, West Grove, PA) were used. GAPDH was used as the loading control 

and its levels were determined by immunoblotting the protein lysate with a GAPDH 

antibody (cat #GTX627408, 1:40,000, Genetex, Irvine, CA) and an anti-mouse HRP 

secondary antibody (Amersham).119  

 To measure membrane AChR fraction, we initially injected increasing 

concentrations of bungarotoxin-biotin (2-4 µg) in different mice (weight: 20±0.5g) to 

determine the saturating dose (3µg), which was defined as that providing the maximal 

immunoblot signal. As expected, the saturating dose was close to the lethal dose (4µg) 

and was systematically injected into the TA muscles of sympathectomized or sham mice. 

Mice were sacrificed 6h later, and the TA and GA muscles was dissected and processed 

as described above for AChR quantification. Peroxidase activity was measured with the 

Amersham ECL plus western blot detection reagents (GE Healthcare, Piscataway, NJ), 
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and band intensity was measured using a Kodak Gel Doc imaging system (Carestream 

Health, Inc., Rochester, NY) or NIH ImageJ software.  

 

Protein measures in muscle lysates. For the remaining proteins analyzed in skeletal 

muscle lysates, we used the primary antibodies listed in Table S1. Amersham horse-

radish-peroxidase-conjugated secondary antibodies were purchased from GE Healthcare 

Life Sciences (Pittsburgh, PA).  

 

Real-time PCR (qPCR) mRNA 

Messenger RNA-expression levels were quantified by qPCR using a SensiFAST Probe 

Lo-ROX One-Step Kit (Bioline, Taunton, MA). Total RNA (20ng) was loaded for qPCR 

in 20-µl total volume. After RT cDNA synthesis at 45 °C for 30 minutes and RT 

deactivation at 95 °C for 5 minutes, PCR was performed over 40 cycles at 95 °C for 10 

seconds and 60 °C for 1 minute. Results were normalized to glyceraldehyde 3-phosphate 

dehydrogenase (Gapdh) RNA as the internal control. Relative quantities were calculated 

using the comparative threshold (CT) method. 120,121 All samples were run in triplicate. 

Primers and Taqman probes were purchased from Applied Biosystems (Foster City, CA). 

For a complete list of the Taqman primers used for skeletal muscle and nerve mRNA 

analysis, see Table S2. 

 

Muscle and serum miR-206  

TA and GA muscle miR-206 was measured using the miRNeasy Mini Kit (cat. #217004 

for muscle and #217184 for serum) from Qiagen Inc. (Valencia, CA), followed by a 
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TaqMan Advance miRNA cDNA synthesis Kit (A28007), and qPCR using TaqMan Fast 

Advanced Master Mix (4444556) and the primer mmu_miR-206-3p (mm481645_mir). 

Has-miR-16-5p (477860_mir) was used as an endogenous control (ThermoFisher) for 

both muscle and serum determinations. 

 

Microarray Data Processing and Analysis  

Total RNA from GA muscle was obtained using the RNeasy Mini Kit (Qiagen) and 

measured with Eukaryote Total RNA Nano-assay (2,100 Expert). High-quality RNA 

(RIN>8) was hybridized to a mouse MG-430 GeneAtlas array strip (Affymetrix™, Santa 

Clara, CA) according to the standard protocols of the Wake Forest Comprehensive 

Cancer Center Microarray Core. Four biological replicates for sympathectomized and 

sham mice were used. Briefly, we carried out quality control and normalization 

procedures using the Simpleaffy package from R/Bioconductor. 122 We used the Robust 

Multichip Average algorithm for background adjustment, quantile normalization, and to 

summarize probe set values. 123 Statistical analysis and heat-map visualization of 

differentially expressed transcripts relied on MultiExperiment Viewer software (MeV 

4.9). 124 P < 0.05 was considered significant. For automated functional annotation and 

gene-enrichment analysis, we used the EnrichR tool, which calculates overrepresentation 

of specific biological themes and pathways in relation to the total number of genes 

assayed and annotated. We also employed ClueGO and CluePedia Cytoscapes plug-in 

and Ingenuity Pathway Analysis (IPA) resources for functional enrichment analysis and 

gene/pathway network visualization of changes in gene expression.   
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Adeno-Associated Virus (AAV) Construct for in vivo Gi2 Overexpression  

For expression in vivo, the human Gi2 (Q205L) mutant was subcloned into a viral 

vector driving EGFP and Gi2 (Q205L) expression under two independent CMV 

promoters.  The vectors were packaged in AAV serotype-2 by transfection in human 

embryonic kidney (HEK)-293 cells by Welgen Inc. (Worcester, MA). 108 Viral infections 

were performed through TA injection of 1010 genome copies of AAV- Gi2(Q205L) 

under isoflurane anesthesia at time zero and week 2, followed by sympathectomy and 

mouse euthanasia on week 3 and 4, respectively.  TA muscles were rapidly dissected and 

snap frozen for protein analysis. 

 

Statistical analysis 

All experiments and analyses were conducted blind to treatment group. No statistical 

methods were used to predetermine sample sizes; however, our sample sizes are similar 

to those reported in recently published studies. 71,125  Sigma Plot, version 12.5 (Systat 

Software, Inc., San Jose, CA), and Microsoft Excel software were used for statistical 

analysis. All data were expressed as mean ± S.E.M.  Student's t-test was used to compare 

two groups (data included in Figs. 2-6, 9b-d, 10, 11, S5, and S7), Exact Mann-Whitney 

Rank Sum Test to test the data included in Fig. 5i-l, and Analysis of Variance (ANOVA) 

followed by Bonferroni’s post hoc analysis to compare three or more groups  as in Figs. 

8, 9a, 10, and 11. A p-value < 0.05 was considered significant. 
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Table 1 

Miniature End Plate Potentials (MEPPs) and End-Plate Potentials (EPPs) recorded 

in the lumbricalis muscle from sham and sympathectomized mice 

MEPP 

 
Control (Sham) Sympathectomy  
(63 fibers; 8 mice) (79 fibers; 6 mice)   
Mean SEM Mean SEM p-value 

Amplitude (mV) 1.353 ± 0.02 1.288 ± 0.01 0.0001 

Frequency (Hz) 0.928 ± 0.09 0.684 ± 0.06 0.0013 

Time to Peak (ms) 0.865 ± 0.11 0.690 ± 0.08 0.0907 

Half decay time (ms) 2.254 ± 0.07 2.140 ± 0.05 0.0067 

Duration (ms) 6.539 ± 0.41 5.552 ± 0.20 0.0020 

EPP  Control (Sham) Sympathectomy  
(63 fibers; 8 mice) (79 fibers; 6 mice) 

  Mean SEM Mean SEM p-value 

Amplitude (mV) 22.933 ± 1.67 16.788 ± 0.68 0.0004 

Latency (ms) 1.759 ± 0.08 1.898 ± 0.06 0.2346 

Time to peak (ms) 1.922 ± 0.10 2.120 ± 0.08 0.2517 

Half-decay time (ms) 2.804 ± 0.14 2.922 ± 0.10 0.4376 

Quantal contents 15.884 ± 1.12 12.935 ± 0.50 0.0093 

The number of fibers and mice examined for each group are between parentheses.  * P < 

0.05.  
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Table 2 

EPP plasticity in response to increasing nerve stimulation frequency 

    
Control (Sham) Sympathectomy 

  
(57 fibers; 9 mice) (64 fibers; 6 mice) 

EPP Facilitation Mean SEM Mean SEM p-value 

10 Hz   1.01 ± 0.005 1.02 ± 0.004 0.266 

25 Hz   1.03 ± 0.006 1.03 ± 0.005 0.190 

30 Hz   1.03 ± 0.011 1.03 ± 0.005 0.400 

50 Hz   1.03 ± 0.006 1.04 ± 0.005 0.155 

100 Hz  1.06 ± 0.015 1.06 ± 0.011 0.483 

150 Hz  1.05 ± 0.013 1.07 ± 0.019 0.204 

EPP Depression Mean SEM Mean SEM p-value 

10 Hz  0.83 ± 0.025 0.81 ± 0.013 0.204 

25 Hz   0.77 ± 0.034 0.78 ± 0.009 0.392 

30 Hz   0.79 ± 0.034 0.76 ± 0.017 0.188 

50 Hz   0.76 ± 0.018 0.75 ± 0.014 0.297 

100 Hz  0.70 ± 0.053 0.74 ± 0.028 0.245 

150 Hz   0.64 ± 0.064 0.75 ± 0.051 0.087 

The number of fibers and mice examined for each group are between parentheses.   
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Figure 1Lumbar sympathetic ganglia establish a functional connection with hindlimb muscles. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. Lumbar sympathetic ganglia establish a functional connection with 

hindlimb muscles. a. Paravertebral mouse sympathetic ganglia. All abdominal organs 

and the diaphragm have been excised to expose the paravertebral sympathetic ganglia 

from lumbar levels L2-L4. The bottom arrow shows the caudal joining of the ganglion 

chains. b-d. Immunostaining with TH antibody and staining for Hoechst 33342 (nuclei) 

of the paravertebral sympathetic ganglia segments. Calibration bar = 500 µm and 50µm 

for b and c, respectively. d. Lumbar sympathetic ganglia immunostained with TH 

antibody, stained with Hoechst 33342, and visualized with confocal microscopy.  Z-

stacks were generated by scanning 20 contiguous optical slices of 1.16µm/slice. 



74 
 

Calibration bar = 100µm. e-j.  CTB-AF488 and -AF555 fluorescence in lumbar 

sympathetic ganglia 24h after their injection into the TA and GA muscles. Images are 

representative of 3 experiments. Neuronal cell bodies in the sympathetic ganglia 

innervating GA (e) and TA (f) are stained with Hoechst 33342 (g) and immunostained 

with TH (h). Overlay image of e-g is shown in i. Overlay image of e-h is shown in j (bar 

= 100µm).  
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Figure 2Extensive regulation of gene transcription by skeletal muscle sympathetic innervation. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. Extensive regulation of gene transcription by skeletal muscle sympathetic 

innervation. a. Volcano plot representing the significance (-Log10 p value) and 

magnitude of transcript change (Log fold change) in the GA muscle from sympathetic 

denervated and sham mice. b. Heatmap of 182 differentially expressed genes in the GA 

muscle from sympathetic denervated and sham mice (4 GA muscles from 4 mice per 

group). c. Functional enrichment analysis of differentially expressed transcripts 

determined by KEGG, Wikipathways, and Reactome databases. The red dotted line 

represents cutoff significance level of p < 0.01.  
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Figure 3. Sympathetic innervation regulates lumbricalis muscle innervation, tetanic muscle force generation, and the 
functional integrity of neuromuscular transmission. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. Sympathetic innervation regulates lumbricalis muscle innervation, tetanic 

muscle force generation, and the functional integrity of neuromuscular 

transmission. a. Plantar nerve-lumbricalis muscle preparation. Arrows show muscle 
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tendons. The green fluorescence corresponds to transgenic Thy1+ in the peroneal nerve.  

b. Confocal z-stack image of TH+ axons and AF555-BGT staining in the lumbricalis 

muscle from a sham mouse treated with iDISCO. 118 c. Lumbricalis muscle lacking TH 

immunoreactivity 7 days after sympathectomy. d. Indirectly/directly elicited maximal 

muscle force ratio for sympathectomized and sham mice (n = 6-7 lumbricalis muscles, 4 

mice per group) as a function of stimulation frequency. Asterisks (*) indicate statistically 

significant differences. e and f illustrate tetanic force recorded in response to 

supramaximal stimulation at 150Hz for 3s in sympathectomized and sham mice. Dashed 

lines indicate the baseline. Twitches were recorded in the peroneal nerve-lumbricalis 

muscle preparations from sham (g) and sympathectomized (h) mice used for high-

frequency stimulation. Decreased MEPP frequency and amplitude recorded in the plantar 

nerve-lumbricalis preparation from sympathectomized and sham mice (i). SNS ablation 

induces decreased EPP amplitude. EPPs recorded in the lumbricalis muscle from 

sympathectomized and sham mice. EPP responses followed electrical pulses evoked by 

nerve stimulation at frequencies from 2-150 Hz (j).  
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Figure 4 SNS ablation evokes broad neurofilament dephosphorylation and depletion of synaptic vesicles in 
sympathectomized but not sham mice. 
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Figure 4. SNS ablation evokes broad neurofilament dephosphorylation and 

depletion of synaptic vesicles in sympathectomized but not sham mice. 

Representative z-stack confocal images of lumbricalis muscle NMJ innervation from 

sham (a, c, e, and g) and sympathectomized (b, d, f, and h) thy-1 transgenic mice. Thy-

1+ motor axonal terminals (green) and BGT-680 (blue, cy5.5) (a, b) co-registered with 

nonphosphorylated NF antibody (red, AF568-SMI 311 Ab) (c, d) in sham (a, c) and 

sympathectomized (b, d) mice. Thy-1+ axons overlap with phosphorylated NF (AF568-

SMI 312 Ab) axons in sham (e, g) but not sympathectomized (f, h) mice. N = 14 random 

images from 6 lumbricalis muscles, 5 mice per group. Representative 2D z-stack confocal 

images of motor axons immunostained with SV2 antibody (red, AF568) and postterminal 

stained with BGT-680 (blue, cy5.5) in lumbricalis muscles from sham (i, k) and 

surgically sympathectomized (j, l) thy-1 (green) transgenic mice. SV2 immunostaining 

outlines the vascular (yellow arrow) and axonal (white arrows) trajectory in sham (k) but 

not sympathectomized (l) mice. Notice that axons and their terminals are thy-1+ in j and 

SV2 outlines axonal terminals in sham (k) and sympathectomized (l) mice. N = 8 

confocal fields analyzed in 4 sham and 4 sympathectomized mice. Bar = 50µm.  M-p are 

close-ups of the insets in i-l, displaying the postterminals stained with BGT (blue) and 

immunostained for SV2 (red). Calibration bar = 10 µm. Q-t show representative z-stack 

confocal images of NMJ postterminals stained with BGT-568 (red) and axon terminals 

immunostained with synaptophysin antibody (green, AF488) in lumbricalis muscles from 

sham and surgically sympathectomized mice. Calibration bar = 10 µm. 
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Figure 5Sympathectomy induces NF-H and NF-M dephosphorylation and increased levels of PP2A and PP1 
phosphatases. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.  Sympathectomy induces NF-H and NF-M dephosphorylation and 

increased levels of PP2A and PP1 phosphatases. Levels of NF-H (a), NF-M (b), NF-L 
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(c), phosphorylated NF-H and NF-M (d), and PP2A (e) and PP1 phosphatases (f) in the 

lysates of both sciatic-tibio-peroneal nerves from 3 sham and 3 surgically 

sympathectomized mice. Blots and SDS PAGE were probed for GAPDH and Coomassie 

blue (g, h), respectively. Quantification of the NF immunoblots normalized to GAPDH 

show a significant increase in NF-H and NF-M but not NF-H-L (i) with sympathectomy.  

Phosphorylated/non-phosphorylated ratio show decreased phosphorylation of both NF-H 

and NF-M subunits with sympathectomy. Levels of PP2A (e) and PP1 (f) phosphatases 

are significantly increased with sympathectomy expressed as a sym/sham ratio (k) or 

individual group measurements normalized to GAPDH (l). 
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Figure 6. Increased variability in myelin thickness and decrease axonal diameter with SNS ablation and increased 
expression of nerve neurotrophin and trophic factor genes in the sciatic-tibio-peroneal nerve after sympathectomy. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6. Increased variability in myelin thickness and decrease axonal diameter 

with SNS ablation and increased expression of nerve neurotrophin and trophic 

factor genes in the sciatic-tibio-peroneal nerve after sympathectomy. Representative 

toluidine-blue staining of myelin in the peroneal nerve from sham- (a) and sympathetic-

denervated mice (b). Calibration bar = 25µm. Quantification of myelin thickness (n = 
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251 and 233 axons) (c) and axon diameter (n = 301 and 466 axons) (d) in 4 nerves from 4 

sham and 4 sympathectomized mice, one nerve per mouse was analyzed. Electron 

microscopy of synaptic vesicles (SV) in axon buttons from 3 sham (1053 SV in 5 

terminals) (e), and 3 sympathectomized (1042 SV in 5 terminals) mice (f). Calibration 

bar = 500nm. Quantification of mean synaptic vesicle (SV) area (g). qPCR analysis of 

neurotrophins and trophic factor p75NTR receptor, BDNF, and GDNF mRNAs and 

Schwann cell reprogramming transcripts, adaptor related protein complex 1 beta 1subunit 

(AP1B1), Myelin protein zero (MPZ), ERG2/Krox20, myelin basic protein (MBP), and 

neural-cell adhesion molecule, (NCAM). Values, expressed as fold change of 

sympathectomized compared to sham mice, are means of 3 nerves from either sham or 

sympathectomized mice, each studied in triplicate (h). 
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Figure 7Sympathetic innervation prevents skeletal muscle atrophy and SNS ablation leads to specific muscle fiber-
subtype atrophy in GA and TA muscles. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7. Sympathetic innervation prevents skeletal muscle atrophy and SNS 

ablation leads to specific muscle fiber-subtype atrophy in GA and TA muscles. H&E 

staining of TA and GA muscles from sham (top) and sympathectomized (bottom) mice 

(a) showed significant reduction in mean CSA (b) and a shift toward smaller fibers in the 

relative-frequency histograms (c) (n = 4 mice, 6 muscles per group). Representative cross 

sections of TA and GA muscles from sham (top) and sympathectomized (bottom) mice 

(d). Myofiber were immunostained with specific MHC antibodies to identify type-I (blue 
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secondary Ab), -IIa (green), and –IIb (red) fibers. Fibers negative to these three 

antibodies were labeled IIx.45 Panels e and f examine muscle fiber composition and 

muscle fiber CSA, respectively. The number of fibers studied was 6,249 in 4 GA muscles 

from 4 mice per group: 5,603 in 4 TA from 4 mice per group, and 2,525 in 4 soleus from 

3 mice per group.  Calibration bar = 100µm. 
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Figure 8. The SNS regulates MuRF1 expression to partition AChR between sarcolemmal and subsarcolemmal domains 
and SNS ablation increases the total pool of AChR in the GA muscle. 

 

 

 

 

 

 

 

 

 

Figure 8. The SNS regulates MuRF1 expression to partition AChR between 

sarcolemmal and subsarcolemmal domains and SNS ablation increases the total 

pool of AChR in the GA muscle. a. Pull-down and immunoblot analysis of membrane 

AChR expression in the GA and/or TA muscles from sympathectomized, 

sympathectomized infected with AAV-Gi2(Q205L), and sham wild-type and sham and 

sympathectomized MuRF1KO mice. b. Statistical analysis of 3-5 muscles from 3-4 mice 

per group. c. Pull-down and immunoblot analysis of total AChR expression in GA and/or 

TA muscles from sympathectomized, sympathectomized infected with AAV-

Gi2(Q205L), and sham wild-type and MuRF1KO mice. d. Statistical analysis of 3-5 

muscles from 4 mice per group. GAPDH was used as the internal control for membrane 

and total AChR analysis.  
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Figure 9The SNS regulates muscle MuRF1 expression. 

 

 

 

 

 

 

 

 

 

 

 

Figure 9. The SNS regulates muscle MuRF1 expression. a. Increased MuRF1 with 

sympathetic denervation in TA and GA muscles. Differences between sympathectomized 

and sham mice (n = 4 mice per group) were statistically significant for both GA and TA 

muscles. The difference between groups disappears when the TA muscle from 

sympathectomized mice was infected with AAV-Gi2(Q205L). Sympathectomy does not 

modify phosphorylated (p)/total (t) IκB (b), Akt (c), or NFκB (d) in either the GA or TA 

muscles. N= 4 muscles from 4 mice per sham or sympathectomized mice.  
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Figure 10. Sympathetic denervation upregulates muscle Hdac4, myogenin, and 2-AR expression, and downregulates 
G i2, which is prevented by G i2(Q205L) expression. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 10. Sympathetic denervation upregulates muscle Hdac4, myogenin, and 2-

AR expression, and downregulates Gi2, which is prevented by Gi2(Q205L) 

expression. Sympathectomy induces significant increases in Hdac4 in the GA muscle (a) 

and myogenin in both muscles (b), which significantly decreased with Gi2(Q205L) 

treatment. 2-AR significantly increases with sympathectomy and decreases with 

sympathectomy plus Gi2 overexpression only in the TA muscle (c). Gi2 decreased in 

the TA and GA muscles with sympathectomy, which was prevented by AAV-
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Gi2(Q205L) treatment in the TA muscle (d), N = 4 GA or TA muscles from 4 mice per 

group.  
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Figure 11Sympathetic denervation leads to increased expression of motor denervation genes and miR-206. 
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Figure 11. Sympathetic denervation leads to increased expression of motor 

denervation genes and miR-206. qPCR analysis of gene expression shows increased 

myogenin, Fbxo32, and Chrng at day 7 (a) while MuRF1, Fbxo32, Hdac4, and Chrng 

were increased at day 3 (b), after sympathectomy. FoxO1, FoxO3, and Gadd45a were not 

modified at either timepoint in GA or TA muscles. miR-206 expression increases in the 

TA muscle and serum levels 7 days after sympathectomy. N = 4 TA and GA muscles 

from 4 mice per group (c). The results are presented as fold-changes relative to muscles 

or serum from sham mice (set at 1-fold). qPCR analysis of changes in Myogenin, Fbxo32, 

and Chrng gene expression were significant (p = 0.022, 0.004 and 0.007 in the GA and 

0.021, 0.001, and 0.002 in the TA muscle, respectively) at day 7 after sympathectomy 

(a). P values for differences in MuRF1, Hdac4, Fbxo32, Chrng, and Chrna1 expression 

were 0.037, 0.041, 0.020, 0.003, and 0.041 for the GA and 0.039, 0.023, 0.011, 0.002, 

and 0.351 for the TA muscle 3 days after sympathectomy (b). FoxO1, FoxO3, and 

Gadd45a were not significantly modified in GA or TA muscles at either timepoint. MiR-

206 expression increased in the TA muscle (0.018) and serum levels (0.044) 7 days after 

sympathectomy. The P value for the GA muscle (0.787) was not significant. 
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Figure 12. Model for SNS regulation of NMJ. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 12.  Model for SNS regulation of NMJ. The SNS regulates NMJ motor axon 

vesicle release and postsynaptic AChR stability through the Gi2-Hdac4-myogenin-

MuRF1-miR-206 pathway.  Adapted from Netter, Atlas of Human Anatomy.  
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Table S1  

Antibodies used for immunoblotting 

  

Antibody Dilution Source 

β2-AR 1:750 Abcam (#13989) 

AChR 1:1,000 Biolegend (#838301) 

Akt-Phospho 1:1,000 Cell Signaling (#3787) 

Akt-Total 1:1,000 Cell Signaling (#9271) 

FoXO1-Phospho 1:1,000 Cell Signaling (#9461) 

FoXO1-Total 1:1,000 Cell Signaling (#2860) 

Gi1, 2, 3 1:200 Santa Cruz (#136478) 

Gi 2 1:200 Santa Cruz (#13534) 

GAPDH 1:40,000 Genetex (#GTX627408) 

HDAC4 1:2,000 Cell Signaling (#7628) 

IκB-Phospho 1:200 Santa Cruz (#8404) 

IκB-Total 1:200 Santa Cruz (#371) 

MuRF1 1:1,000 R&D Systems (#AF5366) 

Myogenin 1:150 Developmental Studies 

Hybridoma Bank (DSHB) 

NFκB-Phospho 1:200 Santa Cruz (#136548) 

NFκB-Total 1:200 Santa Cruz (#8008) 

PKA (RI) 1:1,000 BD Biosciences (#610165) 

PKA (RII) 1:1,000 BD Biosciences (#612242) 

Rapsyn 1:500 Sigma (#R2029) 

Tubulin 1:1,000 Sigma (#T6199) 

Neurofilament-H 1:1,000 Biolegend (SMI 32) 

Phosphorylated 

neurofilament-H 

1:1,000 Biolegend (SMI 31P) 

Neurofilament-M 1:1,000 Sigma (#N 5264) 

Neurofilament-L 1:1,000 Sigma (#N 5139) 

PP2A (clone 1D6) 1: 1000 Sigma (#05-421) 

PP1a (clone 5E9) 1:1000 Fisher (#PIMA517155) 
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Table S2  

qPCR Primers 

GENES Primers* 

SKELETAL MUSCLE 

Akt1 Mm01331626_m1 

Myod1 Mm00440387_m1 

Crebbp Mm01342452_m1 

Foxp1 Mm00474848_m1 

Per1 Mm00501813_m1 

Vti1b Mm00444004_m1 

Ube2g2 Mm00502312_m1 

Neurl1a Mm00480473_g1 

Vamp3 Mm01268442_g1 

Chrna1 Mm00431629_m1 

Chrng Mm00437419_m1 

Myog Mm00446194_m1 

Stxbp1 Mm00436837_m1 

Musk Mm01346929_m1 

FoxO1 Mm00490671_m1 

FoxO3 Mm01185722_m1 

MuRF1 Mm01185221_m1 

Hdac4 Mm01299557_m1 

Gadd45a Mm00432802_m1 

Fbxo32 

(atrogin1) 

Mm01207878_m1 

SYMPATHETIC GANGLIA 

Ngfr Mm00446296_m1 

Ap1b1 Mm01187764_m1 

Mpz Mm00485141_g1 

Mbp Mm01266402_m1 

Egr2 Mm00456650_m1 

Ncam1 Mm01149710_m1 

Ngf Mm00443039_m1 

Bdnf Mm04230607_s1 

Gdnf Mm00599849_m1 

Gapdh Mm99999915_g1 

* ThermoFisher Scientific.  
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Figure 13Figure S1. Fold-change (2 Ct) of mRNA expression in sympathectomized compared 
to sham mice. 

 

 

 

 

 

 

 

 

 

 

Figure S1. Fold-change (2Ct) of mRNA expression in sympathectomized compared 

to sham mice.  MyoD-Sol significantly increased, but Vamp3, Stxbp1, Akt1, Foxp1, 

CREBBP, Neurl1a, and Per1 gene expression significantly decreased 7 days after 

sympathectomy. The difference between sympathectomized and sham mice GA muscle 

was not significant for all the other genes. N = 4 GA or Soleus muscles from 4 mice per 

group.  * P < 0.05,  P < 0.01 and ‡  P < 0.001 
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Figure 14Figure S2. CluePedia networks of the main functionally enriched pathways and differentially expressed genes 
in sympathetic denervated and sham mice. 

 

 

 

 

 

 

 

 

 

 

Figure S2. CluePedia networks of the main functionally enriched pathways and 

differentially expressed genes in sympathetic denervated and sham mice. 
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Figure 15Figure S3.  Compromised NF phosphorylation in the Extensor Digitorum Longus (EDL) muscle after lumbar 
sympathectomy. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S3.  Compromised NF phosphorylation in the Extensor Digitorum Longus 

(EDL) muscle after lumbar sympathectomy.  Z-stack confocal microscopy images of 

EDL muscles from sham-operated (A, C) and 7 day lumbar sympathectomized (B, D, E) 

mice. Panels A and B show NMJ staining with nonphosphorylated NF (SMI 311 Ab) plus 

SV2 Ab (green, AF488) and BGT-680 (blue, cy5.5); C, D and E show staining of 
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phosphorylated NF (SMI 312 Ab) ) plus SV2 Ab (green, AF488) and BGT-680 (blue, 

cy5.5). Light blue indicates NF-SV2 and BGT co-registration.  Immunoreactivity to NF-P 

and SV2 antibodies is positive in the muscle from a sham mouse (c) but variable 7 days 

after sympathectomy (D, E). Images are representative of results for 105 NMJs in 3 EDL 

muscles from 3 sham mice and 69 NMJs in 3 muscles from 3 sympathectomized mice. 

Calibration bar  = 50µm. 
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Figure 16Figure S4. Transmission electron micrographs of neurofilament (black arrows) and microtube (white arrows) 
disorganization in the tibioperoneal nerve from sympathectomized mice. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S4. Transmission electron micrographs of neurofilament (black arrows) and 

microtube (white arrows) disorganization in the tibioperoneal nerve from 

sympathectomized mice. Representative tibioperoneal nerve cross-sections (A, B) and 

longitudinal (C, D) sections from sham (A, C) and sympathectomized (B, D) mice. Bar = 
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100 nm. Quantification  of the distance between  neurofilaments in 5-7 axons in nerves 

from sham (n = 3) and sympathectomized (3) mice. (E).   
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Figure 17Figure S5. SNS ablation increases PKA (RIα) but decreases the 
PKA(RII  PKA(RI  ratio, with no changes in rapsyn. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S5. SNS ablation increases PKA (RIα) but decreases the PKA (RII PKA 

(RI ratio, with no changes in rapsyn. A. Illustrations of PKA (RIPKA (RII 
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and rapsynin GA and TA muscles. Quantification of PKA (RIα) (B), PKA (RII (C), 

the PKA (RII PKA (RI ratio (D), and rapsyn (E) in TA and GA muscles. N = 4 GA 

or TA muscles from 4 mice per group. * P < 0.05 and ‡  P < 0.001 
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Figure 18Figure S6. Increased expression of genes associated with skeletal muscle denervation in chemically 
sympathectomized mice. 

 

Figure S6. Increased expression of genes associated with skeletal muscle denervation 

in chemically sympathectomized mice. Gene expression in GA and TA muscles from 8-

week old C57BL6 mice injected with 6(OH)DA (n=4 mice) or vehicle (n = 4) on 

alternate days for 7 or 14 days. All samples were run in triplicate. * P < 0.05 and ‡  P < 

0.001 
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Figure 19Figure S7. 2-AR, Gαi2 and Hdac4 protein levels in chemically sympathectomized mice. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S7. 2-AR, Gαi2 and Hdac4 protein levels in chemically sympathectomized 

mice. Protein levels in GA and TA muscles from 8-week old C57BL6 mice injected with 

6(OH)DA (n=4 mice) or vehicle (n = 4) on alternate days for 7 or 14 days. * P < 0.05 and 

 P < 0.01  
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Video 1:   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Spatial relationship between sympathetic axons and α-BGT postterminals 

The video Lumbricalis iDISCO 40XTH BGT 031516.avi shows the relationship between 

sympathetic axons (green) and α-BGT+ (red) postterminals in a lumbricalis muscle. The 

Z-stack, consisting of 33 images of 2.32 µm/optical slice (image size: 211 x 211 µm, 

resolution: 0.132 µm/pixel, 12 bits/pixel) were recorded at a sampling speed of 2µs/pixel 

with an Olympus FV1200/IX83 spectral laser scanning confocal microscope using a 

UPLFLN40X0 objective, NA 1.3. Video can be found online at Journal website.   
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RNA Microarrays for sympathectomized and sham mice:  

RNA Microarrays in GA muscle from both mice groups can be found as Excel 

spreadsheets at the Journal website (Microarray_Sym vs Sham).  The worksheet 

Sym_vs_sham lists the 182 most significantly modified genes (see Figures 2 and S2). 

 

Comparison of RNA microarrays for sympathectomized and sciatic denervated 44 

mice. The Excel file twoDataSets_comparison_GSE1893 and WF can be found as Excel 

spreadsheets at the Journal website. It provides a detailed analysis of up- and down-

regulated genes in both datasets. Using DAVID functional assessment, these genes 

clustered into 60 gene ontology (GO) term enrichment and KEGG pathways.  
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CHAPTER 2 

Sympathomimetics regulate neuromuscular junction transmission through TRPV1, 

P/Q- and N-type Ca2+ channels 
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Abstract 

Increasing evidence indicates that, first, the sympathetic nervous system interacts 

extensively with both vasculature and skeletal muscle fibers near neuromuscular 

junctions (NMJs) and, second, its neurotransmitter, noradrenaline, influences myofiber 

molecular composition and function and motor innervation. Since sympathomimetic 

agents have been reported to improve NMJ transmission, we examined whether two in 

clinical use, salbutamol and clenbuterol, affect the motor axon terminal via extracellular 

Ca2+ and molecular targets, such as TRPV1 and P/Q- and N-type voltage-activated Ca2+ 

channels. Electrophysiological recordings in ex-vivo preparations of peroneal nerves and 

lumbricalis muscles from young adult mice focused on spontaneous miniature end-plate 

potentials and singly and repetitively evoked end-plate potentials. Adding one dose of 

salbutamol or clenbuterol to the nerve/muscle preparation or repeatedly administering 

salbutamol to a mouse for 4 weeks increased spontaneous and evoked synaptic vesicle 

release but induced a steep decline in EPP amplitude in response to repetitive nerve 

stimulation. These effects were mediated primarily by ω-agatoxin IVA-sensitive P/Q-

type and secondarily by ω-conotoxin GVIA-sensitive N-type Ca2+ channels. Presynaptic 

arvanil-sensitive TRPV1 channels seem to regulate Ca2+ at the motor neuron terminal at 

rest, while putative presynaptic β-adrenergic receptors may mediate sympathomimetic 

and catecholamine effects on presynaptic Ca2+ channels during NMJ activation.   

 

Keywords: neuromuscular transmission, sympathetic nervous system, neuromuscular 

junction, skeletal muscle, calcium channels, sympathomimetics.   
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Highlights 

 Sympathomimetic (SM) agents regulate neuromuscular junction transmission. 

 Clenbuterol and salbutamol enhance spontaneous and evoked synaptic vesicle 

release. 

 [Ca2+], P/Q-, and N-type Ca2+ channels and TRPV1 mediate the action of SM 

agents. 

 This study supports endogenous sympathetic regulation of the motor neuron 

terminal. 
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Introduction 

Neuromuscular junction (NMJ) transmission is mediated by nerve terminal (preterminal 

or presynapse) release of acetylcholine (ACh) quanta that bind to the ACh receptor 

(AChR) on the surface of muscle cells (postterminal or postsynapses), activating voltage-

gated sodium channels to trigger an action potential.(Slater, 2008) This physiological 

mechanism is profoundly altered in such diseases as congenital myasthenic syndromes 

(CMS) and anti-MuSK myasthenia gravis. The recognized clinical improvements to NMJ 

transmission in response to treatment with selective β2-adrenergic receptor (β2-AR) 

agonists like salbutamol (a.k.a. albuterol)(Clausen et al., 2018; McMacken et al., 2018; 

Rodríguez Cruz et al., 2018) have been attributed to postsynaptic modulation,(Lynch and 

Ryall, 2008) but a potential presynaptic action has not been fully explored. This study 

was designed to elucidate how β2-AR agonists regulate synaptic vesicle release at the 

nerve terminal and how sympathetic neurotransmitters regulate motor axon function 

within the complex structure of the distal spinal nerve.  

Increasing evidence supports the concept that skeletal muscle sympathetic innervation 

plays a role in NMJ stability and motor innervation. Innervation of the skeletal muscle by 

both motor and sympathetic axons has been established, (Boeke, 1909a, b; Boeke, 1913) 

sparking interest in determining how the sympathetic nervous system (SNS) and its 

neurotransmitters (noradrenaline, ATP, and neuropeptide Y) affect skeletal muscle 

physiology. Research on the association between progressive muscle atrophy and 

sympathetic paralysis of voluntary muscles identified “functional synapses” between 

preganglionic sympathetic axons and skeletal muscle. (Ackerknecht, 1974; Hunter, 1925; 

Langley and Anderson, 1904; Wigston and Sanes, 1985) Sympathetic axons reach the 
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muscle fiber (Khan et al., 2016) via Remak fibers traveling through the peripheral 

nervous system (Griffin and Thompson, 2008) and surrounding blood vessels.(Barker and 

Saito, 1981; Eichmann and Brunet, 2014) This finding prompted our interest in 

examining the influence of the SNS on neuromuscular transmission. Recently, we 

demonstrated that the SNS regulates the organization and function of NMJ transmission 

by maintaining optimal G-protein i2 expression and preventing any increase in Hdac4, 

myogenin, MuRF1, and miR-206, while SNS ablation leads to upregulation of MuRF1, 

muscle atrophy, and downregulation of postsynaptic AChR.(Rodrigues et al., 2018) 

These results indicate crosstalk between sympathetic and motor axons at the spinal nerve. 

If sympathetic nerves innervate the skeletal muscle, SM stimulate it by activating β2-

AR.(Lynch and Ryall, 2008) Noradrenaline (NA), the main neurotransmitter of 

ganglionic sympathetic neurons, modulates neuromuscular transmission,(Kuba, 1970) but 

its targets remain ill-defined. We and others are investigating how postganglionic 

sympathetic axons and their neurotransmitter(s) affect myofiber composition and 

function. SM were found to reestablish the compound muscle action potential disrupted 

by SNS ablation.(Khan et al., 2014) We demonstrated that regional surgical removal or 

systemic chemical ablation of mouse hindlimb SNS, which causes dramatic decrease in 

muscle NA,(Silveira et al., 2014) reduced release of synaptic vesicles.(Rodrigues et al., 

2018) These findings support a novel presynaptic mechanism based on crosstalk between 

the motor and sympathetic nervous systems at the NMJ. Since these studies support the 

concept that the SNS neurotransmitter NA modulates motor axon terminal ACh quantum 

release, here, we examined whether and how β2-AR agonists modulate NMJ presynaptic 

vesicle release in response to acute ex-vivo or chronic repetitive in vivo administration. 
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This study focused on the role of extracellular Ca2+ concentration ([Ca2+]), TRPV1, and 

P/Q- and N-type voltage-activated Ca2+ channels in synaptic vesicle release evoked by 

β2-AR agonists at the neuromuscular junction in young adult mice as a means to examine 

how the SNS influences NMJ transmission.  

The World Anti-Doping Agency prohibits athletes from consuming the two β2-AR 

agonists used in this study, salbutamol and clenbuterol, either during competition or at all 

times due to their reported benefits to endurance.(Decorte et al., 2013) However, SM 

seem to have a place in treating neuromuscular transmission defects.(Rodríguez Cruz et 

al., 2018) Despite these reported potential benefits, conflicting effects of salbutamol on 

maximal inspiratory mouth pressure have been recorded in human respiratory 

muscles.(Javaheri et al., 1988),(Martineau et al., 1992)  Ex-vivo recordings showed that 

salbutamol enhances force contraction in rat diaphragm after systemic in-vivo 

administration or ex-vivo application to diaphragm strips;(Van der Heijden et al., 1996) 

this effect might be mediated by membrane potential hyperpolarization.(Clausen and 

Flatman, 1980; Whittaker and Cardwell, 1981)  

Elucidating the molecular pathway by which β2-AR agonists regulate synaptic vesicle 

release at the motor axon terminal will transform our understanding of neuromuscular 

synaptic transmission and may lead to better, safer SM to treat related debilitating 

diseases.  
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Materials and Methods  

Mice and nerve-muscle preparation 

Young (2-3-month-old) male and female C57BL/6 mice were obtained from the National 

Institute on Aging (NIA) and housed in the pathogen-free Animal Research Program of 

the Wake Forest School of Medicine (WFSM) at 20-23°C with a 12:12-hour dark-light 

cycle. They were all fed chow ad libitum and had continuous access to drinking water. 

All experimental procedures were conducted in compliance with National Institutes of 

Health laboratory animal care guidelines. We made every effort to minimize suffering. 

Protocol A15-219 was approved by the WFSM Institutional Animal Care and Use 

Committee for this study. After euthanasia by cervical dislocation, the lumbricalis muscle 

was dissected with its plantar nerve attached, and fat, blood vessels, and gross connective 

tissue were removed using fine surgical tools under a stereomicroscope.  

 

Mouse treatment 

Five days per week for 4 consecutive weeks, 7 mice were injected subcutaneously with 

PBS, and 8 mice with 20µg/kg salbutamol diluted in saline. This treatment schedule was 

used to induce potentiation of rat diaphragm muscle contractility in a previous study.(Van 

der Heijden et al., 1996) Mice from both treatment groups were sacrificed within 24 

hours of the last injection for ex-vivo recordings. No mouse exhibited gross pathology or 

changes in motor activity or behavior with treatment. 

 

Electrophysiological recordings 
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We conducted functional recordings in a plantar nerve/lumbricalis muscle preparation as 

reported.(Rodrigues et al., 2018) Several advantages make it suitable for prolonged 

electrophysiological recordings: ~1.5cm segments of the plantar nerve can be recognized 

and dissected free from surrounding tissues; the lumbricalis muscle consists of a few 

myofiber layers arranged in parallel; and the NMJs are organized on a band aligned half-

way between tendons. The preparations were incubated for 30 minutes in μ-conotoxin 

GIIIB (Alomone Labs, Jerusalem, Israel) to a final concentration of 1 µM to prevent 

muscle contraction (see below). The NMJ transmission was then recorded intracellularly 

in oxygenated normal mammalian Ringer’s solution (in mM, 136.8 NaCl, 5 KCl, 1 

MgCl2, 15 NaHCO3, 1 Na2HPO4, 11 D-glucose, 2.0 CaCl2, pH 7.4) or low Ca2+/high 

Mg2+ solution (in mM, 136.8 NaCl, 5 KCl, 4 MgSO4, 15 NaHCO3, 1 Na2HPO4, 11 D-

glucose, 0.5 CaCl2, pH 7.4) using a TEV-200A amplifier (Dagan, Minneapolis, MN) and 

DigiData 1322A and pClamp10.5 software (Molecular Devices, San José, CA). The 

intracellular electrodes (~40mΩ) were filled with 2M K-citrate and 10 mM K-chloride 

and mounted on the stage of a MP-285 micromanipulator (Sutter, Novato, CA). To 

visualize preparation, we used an upright, fixed-stage Axioscope FS microscope (Zeiss 

GmbH, Jena, Germany) with a 10 or 20X, water-immersion FLUAR objective mounted 

on a microscope translator, which enabled us to measure spontaneous miniature end-plate 

potential (MEPP) amplitude and the distance between the microelectrode and the NMJ. 

End-plate potentials (EPPs) were elicited by electrical stimulation at increasing 

frequencies from 2 to 150 Hz, while MEPPs were baseline corrected, and their amplitude, 

frequency, time-to-peak, half-decay time, and duration were retrieved by setting basic 

selection criteria to conduct peak selection. We measured the ratio between the last and 
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first EPP amplitudes of the run to calculate EPP facilitation or depression. EPP quantal 

content was calculated by dividing its mean amplitude by the mean amplitude of the 

MEPPs as described.(Sugiura et al., 2011) For data analyses, we used pClamp10.5 

software and macros recorded in Excel.  

 

Drugs and reagents 

Salbutamol (α-[(tert-butylamino) methyl]-4-hydroxy-m-xylene-α,α′-diol, or 

albuterol; Sigma, cat. S8260) was used for in-vivo and ex-vivo experiments. For ex-vivo 

experiments, it was dissolved in Ringer solution to a final concentration of 0.06µM or 

20µg/l. Clenbuterol (4-amino-α-(t-butylaminomethyl)-3,5-dichlorobenzyl alcohol 

hydrochloride, Sigma, cat. C5423) was diluted in Ringer solution and used exclusively 

in ex-vivo experiments at a final concentration of 1µM.  Salbutamol and clenbuterol 

concentrations used in this study are within those reported in the literature for the 

treatment of asthmatic patients.(Jacobson et al., 2003; Yamamoto et al., 1985)  ω-

conotoxin GIIIB (a.k.a. myotoxin II, geographutoxin II, GTx-II; Alomone, cat. C270), a 

selective blocker of skeletal muscle Nav1.4 channels, was used at a concentration of 

1µM. ω-conotoxin GVIA (a.k.a. SNX-124; Alomone, cat. C-300), which blocks N-type 

Ca2+ channels, was used at a final concentration of 3µM. ω-agatoxin IVA (a.k.a. ω-

agatoxin-Aa4a, ω-AGTX-Aa4a, ω-aga-IVA, ω-agatoxin-4a; Alomone, cat. STA-500), 

which blocks P/Q-type Cav channels, was used at a concentration of 0.2 µM. Arvanil (N-

arachidonoyl-vanillyl-amine; Sigma, cat. SML0520), which activates TRPV1, was used 

at a final concentration of 0.5 µM. 

Statistical Analysis 
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For statistical analysis we used Sigma Plot, version 12.5 (Systat Software, Inc., San José, 

CA) and Microsoft Excel software. All data were expressed as mean ± S.E.M. Student's t-

test was used to compare two groups, and analysis of variance (ANOVA) followed by 

Bonferroni’s post hoc analysis to compare three or more.  
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Results 

Acute and chronic salbutamol administration increases MEPP frequency and EPP 

quantal content  

First, we tested whether MEPP and EPP properties differed between peroneal 

nerve/lumbricalis muscle preparations acutely exposed to the β2-AR agonist salbutamol 

(0.06µM) or Ringer solution alone (henceforth, control) for 2-4 hours. The statistical 

analysis shows that, compared to control (125 fibers from 21 mice), salbutamol (25 fibers 

from 7 mice) significantly increased MEPP frequency, time to peak, half-decay time, and 

duration. Examining EPPs evoked by electrical stimulation of the peroneal nerve, we 

found that salbutamol increased the amplitude and quantal content but decreased the 

interval between the stimulation pulse and EPP generation (Table 1). 

 To determine whether repeated systemic administration of salbutamol 5 days per 

week for 4 weeks would have effects similar to those recorded in acute and ex-vivo 

experiments, we sacrificed the mouse within 24 hours of the last injection and measured 

spontaneous and evoked synaptic potentials. Figure 1 shows a 6-second fragment of a 

continuous 5-minute recording of spontaneous ACh release from a mouse injected with 

saline (chronic control) (a) and a mouse treated with salbutamol (chronic salbutamol) 

(b), both in Ringer solution. MEPP frequency, but not amplitude, increased, and 

differences in MEPP frequency were greater (~80%) than those recorded in the ex-vivo 

preparation acutely exposed to salbutamol (~30%). The effect on MEPP kinetics, time to 

peak, and half-decay time were less obvious (Table 1). Chronic salbutamol 

administration significantly increased EPP amplitude, time to peak, half-decay time, and 

quantal content but decreased latency compared to the chronic control. Figure 1c shows 
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that EPP amplitude was greater in salbutamol than control in both conditions, followed 

the stimulation pulses at frequencies ranging from 2 to 150Hz. Changes in EPP properties 

evoked by acute or chronic salbutamol administration did not differ significantly (Table 

1). These data indicate that both acute and chronic salbutamol administration facilitate 

NMJ transmission predominantly at the axon terminal.   

  

Like salbutamol, clenbuterol increases MEPP frequency and EPP quantal content 

To define whether the changes in MEPP and EPP properties reported above could be 

induced only by salbutamol or by other β2-AR agonists with different chemical 

structures, we exposed the ex-vivo peroneal nerve/lumbricalis muscle preparation to 1 

µM clenbuterol. Table 2 summarizes MEPP and EPP properties in the treated conditions 

(n = 27 fibers, 4 mice).  Like salbutamol, clenbuterol increased MEPP frequency but 

decreased half-decay time compared to control. It also increased EPP amplitude and 

quantal content but reduced their time to peak and half-decay time. Note that, compared 

to the control recordings (2Hz: -2.35± 0.43, 10 Hz: -13.17± 2.25, 25 Hz: -17.86± 2.85, 30 

Hz: -20.55± 2.76, 50 Hz: -25.14±3.12, 100Hz: -34.31± 4.77, and 150 Hz: -37.34±5.63), 

the last peak/first peak EPP amplitude ratio shows a more pronounced decline (Table 2) 

and is statistically significant in the 30-150 Hz range. 

 

Reducing extracellular Ca2+ prevents clenbuterol-mediated enhancement of 

neuromuscular transmission 

To examine the role of extracellular Ca2+ in the increased synaptic transmission seen with 

clenbuterol, we used a modified Ringer solution in which Ca2+ concentration was reduced 
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to 0.5 mM, and Mg2+ concentration increased to 4 mM, as described in Methods. Figure 

2 shows a continuous 6-second MEPP recording in this low Ca2+/high Mg2+ solution (a) 

and with the addition of 1µM clenbuterol (b). Compared to control, MEPP amplitude, 

frequency, and time to peak were significantly lower in the low Ca2+/high Mg2+ solution 

(n = 4 fibers, 1 mouse) (Table 3). Strikingly, reducing external Ca2+ prevented 

clenbuterol (n = 7 fibers, 1 mouse) from affecting MEPPs and EPPs (Fig. 2, Table 3). 

Figure 2c shows the stimulation artefacts, occasionally followed by EPPs of varying 

amplitude, in low Ca2+/high Mg2+ and Ca2+/high Mg2+ plus clenbuterol solutions. The 

absence of EPPs or their varying amplitude prevented us from analyzing the last 

peak/first peak ratio reliably. Clearly, clenbuterol had no effect on NMJ transmission, and 

statistical differences in MEPP and EPP properties recorded in the two treatments were 

not significant. These results indicate that 2-AR agonists’ action on NMJ transmission 

requires a physiological [Ca2+] range.   

 

P/Q-type Ca2+ channel blockade prevents clenbuterol-mediated enhancement of 

neuromuscular transmission 

Incubating the ex-vivo preparation in 0.2 µM ω-agatoxin IVA, a P/Q-type Cav channel 

blocker, for 15-20 min (n = 9 fibers per group, 2 mice) did not significantly modify 

MEPP properties (Fig. 3a-b, Table 4). EPP amplitude was much lower; half-decay time 

was slower; and their quantal content was strongly reduced to approximately one third of 

that recorded under control conditions (Table 1). Like clenbuterol alone (Table 2), 

clenbuterol with ω-agatoxin IVA (n = 8 fibers, 2 mice) increased MEPP frequency and 

half-decay time and duration but had no significant effect on EPP amplitude or quantal 
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content (Fig. 3c, Table 4). These results indicate that ω-agatoxin IVA does not affect 

spontaneous synaptic potentials but significantly ablates clenbuterol’s effects on evoked 

synaptic vesicle release at the motor axon terminal since EPP amplitude in the presence 

of clenbuterol plus ω-agatoxin IVA was less than 50 percent of that recorded in 

clenbuterol alone, and the toxin suppressed increases in clenbuterol-induced EPP quantal 

content.  

Compared to control, ω-agatoxin IVA evoked a significant decline in EPP amplitude 

in response to repetitive nerve stimulation at 2-50Hz, which persisted after adding ω-

agatoxin IVA plus clenbuterol. These data, together with the strong reduction in EPPs 

amplitude evoked by the toxin, lack of improvement in the LP/FP EPPs ratio, and non-

significant increased EPP amplitude in the presence of the toxin plus clenbuterol suggest 

that 2-AR agonists use the P/Q-type Cav channel to enhance neuromuscular 

transmission.   

 

N-type Cav channel blockade prevents clenbuterol-evoked decline in EPP amplitude in 

response to repetitive nerve stimulation 

To determine whether 2-AR agonists influence neuromuscular transmission through 

another channel than P/Q-type Ca2+, we studied the effects of clenbuterol in the presence 

of the N-type Cav channel blocker ω-conotoxin GIVA. Figure 4 shows MEPP recordings 

in the ex-vivo preparation incubated for 15-20 min in 3 µM ω-conotoxin GIVA (n = 10-

12 fibers per group, 2 mice) (a) or 3 µM ω-conotoxin GIVA plus 1µM clenbuterol (b). 

The toxin significantly decreased MEPP frequency and prolonged half-decay time 

compared to the control or clenbuterol, while ω-conotoxin GIVA plus 1µM clenbuterol 
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lowered MEPP frequency compared to clenbuterol alone but not ω-conotoxin GIVA 

alone (Table 5). EPP half-decay time was slower in ω-conotoxin GIVA compared to 

control, and time to peak and half-decay time were slower in the presence of the toxin 

compared to clenbuterol (Table 2). Compared to ω-conotoxin GIVA alone, the addition 

of clenbuterol increased EPP amplitude and quantal content. EPPs recorded in 3 µM ω-

conotoxin GIVA or 3 µM ω-conotoxin GIVA plus 1µM clenbuterol followed the 

stimulation frequency from 2 to 150 Hz without fail, and no major differences in 

amplitude or kinetics were observed (Fig. 4c). Surprisingly, ω-conotoxin GIVA 

prevented decreases in LP/FP EPP amplitude in response to repetitive nerve stimulation 

at frequencies higher than 2Hz and adding clenbuterol to the bath solution did not 

significantly modify these effects (Table 5). The data indicate that 2-AR agonists do not 

use N-type Ca2+ channels to enhance neuromuscular transmission.   

 

TRPV1 channel mediates Ca2+ conductance at the motor axon terminal to modulate 

synaptic vesicle release  

NMJ transmission in the presence of arvanil (N-arachidonoyl-vanillyl-amine), a vanilloid 

TRPV1 (VR1) agonist,(Di Marzo et al., 2002) or arvanil plus clenbuterol were recorded 

in both muscle fiber sets and sequentially in the same fiber. Compared to control, arvanil 

increased MEPP frequency almost 85% and modestly decreased its half-decay time but 

did not change quantal content or EPP amplitude measured in two separate sets of fibers 

(arvanil: n = 18 fibers from 3 mice; n = 19 fibers from 3 mice). However, it induced a 

significant decline in EPP amplitude in response to repetitive stimulation at all 

frequencies. Notably, arvanil prevented clenbuterol-evoked increases in MEPP 
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frequency, EPP amplitude, and quantal content (Table 2) recorded in fiber sets or the 

same fiber (n = 9 fibers from 3 mice) (Table 6).  We propose that the TRPV channel 

mediates Ca2+ conductance at the motor axon terminal to modulate synaptic vesicle 

release at rest. 

 

Putative presynaptic -ARs regulate Ca2+ influx at rest and during neuron 

depolarization 

Next, we examined the role of the 1/2-AR blocker propranolol in NMJ transmission. 

Data included in Table 7 show, that compared to control, 1µM propranolol induced a 

slower, more prolonged MEPP half-decay time, consistent with postsynaptic activity (n = 

26 fibers from 4 mice). Also, clenbuterol exerted no presynaptic or postsynaptic action in 

the presence of propranolol (n = 27 fibers from 4 mice).  Compared to control, 

propranolol or propranolol plus clenbuterol had no effect on the generation of repetitive 

EPPs or the magnitude of their amplitude decline over time. These data show that 

propranolol acts on the pre- and postterminal NMJ, precluding any effects of clenbuterol 

on putative presynaptic and reported postsynaptic -adrenoreceptors.(Khan et al., 2016; 

Lynch and Ryall, 2008) 
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Discussion 

Sympathomimetic agents enhance neuromuscular transmission  

Studies of the effects of SM drugs on neuromuscular transmission have mainly focused 

on the postsynaptic membrane 2-AR, neglecting their interaction with presynaptic 

molecular targets. The complexity of the SNS terminal trajectory, the number of 

neurotransmitters it releases, and the number of potential targets may explain this 

oversight. Note that 1- and 2-AR antagonists, such as propranolol, cause muscle 

weakness,(Howard, 1990) while-AR agonists enhance muscle strength in diseases 

characterized by congenital impaired neurotransmission.(Lorenzoni et al., 2013) β2-AR 

expression predominates in skeletal muscle, (Lynch and Ryall, 2008) mediates SNS 

action on the myofiber, and its agonists correct the size of AChR clusters at the 

postterminal and the amplitude of the compound muscle action potential after 

sympathetic denervation.(Khan et al., 2016) However, chronic administration of SM has 

serious side effects that preclude their use as a therapy for muscle-wasting 

conditions.(Baker et al., 2006) Diseases characterized by altered neuromuscular 

transmission benefit from their therapeutic use,(Ghazanfari et al., 2014; Sadeh et al., 

2011) but their mechanism of action remains unclear. We sought to clarify the role of SM 

in NMJ pre- and postsynaptic in the hindlimb lumbricalis muscle of adult mice. 

 NA, the main neurotransmitter of ganglionic sympathetic neurons, and adrenaline, 

the catecholamine secreted by the adrenal medulla, modulate neuromuscular 

transmission, but their effects and sites of action differ. NA acts at the nerve ending, 

increasing transmitter release, while adrenaline has both presynaptic and postsynaptic 

actions.(Kuba, 1970) SM drugs produce similar effects by acting on different targets at 
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the NMJ. Our data show that, like NA, salbutamol and clenbuterol increase MEPP 

frequency but not amplitude and increase EPP amplitude and half-decay time, indicating 

that SNS neurotransmitter and SM agents share a mechanism of action at the NMJ pre- 

and postterminal. We have no information about NA’s effects on EPP quantal content in 

mammalian species. A report in an amphibian shows that NA facilitates synaptic 

transmission by making quanta release more synchronous.(Bukcharaeva et al., 1999) 

Here, we examined the molecular targets of SM agents at the terminal axons. The fact 

that clenbuterol exacerbated the decline of the LP/FP EPP amplitude ratio recorded in 

control conditions is consistent with its role in the reported decrease in evoked Ca2+ 

transient amplitude, Ca2+ spark amplitude and frequency, and sarcoplasmic reticulum 

Ca2+ load in EDL muscle.(Sirvent et al., 2014).  

In contrast to short treatments, long-term use of SM agents results in loss of 

specificity by acting on cells other than those involved in NMJ transmission (e.g. cardiac 

myocytes), and muscle hypertrophy, a PKA- and Akt-dependent process evoked by direct 

effect of catecholamines on muscle 2-AR.  Whether SM-evoked phosphorylation 

promotes β1- and β2-adrenoreceptors desensitization has been reported, (Hausdorff et al., 

1990; Lefkowitz et al., 1990) but it did not seem to have a significant effect during the 

period of drug administration in our experiments.  Our study concludes that both acute 

and chronic salbutamol administration facilitate NMJ transmission predominantly at the 

motor and sympathetic axons.  

 

Complex interaction of SM with motor and sympathetic axons. Reducing extracellular 

Ca2+ concentration suppresses SM-evoked synaptic vesicle release  
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Our data show that drastically reducing extracellular Ca2+ significantly prevents 

clenbuterol from enhancing NMJ transmission. Although the dependence of synaptic 

vesicle release on external Ca2+ is well established in mammalian species,(Losavio and 

Muchnik, 1997) whether Ca2+ influx at the nerve terminal mediates sympathomimetic 

action on NMJ transmission is unknown. That low Ca2+ prevents clenbuterol-evoked 

increases in MEPP frequency and EPP quantal content implies that Ca2+ influx takes 

place at the motor axon terminal in resting conditions. Whether adrenoreceptors are 

present in terminal Schwann cells in vivo is unknown, but they have been reported in 

adult rat and guinea pig Schwann cells in vitro.(Fink et al., 1999; Yasuda et al., 1988) 

Precisely locating adrenoreceptors will help to define how Schwann cells affect Ca2+ 

signaling at the NMJ.(Arbour et al., 2017) Although a fine equilibrium between motor 

axon and perisynaptic Schwann cells is required for Ca2+ homeostasis,(Castonguay and 

Robitaille, 2001; Ko and Robitaille, 2015) the mechanism of Ca2+ conductance at rest is 

poorly understood.  

Wong et al. reported that a transient receptor potential channel of the vanilloid 

subtype (TRPV), Inactive (Iav), regulates presynaptic resting Ca2+ concentration.(Wong 

et al., 2014) If it mediates Ca2+ conductance at the motor axon terminal in mammalian 

species and participates in the regulation of synaptic vesicle release, it could explain how 

extracellular Ca2+ regulates intracellular Ca2+ in resting conditions. We propose that the 

TRPV1 channel mediates Ca2+ conductance at the motor axon terminal to modulate 

synaptic vesicle release. This hypothesis would explain how extracellular Ca2+ regulates 

intracellular Ca2+ and how, at rest, low extracellular Ca2+ prevents clenbuterol-evoked 

increases in MEPP frequency and EPP quantal content. These experiments indicate that, 
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at rest, the TRPV1 channel mediates Ca2+ conductance and clenbuterol-evoked synaptic 

vesicle release at the motor axon, consistent with a prior report showing that TRPV1 

activation elicits a Ca2+ signal in brain tumor cells.(Stock et al., 2012) Sympathomimetic 

effects on the presynapse are prevented because the TRPV1 channels are fully activated. 

By increasing resting [Ca2+], arvanil may prevent SM-mediated increase in EPP 

amplitude and quantal content.  

 

Voltage-gated Ca2+ channels mediate SM-evoked potentiation of neuromuscular 

transmission in response to nerve stimulation 

As expected, ω-agatoxin IVA had no effect on MEPP properties since the activation of 

P/Q-type Ca2+ channels require axolemma depolarization; in contrast, clenbuterol 

increased MEPP frequency in the presence of the toxin. These results support the concept 

that P/Q-type Ca2+ channels do not play a role in spontaneous vesicle release. The 

observed increase in MEPP half-decay time and duration in the presence of salbutamol or 

ω-agatoxin IVA plus clenbuterol and decrease in half-decay time in the presence of 

clenbuterol alone indicates that the toxin does not have a postsynaptic effect, and 

clenbuterol and salbutamol modify AChR gating properties differentially, probably by 

modifying the time the channel remains in the open configuration. 

P/Q-type Ca2+ channels are involved in ACh release from adult mammalian motor 

nerve terminals, and the N-type is responsible for transmitter release from peripheral 

autonomic nerve terminals.(Katz et al., 1996; Katz et al., 2015; Molina-Campos et al., 

2015) Treating the peroneal nerve/lumbricalis muscle preparation with ω-agatoxin IVA, a 

P/Q-type Ca2+ channel blocker, sharply reduced the LP/FP EPP amplitude ratio at various 
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nerve stimulation frequencies (2-50Hz). This effect is similar to that recorded in 

Lambert-Eaton Myasthenic Syndrome (LEMS),(Lambert and Elmqvist, 1971) which 

involves antibodies against P/Q-type Ca2+ channels.(Pinto et al., 1998) However, 

although decremental EPPs have been reported, their amplitude increased at frequencies 

equal to, or higher than, 10Hz, indicating that LEMS antibodies and ω-agatoxin IVA act 

on different P/Q-type Ca2+ channel residues. ω-agatoxin IVA evoked progressive decline 

in EPP amplitude in response to nerve stimulation and prevented any further effect of 

clenbuterol, indicating that sustained EPP generation requires Ca2+ influx through P/Q-

type Cav channels at the nerve terminal.  

Compared to control, blocking N-type Ca2+ channels with ω-conotoxin GIVA 

decreased spontaneous acetylcholine release ~50 percent and precluded clenbuterol-

induced potentiation of MEPP frequency at rest. This toxin did not modify EPP 

amplitude or quantal content, consistent with previous reports in the adult 

mouse.(Giovannini et al., 2002; Katz et al., 1996) Note that clenbuterol increased EPP 

amplitude and quantal content in the presence of ω-conotoxin GIVA, which indicates that 

it does not require Ca2+ permeation through N-type Ca2+ channels to enhance 

postsynaptic potentials. Surprisingly, compared to control, ω-conotoxin GIVA prevented 

EPP amplitudes from declining in response to repetitive nerve stimulation, which seems 

paradoxical. A previous study shows that N-type Ca2+ channels are located at terminals 

that are immunoreactive to substance P,(Westenbroek et al., 1998) indicating that they 

are expressed in sympathetic axons, and consistent with reports that they are responsible 

for transmitter release from peripheral autonomic nerve terminals.(Katz et al., 1996; Katz 

et al., 2015; Molina-Campos et al., 2015) Since N-type Ca2+ channels play an essential 
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role in evoked release of NA from sympathetic neurons,(Hirning et al., 1988) synaptic 

vesicle recycling depends on Ca2+,(Neher and Marty, 1982; Schneggenburger et al., 

2012; Yamashita et al., 2010) and sympathetic axons run along motor axons in spinal 

nerves, we propose that ω-conotoxin GIVA blockade of the neurotransmitter NA from 

sympathetic axons counters the time- and frequency-dependent decline in EPP amplitude.   

In summary, blocking sympathetic neuron N-type Ca2+ channels decreases NA 

release, improves motor terminal Ca2+ handling,(Sirvent et al., 2014) and sustains EPP 

amplitudes at increasing frequencies by allowing Ca2+ permeation through P/Q-type Ca2+ 

channels. Figure 5 proposes a model to explain the relationship between adrenergic 

receptors and Ca2+ channels at the NMJ. 

 Two voltage-gated Ca2+ channels, R- and L-type, were not examined in this study. 

Transmission at the NMJ relies on P/Q-type channels, but when they are deleted, it must 

depend on both N- and R-type Ca2+ channels.(Urbano et al., 2003) Since most of our 

experiments were performed in the ex-vivo preparation, and R-type Ca2+ channels are 

mainly located at the motor neuron soma,(Plant et al., 1998) we did not expect them to 

participate in sympathomimetic effects on NMJ transmission. L-type Ca2+ channels are 

related to synaptic vesicle endocytosis,(Perissinotti et al., 2008) but they are difficult to 

examine due to their partial inhibition by dihydropyridines,(Xu and Lipscombe, 2001) 

and their blockade does not significantly reduce the quantal content of Ca2+-buffered 

NMJs.(Urbano and Uchitel, 1999)   

Two important questions demand further analysis. First, how do these findings clarify 

the relationship between motor and sympathetic axons at the NMJ, and second, can 

sympathomimetic agents be used to treat diseases characterized by impaired 
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neuromuscular transmission? The pharmacological manipulation of salbutamol and 

clenbuterol in this study shows that the SNS regulates NMJ function by enhancing 

spontaneous and evoked synaptic vesicle release via probably TRPV1 channels and P/Q-

type Ca2+ channels, respectively. We propose that a fine-tuned equilibrium between P/Q- 

and N-type Ca2+ channel activation helps to sustain EPP amplitude, quantal content, and 

action potential generation. However, sympathomimetic effects on repetitive EPP 

generation raises questions about their efficacy in physiological and probably 

pathological conditions.(Crivelli et al., 2011)  
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Conclusions 

This study addressed the concept that SM act on axon terminal molecular targets 

involved in Ca2+ homeostasis to regulate motor neuron/skeletal muscle synaptic 

transmission. Their effect is similar to that reported for NA, which targets the motor 

neuron terminal, but remains poorly understood. By elucidating the mechanism of action 

of clenbuterol and salbutamol, we now know that the SNS influences skeletal muscle 

physiology by acting, not only at the NMJ postterminal, but the motor neuron terminal, in 

P/Q-Ca2+ channels and TRPV1 channels, and the sympathetic axon, in N-type Ca2+ 

channels. In addition, prolonged NMJ activation depends on their effect on the balance 

between sympathetic and motor axon terminal activity.   
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Table 1  

Acute and chronic salbutamol administration enhance neuromuscular transmission 

MEPP 

Control Chronic Control Acute Salbutamol Chronic Salbutamol 

   Mean    SEM  Mean    SEM  Mean   SEM 

p-

value 

(*) 

  

Mean 
   SEM 

p-

value 

(**) 

p-

value 

(***) 

Amplitude (mV) 1.403 ± 0.022 1.482 ± 0.089 1.561 ± 0.045 0.178 1.421 ± 0.028 0.511 0.175 

Frequency (Hz) 0.812 ± 0.036 0.794 ± 0.069 1.082 ± 0.056 <0.001 1.506 ± 0.089 <0.001 <0.001 

Time to peak (ms) 0.807 ± 0.029 0.885 ± 0.103 1.046 ± 0.059 <0.001 0.876 ± 0.038 0.364 0.003 

Half decay time (ms) 2.066 ± 0.050 2.167 ± 0.130 2.384 ± 0.052 <0.001 2.025 ± 0.043 0.378 <0.001 

Duration (ms) 5.627 ± 0.224 6.347 ± 0.825 6.755 ± 0.287 <0.001 5.938 ± 0.196 0.202 0.111 

EPP 

    

   Mean    SEM  Mean    SEM  Mean   SEM 

p-

value 

(*) 

  

Mean 
   SEM 

p-

value 

(**) 

p-

value 

(***) 

Amplitude (mV) 29.678 ± 0.973 30.963 ± 2.000 33.566 ± 0.622 0.032 34.634 ± 1.988 0.031 0.853 

Latency (ms) 1.830 ± 0.044 1.702 ± 0.057 1.453 ± 0.028 0.004 1.602 ± 0.083 <0.001 0.357 

Time to peak (ms) 2.466 ± 0.066 2.175 ± 0.079 2.428 ± 0.043 0.765 2.446 ± 0.072 <0.001 0.073 

Half-decay time (ms) 4.935 ± 0.215 4.960 ± 0.224 5.576 ± 0.112 0.371 5.432 ± 1.146 0.039 0.848 

Quantal content 21.055 ± 0.573 20.866 ± 0.947 24.295 ± 0.558 <0.001 23.483 ± 1.146 0.001 0.201 

            

Compared to control (*), chronic control (**), or acute salbutamol (***). Statistically significant values are in bold. 
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Table 2  

Clenbuterol enhances neuromuscular junction transmission 

MEPP 

Clenbuterol 
 

   Mean SEM 
p-value 

(*) 

Amplitude (mV) 1.410 ± 0.034 0.606 

Frequency (Hz) 1.282 ± 0.176 0.005 

Time to peak (ms) 0.818 ± 0.117 0.223 

Half decay time (ms) 1.767 ± 0.092 0.010 

Duration (ms) 4.929 ± 0.427 0.061 

EPP 

 

   Mean SEM 
p-value 

(*) 

Amplitude (mV) 32.547 ± 2.407 0.027 

Latency (ms) 1.725 ± 0.138 0.946 

Time to peak (ms) 2.054 ± 0.145 0.002 

Half-decay time (ms) 3.306 ± 0.339 <0.001 

Quantal content 23.037 ± 1.863 0.032 

LP/FP - EPP 2 Hz (%) -3.537 ± 1.399 0.621 

LP/FP - EPP 10Hz (%) -13.751 ± 1.461 0.918 

LP/FP - EPP 25Hz (%) -22.820 ± 3.101 0.069 

LP/FP - EPP 30Hz (%) -29.329 ± 3.297 0.004 

LP/FP - EPP 50Hz (%) -35.679 ± 2.409 0.002 

LP/FP - EPP 100Hz (%) -44.051 ± 3.344 0.024 

LP/FP - EPP 150Hz (%) -50.764 ± 3.634 0.024 

 

LP/FP = Last peak/first peak EPP amplitude ratio.  

Compared to control in Table 1 (*). Statistically significant values are in bold. 
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Table 3  

Low Ca2+/High Mg prevents clenbuterol-enhanced neuromuscular transmission 

 
 

Compared to control in Table 1 (*), clenbuterol (**), or low Ca2+/High Mg2+ (***). Statistically significant values are in bold. 

 

 

MEPP 

Low Ca2+/High Mg2+ Low Ca2+/High Mg2+ Clenbuterol 

Mean SEM p-value 

(*) 

p-value 

(**) 

Mean SEM p-value 

(*) 

p-value 

(***) 

Amplitude (mV) 1.145 ±0.026 0.013 0.007 1.202 ±0.034 0.023 0.142 

Frequency (Hz) 0.082 ±0.019 0.001 0.002 0.277 ±0.139 0.002 0.230 

Time to peak (ms) 0.335 ±0.046 0.001 0.005 1.579 ±1.198 0.041 0.927 

Half decay time (ms) 1.908 ±0.137 0.689 0.286 1.825 ±0.336 0.145 0.788 

Duration (ms) 4.518 ±0.415 0.419 0.576 7.852 ±2.661 0.633 0.527 

EPP 

  

Mean SEM p-value 

(*) 

p-value 

(**) 

Mean SEM p-value 

(*) 

p-value 

(***) 

Amplitude (mV) 4.831 ±0.141 <0.001 0.008 6.093 ±1.141 0.027 0.073 

Latency (ms) 0.225 ±0.066 <0.001 <0.001 0.410 ±0.176 0.064 0.230 

Time to peak (ms) 0.400 ±0.057 <0.001 0.007 0.740 ±0.269 0.086 0.109 

Half-decay time (ms) 0.488 ±0.065 <0.001 0.008 1.220 ±0.647 0.141 0.073 

Quantal content 4.220 ±0.050 <0.001 0.009 5.249 ±1.025 0.027 0.073 
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Table 4 

ω-agatoxin IVA prevents clenbuterol-enhanced neuromuscular transmission 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

LP/FP = Last peak 

(LP)/First peak (FP) EPP amplitude ratio.  Compared to control (*) or ω-Agatoxin IVA (**).  Statistically significant 

values are in bold.  

MEPP 

ω-agatoxin IVA 

 

ω-agatoxin IVA + clenbuterol 

 

Mean SEM 
p-value 

(*) 
   Mean SEM 

p-value 

(**) 

Amplitude (mV) 1.131 ±0.147 0.104 1.385 ±0.080 0.248 

Frequency (Hz) 1.147 ±0.078 0.080 1.283 ±0.088 0.031 

Time to peak (ms) 0.881 ±0.281 0.873 1.447 ±0.343 0.109 

Half decay time (ms) 1.476 ±0.286 0.061 2.214 ±0.306 0.049 

Duration (ms) 4.786 ±0.847 0.803 7.558 ±0.741 0.013 

EPP Mean SEM 
p-value 

(*) 
   Mean SEM 

p-value 

(**) 

Amplitude (mV) 7.982 ±2.074 <0.001 14.991 ±2.959 0.053 

Latency (ms) 1.972 ±0.099 0.226 2.925 ±0.369 0.011 

Time to peak (ms) 2.756 ±0.113 0.081 2.938 ±0.300 0.39 

Half-decay time (ms) 6.039 ±0.378 0.021 6.769 ±0.776 0.27 

Quantal content 6.898 ±0.898 <0.001 10.779 ±1.982 0.12 

LP/FP - EPP 2 Hz (%) -20.9 ±7.348 0.003 -18.26 ±6.671 0.123 

LP/FP - EPP 10Hz (%) -32.6 ±6.640 0.004 -39.42 ±7.126 0.297 

LP/FP - EPP 25Hz (%) -45.1 ±6.330 <0.001 -48.30 ±6.944 0.085 

LP/FP - EPP 30Hz (%) -39.5 ±7.767 0.012 -32.81 ±3.472 0.460 

LP/FP - EPP 50Hz (%) -41.8 ±5.039 0.001 -59.12 ±7.460 0.736 

LP/FP - EPP 100Hz (%) -41.7 ±5.979 0.233 -53.25 ±5.141 0.596 

LP/FP - EPP 150Hz (%) -39.7 ±3.521 0.542 -35.77 ±6.137 0.082 
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Table 5 

ω-conotoxin GVIA prevents clenbuterol-enhanced neuromuscular transmission  

  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

LP/FP = Last peak (LP)/first peak (FP) EPP amplitude ratio. Compared to control (*), clenbuterol (**), or ω-conotoxin 

GVIA (***). Statistically significant values are in bold. 

MEPP 
ω-conotoxin GVIA ω-conotoxin GVIA+ clenbuterol 

Mean SEM p-value (*) p-value (**)  Mean   SEM p-value (**) p-value (***) 

Amplitude (mV) 1.375 ±0.070 0.896 0.596 1.282 ±0.060 0.086 0.164 

Frequency (Hz) 0.417 ±0.085 0.002 <0.001 0.415 ±0.093 0.003 0.494 

Time to peak (ms) 0.725 ±0.130 0.746 0.878 0.675 ±0.162 0.175 0.409 

Half decay time (ms) 1.727 ±0.226 0.044 0.423 1.777 ±0.233 0.078 0.441 

Duration (ms) 5.199 ±0.524 0.824 0.330 5.231 ±0.831 0.38 0.549 

EPP Mean SEM p-value (*) p-value (**) Mean SEM p-value (**) p-value (***) 

Amplitude (mV) 26.805 ±4.079 0.585 0.112 39.236 ±4.226 0.076 0.03 

Latency (ms) 1.685 ±0.174 0.096 0.436 1.577 ±0.162 0.757 0.32 

Time to peak (ms) 2.925 ±0.283 0.069 0.005 2.632 ±0.160 0.073 1 

Half-decay time (ms) 6.325 ±0.475 0.008 <0.001 5.241 ±0.305 0.073 0.226 

Quantal content 18.968 ±2.534 0.438 0.117 31.671 ±4.212 0.003 <0.001 

LP/FP - EPP 2 Hz (%) -3.185 ±0.820 0.359 0.278 -2.312 ±0.939 0.433 0.266 

LP/FP - EPP 10Hz (%) -0.259 ±1.482 <0.001 <0.001 -2.669 ±1.031 <0.001 0.467 

LP/FP - EPP 25Hz (%) -2.385 ±1.684 <0.001 <0.001 -1.968 ±0.871 <0.001 0.071 

LP/FP - EPP 30Hz (%) -1.200 ±0.994 <0.001 <0.001 -5.684 ±2.843 <0.001 0.733 

LP/FP - EPP 50Hz (%) -0.579 ±1.234 <0.001 <0.001 -1.116 ±1.313 <0.001 0.232 

LP/FP - EPP 100Hz (%) -5.780 ±2.527 <0.001 <0.001 -0.481 ±2.620 <0.001 0.052 

LP/FP - EPP 150Hz (%) -7.878 ±2.683 <0.001 <0.001 -5.638 ±3.698 <0.001 0.183 
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Table 6 

Arvanil prevents clenbuterol-enhanced neuromuscular transmission 

MEPP 
Arvanil Arvanil + Clenbuterol 

Arvanil, Same 

Fiber 

Arvanil + Clenbuterol, Same 

Fiber 

Mean SEM p-value (*) Mean SEM p-value (**) Mean SEM Mean SEM p-value (***) 

Amplitude (mV) 1.521 ±0.070 0.811 1.342 ±0.123 0.021 1.204 ±0.031 1.196 ±0.018 0.113 

Frequency (Hz) 2.373 ±0.399 <0.001 1.361 ±0.217 0.028 1.988 ±0.383 1.746 ±0.268 0.611 

Time to Peak (ms) 0.730 ±0.061 0.163 0.640 ±0.072 0.177 0.677 ±0.030 0.622 ±0.012 0.056 

Half decay time (ms) 1.730 ±0.091 0.015 1.549 ±0.119 0.115 1.641 ±0.066 1.530 ±0.079 0.167 

Duration (ms) 4.878 ±0.315 0.200 4.180 ±0.419 0.097 3.966 ±0.190 3.730 ±0.107 0.077 

EPP 
                

Mean SEM p-value (*) Mean SEM p-value (**) Mean SEM Mean SEM p-value (***) 

Amplitude (mV) 34.826 ±2.183 0.063 25.629 ±1.942 0.003 31.945 ±0.550 32.146 ±0.335 0.382 

Latency (ms) 1.584 ±0.114 0.017 1.494 ±0.140 0.174 1.260 ±0.099 32.146 ±0.335 0.120 

Time to peak (ms) 2.402 ±0.101 0.850 2.421 ±0.101 0.625 2.280 ±0.104 2.550 ±0.151 0.090 

Half-decay time (ms) 6.390 ±1.080 0.082 5.068 ±0.158 0.986 4.970 ±0.161 5.060 ±0.215 0.374 

Quantal content 23.773 ±0.965 0.079 22.583 ±1.523 0.253 26.174 ±0.356 27.086 ±0.438 0.208 

LP/FP-EPP 2 Hz (%) -6.310 ±1.226 <0.001 -5.652 ±1.339 0.759 -5.772 ±1.726 -6.652 ±1.643 0.361 

LP/FP-EPP 10 Hz (%) -30.142 ±0.763 <0.001 -36.593 ±4.696 0.957          

LP/FP-EPP 25 Hz (%) -42.042 ±1.997 <0.001 -50.640 ±5.185 0.504          

LP/FP-EPP 30 Hz (%) -41.183 ±2.450 <0.001 -51.212 ±4.761 0.32          

LP/FP-EPP 50 Hz (%) -43.658 ±2.523 <0.001 -55.729 ±5.610 0.551          

LP/FP-EPP 100 Hz (%) -58.660 ±1.903 <0.001 -57.172 ±2.735 0.134          

LP/FP-EPP 150 Hz (%) -64.919 ±1.972 <0.001 -67.026 ±2.957 0.786           

LP/FP = Last peak (LP)/first peak (FP) EPP amplitude ratio. Compared to control (*), or arvanil (**) in difference fibers, or arvanil 

(***) in the same fiber. Statistically significant values are in bold. 
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Table 7 

Propranolol prevents clenbuterol-enhanced neuromuscular transmission 

MEPP 

Propranolol Propranolol + Clenbuterol 

          

Mean   SEM p-value (*) Mean   SEM p-value (*) p-value (**) 

Amplitude (mV) 1.371 ± 0.050 0.804 1.376 ± 0.031 0.686 0.568 

Frequency (Hz) 0.825 ± 0.170 0.813 0.739 ± 0.067 0.494 0.298 

Time to Peak (ms) 1.012 ± 0.154 0.215 0.723 ± 0.034 0.418 0.592 

Half decay time (ms) 2.908 ± 0.213 0.002 2.883 ± 0.045 <0.001 0.908 

Duration (ms) 8.850 ± 1.164 0.004 7.964 ± 0.210 0.013 0.457 

EPP Mean   SEM p-value (*) Mean   SEM p-value (*) p-value (**) 

Amplitude (mV) 28.721 ± 1.600 0.865 30.444 ± 1.548 0.55 0.307 

Latency (ms) 2.258 ± 0.106 0.007 2.070 ± 0.034 <0.001 0.18 

Time to peak (ms) 2.650 ± 0.175 0.320 2.343 ± 0.050 0.898 0.195 

Half-decay time (ms) 3.808 ± 0.428 0.152 3.089 ± 0.075 <0.001 0.181 

Quantal contents 21.001 ± 1.157 0.972 22.194 ± 1.092 0.242 0.251 

LF/FP - EPP 2 Hz (%) -2.306 ± 1.552 0.650 -2.314 ± 1.427 0.211 0.246 

LF/FP - EPP 10 Hz (%) -21.210 ± 1.959 0.028 -14.991 ± 1.174 0.949 0.017 

LF/FP - EPP 25 Hz (%) -25.080 ± 0.791 0.115 -19.948 ± 1.875 0.942 0.183 

LF/FP - EPP 30 Hz (%) -27.862 ± 2.443 0.099 -21.156 ± 1.252 0.333 0.017 

LF/FP - EPP 50 Hz (%) -32.803 ± 1.706 0.143 -26.028 ± 1.480 0.405 0.037 

LF/FP - EPP 100 Hz (%) -40.129 ± 2.074 0.645 -41.372 ± 1.971 0.312 0.633 

LF/FP - EPP 150 Hz (%) -45.888 ± 2.121 0.734 -46.856 ± 2.771 0.533 0.9 

LP/FP = Last peak (LP)/first peak (FP) EPP amplitude ratio. Compared to control (*) or propranolol (**). Statistically significant 

values are in bold. 
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Figure 20Figure 1. Salbutamol increases MEPP frequency and EPP quantal content. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. Salbutamol increases MEPP frequency and EPP quantal content. a-b. A 

continuous, 6-second trace of spontaneous ACh release in Ringer solution. a. Muscle 

fiber from a mouse injected with saline. b. Muscle fiber from a mouse injected with 

salbutamol. An increase in MEPP frequency but not amplitude is obvious. c. EPP 

recordings following stimulation pulses at frequencies ranging from 2 to 150Hz. 

Compared to saline-, salbutamol-injected mice show increased EPP amplitude. The thin 

and thick arrows show the stimulation artefact and EPP, respectively. 
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Figure 21Figure 2. Reduced extracellular Ca2+ prevents clenbuterol-enhanced neuromuscular transmission. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. Reduced extracellular Ca2+ prevents clenbuterol-enhanced neuromuscular 

transmission. Continuous, 6-second MEPP recordings in low Ca2+/high Mg2+ solution (a) 

and low Ca2+/high Mg2+ solution plus 1µM clenbuterol (b). Compared to control, MEPP 

amplitude, frequency, and time to peak were significantly reduced by the low Ca2+/high 

Mg2+ solution and not significantly modified by adding clenbuterol (Table 3). c. The 

stimulation artefact was irregularly followed by EPPs of varying amplitude in low 

Ca2+/high Mg2+ and Ca2+/high Mg2+ plus clenbuterol solutions. Failures in EPP 

generation are obvious. The thin and thick arrows show the stimulation artefact and EPP, 

respectively. 
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Figure 22Figure 3. Blocking P/Q-type Cav channels prevents clenbuterol-enhanced neuromuscular transmission. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. Blocking P/Q-type Cav channels prevents clenbuterol-enhanced 

neuromuscular transmission. Continuous MEPP recordings in 0.2 µM ω-agatoxin IVA 

(a) and 0.2 µM ω-agatoxin IVA plus clenbuterol (b). The amplitudes of EPPs recorded in 
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ω-agatoxin IVA were sharply decreased compared to control. ω-agatoxin IVA prevented 

clenbuterol-evoked increases in EPP amplitude at all stimulation frequencies (c). The thin 

and thick arrows show the stimulation artefact and EPP, respectively. 
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Figure 23Figure 4. Blocking N-type Cav channels with ω-conotoxin GIVA prevents clenbuterol-mediated decline in EPP 
amplitude in response to repetitive nerve stimulation. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. Blocking N-type Cav channels with ω-conotoxin GIVA prevents clenbuterol-

mediated decline in EPP amplitude in response to repetitive nerve stimulation. MEPP 

recordings in 3 µM ω-conotoxin GIVA (a) or 3 µM ω-conotoxin GIVA plus 1µM 

clenbuterol (b). EPPs recorded in 3 µM ω-conotoxin GIVA or 3 µM ω-conotoxin GIVA 
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plus 1µM clenbuterol followed the stimulation frequency, and no major differences in 

amplitude or kinetics were observed (c). The thin and thick arrows show the stimulation 

artefact and EPP, respectively. 
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Figure 5.  A model to explain the relationship between adrenergic receptors and Ca2+ 

channels at the NMJ. Depolarization of the sympathetic axon (AP: axon potential), leads 

to activation of the N-type Ca2+ channel, Ca2+ influx, and release of the neurotransmitter 

NA.  NA effects on sympathetic, motor and muscle fiber are mimicked by clenbuterol 

and salbutamol (sympathomimetics, SM). SM act on sympathetic axon 2 adrenergic 

receptor, which evokes Ca2+ channel inhibition mainly (G*), and possibly exclusively, via 

G(o)/G(i). Other rapid pertussis toxin (PTX)-insensitive G-protein pathways may involve 

NA/SM-independent, activating mechanisms (G#).(Mirotznik et al., 2000) The relative 

influence of these pathways would determine the amplitude and duration of increased NA 

concentration at the NMJ.   The effects of NA/SM on the postterminal 2-AR has been 

extensively described.(Lynch and Ryall, 2008) Based on clenbuterol’s lack of effect on 

MEPP frequency, EPP amplitude, and quantal content (QC) in the presence of 
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propranolol (Table 7), we propose another potential target: the motor axon terminal.  We 

also propose that Ca2+ influx through TRPV1 channels and P/Q-type Ca2+ channels 

(Cav2.1) determines the axoplasmic Ca2+ concentration at rest and during motor neuron 

depolarization, respectively. Since the channel agonist arvanil suppresses their effect 

(Table 6), SMs seem to modulate TRPV1 channels, while P/Q channel blockade ablates 

clenbuterol’s effects on MEPP frequency and EPP quantal content (Table 4). Whether 

1- and/or 2-AR are expressed presynaptically is uncertain.  However, as proposed for 

the regulation of N-type Ca2+ channels, the balance between G-protein activation and 

inhibition may determine the levels of P/Q-type Ca2+ channel activation and axoplasmic 

Ca2+ concentration, which ultimately affect ACh release and EPP quantal content.  

Whether ARs are present in terminal Schwann cells in vivo is unknown but they have 

been reported in adult rat and guinea pig Schwann cells in vitro.(Fink et al., 1999; Yasuda 

et al., 1988) Elucidating AR location is particularly important due to the role of these 

cells in Ca2+ signaling at the NMJ.(Arbour et al., 2017)  Dashed lines indicate potential or 

untested pathways. 
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Abstract 

This study was designed to determine whether and how the sympathetic nervous system 

(SNS) regulates motoneuron axon function and neuromuscular transmission in young (3-

4 month) and geriatric (31-month) mice. Our approach included sciatic-peroneal nerve 

immunolabeling co-registration, and electrophysiological recordings in a novel mouse ex-

vivo preparation, the sympathetic-peroneal nerve-lumbricalis muscle (SPNL). Here, the 

interaction between the motoneuron and SNS at the neuromuscular junction (NMJ) and 

muscle innervation reflect the complexity of the living mouse. Our data show that 

electrical stimulation of the sympathetic neuron at the paravertebral ganglia chain 

enhances motoneuron synaptic vesicle release at the NMJ in young mice, while in 

geriatric mice, this effect is blunted.  We also found that blocking -AR prevents the 

sympathetic neuron from increasing NMJ transmission. Immunofluorescence co-

expression analysis of immunolabeled ARs with choline acetyltransferase-, tyrosine 

hydroxylase-, or calcitonin gene-related peptide immunoreactive axons showed that 2B-

AR is found mainly in sympathetic neurons, 1-AR in sympathetic- and motor-neurons, 

and both decline significantly with aging. In summary, this study unveils the molecular 

substrate accounting for the influence of endogenous sympathetic neurons on 

motoneuron-muscle transmission in young mice and its decline with aging.  
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Introduction 

Increasing evidence supports the concept that skeletal muscle sympathetic innervation 

plays a role in NMJ stability and motor innervation. Innervation of the skeletal muscle by 

both motor and sympathetic axons has been established (1-6), igniting interest in 

determining how the sympathetic nervous system (SNS) and its neurotransmitters 

(noradrenaline, ATP, and neuropeptide Y) regulate neuromuscular transmission and 

skeletal muscle physiology. Recently, we demonstrated that the SNS controls the 

organization and function of the NMJ pre- and post-terminals by regulating spinal nerve 

expression of genes encoding neurotrophins and motor axon neurofilament 

phosphorylation in the pre-synapse, while maintaining optimal G-protein i2 expression 

and preventing any increase in Hdac4, myogenin, MuRF1, and miR-206 in the post-

synapse.  We also reported that SNS ablation leads to upregulation of MuRF1, muscle 

atrophy, and downregulation of postsynaptic AChR (5). These results support that the 

SNS has a strong influence on motoneuron function; however, the precise mechanism by 

which sympathetic neurons influence motoneuron synaptic vesicle release, is unknown. 

Noradrenaline (NA), the main neurotransmitter of ganglionic sympathetic 

neurons, modulates neuromuscular transmission (7), but its targets remain unclear.  

Sympathomimetic agents reestablish the compound muscle action potential disrupted by 

chemical SNS ablation (8), and regional surgical removal or systemic chemical ablation 

of mouse hindlimb SNS dramatically decreased muscle NA (9), and release of synaptic 

vesicles (5). These findings support a novel presynaptic mechanism based on the 

interaction between the motor and sympathetic nervous systems at the NMJ.  
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Recently, we concluded that two sympathomimetic agents in clinical use, salbutamol 

and clenbuterol, affect the motor axon terminal via extracellular Ca2+ and molecular 

targets, such as TRPV1 and P/Q- and N-type voltage-activated Ca2+ channels. 

Electrophysiological recordings in ex-vivo preparations of peroneal nerves and 

lumbricalis muscles from young adult mice focused on spontaneous miniature end-plate 

potentials and singly and repetitively evoked end-plate potentials. Adding one dose of 

salbutamol or clenbuterol to the nerve/muscle preparation or repeatedly administering 

salbutamol to a mouse for 4 weeks increased spontaneous and evoked synaptic vesicle 

release. These effects were mediated primarily by presynaptic ω-agatoxin IVA-sensitive 

P/Q-type and secondarily by ω-conotoxin GVIA-sensitive N-type Ca2+ channels and 

arvanil-sensitive TRPV1 channels. Presynaptic β-ARs presumably mediate 

catecholamine and sympathomimetic effects on motoneuron axonal Ca2+ channels during 

NMJ activation (10).  

We also showed that salbutamol or clenbuterol regulate EPP amplitude in response to 

repetitive nerve stimulation. These effects were mediated by presynaptic activation of ω-

agatoxin IVA-sensitive P/Q-type and ω-conotoxin GVIA-sensitive N-type Ca2+ channels, 

while arvanil-sensitive TRPV1 channels seem to regulate Ca2+ at the motor neuron 

terminal and synaptic vesicle release at rest (10). However, whether SNS stimulation 

regulates motor neuron axon function and neuromuscular transmission in situ is 

unknown.  

Sympathomimetic agents enhance NMJ transmission (10) and remediate muscle 

wasting and muscle strength in aged rats.(11, 12) The immediate question arises: why do 

endogenously secreted catecholamines fail to maintain muscle mass and force with aging 
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in the absence of significant changes in 2-AR levels? (11) Recent studies support a 

novel mechanism by which motor and sympathetic neurons interact at the NMJ 

presynapse. (4, 5, 10) Impaired neuronal crosstalk can explain, at least partially, the 

progressive atrophy and weakness with aging. This study was designed to determine 

whether the SNS regulates motor neuron axon function and neuromuscular transmission 

in situ - without any exogenous intervention, including delivery of catecholamines or 

sympathomimetic agents. Using endogenous neurotransmitters to regulate motoneuron 

synaptic vesicle release would allow fine-tuning of the acute stress response under 

physiological conditions. To address this question, we used a comprehensive approach 

including nerve immunolabeling co-registration and electrophysiological recordings in a 

novel mouse ex-vivo preparation that preserves the complexity of the interaction between 

motoneuron and SNS at the NMJ and muscle innervation in the living mouse. Defining 

the mechanisms by which the SNS regulates neuromuscular properties may have broad 

health implications, particularly for reducing the loss of skeletal muscle mass and 

strength (sarcopenia) that impairs gait and mobility in older adults and people with 

neurodegenerative diseases.  
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Materials and Methods  

Mice  

C57BL/6 male and female young (3-4 month) mice from our colony and geriatric (31-

month) mice from the Charles River-National Institutes on Aging (NIA) colony were 

housed in the pathogen-free Animal Research Program of the Wake Forest School of 

Medicine (WFSM) at 20-23°C with a 12:12-hour dark-light cycle. They were all fed 

chow ad libitum and had continuous access to drinking water. All experimental 

procedures were conducted in compliance with National Institutes of Health (NIH) 

laboratory animal care guidelines. We made every effort to minimize suffering. The 

WFSM Institutional Animal Care and Use Committee approved protocol A18-204 for 

this study.  

 

Sympathetic-peroneal nerve-lumbricalis muscle (SPNL) preparation 

After euthanasia by cervical dislocation under isoflurane anesthesia, the mouse was 

decapitated, skinned, the thorax and abdomen opened, and organs removed to expose the 

paravertebral sympathetic ganglia chain (Fig. 1A-B).  The ganglia chain was interrupted 

at the upper thoracic level and the caudal chain suctioned into a bipolar stimulating 

electrode (Fig. 1B).  The lumbricalis muscle was dissected with its plantar nerve 

attached, and fat, blood vessels, and gross connective tissue were removed using fine 

surgical tools under a stereomicroscope. A cuff (Microprobes for Life Science, 

Gaithersburg, MD) and sharp electrodes were used for spinal nerve stimulation (Fig. 1C) 

and lumbricalis muscle fiber miniature end-plate potential (MEPP) and end-plate 

potential (EPP) recordings (Fig. 1D), respectively. The preparation was continuously 
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perfused with oxygenated normal mammalian Ringer’s solution (below). We conducted 

functional recordings similar to those we reported in an isolated plantar nerve-lumbricalis 

muscle preparation (5, 10) within 4 hours after mouse euthanasia, a period when 

functional recordings were stable. Note that the suprarenal glands were removed to 

preclude any adrenaline release into the bath solution, which would influence NMJ 

transmission. 

 

Electrophysiological recordings 

We developed a technique to examine the influence of the paravertebral lumbar 

sympathetic ganglia on motoneuron-lumbricalis muscle transmission based on our 

previous work (5, 10). The preparation had to be small enough to fit in a chamber on the 

microscope stage and to allow continuous tissue perfusion (at a flow rate of 4 ml/min) 

and positioning of a three-electrode system for sympathetic ganglia activation (Fig. 1A, 

B), sciatic-peroneal nerve stimulation (C), and NMJ transmission recording at the 

lumbricalis muscle NMJ (D). The custom-made chamber had two interconnected 

compartments, one for the mouse’s leg and NMJ positioning and the other for the rest of 

the preparation. The volumes of the chambers were 1 and 3 ml, respectively. 

The SPNL preparation was incubated for 30 minutes in μ-conotoxin GIIIB (a.k.a. 

myotoxin II, geographutoxin II, GTx-II; cat. C270; Alomone Labs, Jerusalem, Israel), a 

selective blocker of skeletal muscle Nav1.4 channels, used at a concentration of 1µM to 

prevent muscle contraction (see below).  NMJ transmission was then recorded 

intracellularly in oxygenated normal mammalian Ringer’s solution (in mM, 136.8 NaCl, 

5 KCl, 1 MgCl2, 15 NaHCO3, 1 Na2HPO4, 11 D-glucose, 2.0 CaCl2, pH 7.4) using a 
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TEV-200A amplifier (Dagan, Minneapolis, MN), and DigiData 1322A, and pClamp10.3 

software (Molecular Devices, San José, CA). The intracellular electrodes (~40mΩ) were 

filled with 2M K-citrate and 10 mM K-chloride and mounted on the stage of a MP-285 

micromanipulator (Sutter, Novato, CA). We used an upright, fixed-stage Axioscope FS 

microscope (Zeiss GmbH, Jena, Germany) with a 10 or 20X, water-immersion FLUAR 

objective mounted on a MT-500 microscope translator (Sutter, Novato, CA), which 

enabled us to visualize the preparation, measure spontaneous MEPP amplitude, and the 

distance between the microelectrode and the NMJ.  

EPPs were elicited by electrical stimulation at 2 Hz, while MEPPs were baseline 

corrected, and their frequency and amplitude retrieved by setting basic criteria to conduct 

peaks selection. For data analyses, we used Clampfit 10.3 software and macros recorded 

in Excel (Microsoft, Redmond, WA).  Sympathetic ganglia were randomly stimulated at 

frequencies (10-60Hz for 10 sec). We applied supramaximal pulses through the suction 

electrode to account for potential differences in the ability of older sympathetic ganglia to 

respond to electrical stimulation. The long duration of the experiments prevented us from 

repeating all pulses in each cell, so we reiterated them at alternate frequencies (10, 40, 

and 60Hz or 10, 30, and 50Hz). All experiments were conducted at room temperature 

(21°C). EPP quantal content was calculated by dividing its mean amplitude by the mean 

amplitude of the MEPPs as described (13). The mean EPP amplitude of at least 10 events 

and 500 MEPPs recorded per NMJ were used for QC calculation. For quality control, 

recordings that showed more than a 10mV change in resting membrane potential over the 

5 min recording period were excluded from the analysis. 
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Nerve immunofluorescence analysis of adrenergic receptor localization in motor, 

sympathetic, or sensory neurons  

We used immunohistochemistry to analyze the colocalization of sciatic-tibial-peroneal 

nerve axons and AR subtypes. Briefly, both nerves were dissected, freed of surrounding 

fat and blood vessels, and mounted in an antiparallel orientation to obtain more proximal 

and distal nerve cross-sections in the same cryosection. After overnight incubation in 4% 

PFA, nerves were cryopreserved overnight in 10, 20, and 30% sucrose, covered with 

OCT, quick frozen in cold isopentane in dry-ice, and stored at -80°C until cut into 10‐µm 

sections at -20°C with a Leica CM3050 S cryostat (Heidelberger, Germany).  For 

immunofluorescence staining, cryosections mounted on slides were rinsed in PBS and 

blocked with 10% goat serum in PBS for 1 hour. Axons and AR subtypes were identified 

with the following specific antibodies: Tyrosine-hydroxylase (cat. AB152, 

MilliporeSigma, Burlington, MA, dilution 1:200); ChAT (cat. AB144P MilliporeSigma, 

dilution 1:200); CGRP (cat. ab81887, Abcam, dilution 1:200); β1-Adrenergic Receptor 

(cat. ab77189, Abcam, dilution 1:200) used in combination with rabbit TH antibody; β1-

Adrenergic Receptor (cat. Ab3442, Abcam, dilution 1:200) used with goat ChAT 

antibody; and α2B-Adrenergic Receptor (AAR-021, Alomone, dilution 1:250). The most 

suitable β1-AR antibody was selected based on its association with the TH, ChAT, or 

CGRP Ab used for nerve immunofluorescence.  

Nerve sections were incubated with primary mouse antibodies and 10% goat 

serum in PBS for 2 hours at room temperature. After washing with PBS twice for 

5 minutes, they were incubated with secondary goat antibodies diluted in PBS for 1 hour 

at room temperature followed by two 5‐minute washes with PBS. All secondary 
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antibodies were purchased from Invitrogen (Thermo Fisher, Carlsbad, CA). Tissue 

sections were mounted using fluorescence mounting medium (S3023, Dako, Carpinteria, 

CA) and visualized with an IX81 Olympus fluorescence microscope. We quantified 

colocalization between1- or 2B-ARs and the immunoreactive axons of choline acetyl 

transferase (ChAT), tyrosine hydroxylase (TH) or calcitonin-gene related protein (CGRP) 

on individual channel and overlay images using MetaMorph® software (Molecular 

Devices, San José, CA).  Control experiments included (i) immunofluorescence nerve 

staining in the absence of primary antibody, which abolished the specific immunoreactive 

signal; and (ii) fluorescence signal detection at the wavelength expected for the secondary 

antibody’s emission spectrum and in no other fluorescence channel. 

 

Statistical analysis 

For statistical analysis we used Sigma Plot, version 12.5 (Systat Software, Inc., San José, 

CA) and Excel 2016 software (Microsoft, Redmond, WA). All data were expressed as 

mean ± S.E.M.  Statistical analyses were based on average values from at least 3-5 

recordings taken for each mouse. Student's t-test was used to compare two groups, and 

analysis of variance (ANOVA) followed by Bonferroni’s post hoc analysis to compare 

three or more. The difference in the mean values of the two groups was expressed as two-

tailed p-values.  
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Results 

Sympathetic neuron stimulation enhances motoneuron synaptic vesicle release at the 

NMJ in young mice  

Investigating the influence of sympathetic neurons activity on motoneuron-muscle 

transmission in the young mouse required a preparation that would preserve the 

physiological interactions of three components - sympathetic neurons, motor axons, and 

skeletal muscle. We developed a technique to examine the influence of the paravertebral 

lumbar sympathetic ganglia on motoneuron-lumbricalis muscle transmission based on 

our previous work (5, 10) (Fig. 1).  

We first examined whether stimulating sympathetic neurons located at the 

paravertebral ganglia chain regulates MEPP generation at the NMJ in young mice. The 

experimental paradigm included a 2-minute pre-stimulation period of continuous MEPP 

recording, followed by randomized 10-second sympathetic stimulation at 0, 10, 30, 40, 

50, or 60 Hz and 3-minutes post-stimulation MEPP recording, always in mammalian 

Ringer’s solution. A ten-minute resting interval separated the individual pulses. The 

whole range of pulses was completed in 75% of the fibers. In those remaining, recording 

was terminated when the membrane voltage changed more than 10mV, or any other 

technical circumstances made it unreliable. Figure 2 shows a 120-second fragment of 

continuous spontaneous neuromuscular activity recorded before (A) and after (B) 

sympathetic stimulation at 60Hz. Traces in (A) and (B) were separated by the large 

stimulation artefact, which was removed. Figure 2C shows percent increase in MEPP 

frequency in response to increasing sympathetic stimulation. The range of frequencies 

applied to the sympathetic ganglia was chosen based on previous studies of spontaneous 
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sympathetic nerve discharge, which established (i) its variability in sympathetic nerve 

discharge,(14), caused by both the simultaneous activation of many fibers and brief high-

frequency firing in individual fibers,(15) and (ii) range of discharge reported in the 

literature.(16-20) Mean MEPP frequency during the post-stimulation period was 

compared to the pre-stimulation value and expressed as a percent (39 NMJs from 6 mice; 

6-7 NMJs per mouse). Values recorded at each frequency were statistically compared to 

those in which the sympathetic ganglia were not stimulated (0 Hz).  Since sympathetic 

activation at 60 Hz for 10 sec evoked the maximal increase in MEPP frequency, we used 

this stimulation protocol for the remaining experiments. The results indicate that 

sympathetic neuron stimulation significantly increases motoneuron synaptic vesicle 

release within a wide range of pulse frequencies.  

Direct stimulation of the sciatic-peroneal nerve in the same preparations evoked EPPs 

before (Fig. 2D) and after (E) sympathetic activation. EPP amplitude (F) and quantal 

content (G) did not differ significantly. Quantal content, measured in a subset of 

experiments (20 NMJs from 5 mice), did not differ significantly before and after 

sympathetic stimulation in young mice (p = 0.816).  

 

Aging blunts the influence of sympathetic neurons on motoneuron synaptic vesicle 

release 

To examine whether sympathetic neuron activation modulates motoneuron function at an 

older age, we tested spontaneous and evoked NMJ transmission in geriatric mice. Neither 

MEPP frequency nor amplitude was significantly modified (Fig. 3A-D) (43 NMJs from 6 

mice). Similarly, EPP amplitude (E-G) and quantal content (H) did not change 
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significantly. Quantal content was measured in a subset of 20 NMJs from 5 mice. Since 

EPP amplitude and quantal content in geriatric mice were significantly smaller than in 

young mice (Table 1), we hypothesized that (i) the motoneuron expresses ARs; and (ii) 

they are downregulated with aging.  

To examine whether the reported increase in MEPP frequency evoked by sympathetic 

stimulation in young mice results from stochastic oscillations, we analyzed MEPP 

frequency in young mice for the same total recording period reported above but in the 

absence of sympathetic stimulation. eFigure 1 shows no statistically significant 

differences between the last 3 min and the first 2 min of continuous spontaneous MEPP 

recording (A, C, D) (16 NMJs from 6 mice). Similarly, MEPP amplitude did not change 

during the 5-min recording (A, B, D). EPP amplitude and quantal content did not change 

spontaneously, and differences between non-sympathetic (No-SS, NMJ transmission 

recordings not preceded by sympathetic stimulation), and sympathetic stimulated (SS) 

preparations (E-G) were not statistically significant (24 NMJs from 6 mice). 

MEPP frequency and amplitude did not show statistically significant modifications 

when we compared both recording periods in non-sympathetic stimulated preparations 

from geriatric mice (eFig. 1H-K) (17 NMJs from 6 mice). Moreover, we detected no 

significant modifications in EPP amplitude and quantal content or significant differences 

between stimulated and non-stimulated preparations (eFig. 1L-N) (15 NMJs from 6 

mice). Note that eFig. 1 and Table 1 show baseline MEPP frequency and amplitude in 

young and old mice.  
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In response to sympathetic neuron stimulation in young mice, enhanced NMJ 

transmission is prevented by blocking -AR  

Incubating the SPNL preparation in 1 µM propranolol, a -AR antagonist, not only 

prevented but significantly decreased sympathetically induced increase in MEPP 

frequency and had no effect on MEPP amplitude (Fig. 4A-D). Propranolol also decreased 

significantly EPP amplitude (E-F) and insignificantly quantal content (G) (26 NMJs from 

6 mice). These results suggest that sympathetic axons release catecholamines that act on 

-ARs expressed in the motoneuron.  

 

1-AR expression in motoneurons declines with aging 

Next, we tested the location of 1-AR and 2B-AR in specific neurons and their 

modifications with aging. We immunostained nerve cross-sections with either 1- or 

2B-AR antibody, together with an antibody against choline acetyl transferase (ChAT), a 

specific motoneuron marker. eFigure 2 shows the number of axons that were 

immunoreactive to 1-AR, ChAT, or 1-AR plus ChAT (A-C). A substantial number 

(~30%) of motoneurons co-express 1-AR in young mice, but significantly fewer in 

geriatric mice (~12%) (D-F) (n = 6 nerves from 3 mice per age group). The insets in B 

and E from images A and D, respectively, illustrate the profound downregulation of 1-

AR in the motoneuron with aging. The number of ChAT-positive motoneuron axons 

showed that the difference between young (412 ± 48) and old (318 ± 50) mice was not 

statistically significant (n = 6 nerves per age group: two-tailed t-test, P = 0.210). 

 eFigure 2 also shows that a fraction of 1-AR-positive axons do not co-register 

with ChAT-positive motoneuron, which implies that the receptor is expressed in ChAT-
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negative axons as well. To define1-AR expression in other neurons, we co-stained 

nerve cross-sections with tyrosine hydroxylase (TH) and calcitonin-gene-related peptide 

(CGRP), specific markers of sympathetic and sensory neurons, respectively. We found 

that the percentage of axons stained for 1-AR, TH, or 1-AR plus TH was 47.8 ± 2.26, 

21.1 ± 2.73, and 32.6 ± 2.68, respectively, in young mice but 57.5 ± 1.26 (p = 0.019), 

27.5 ± 2.39 (p = 0.153), and 14.9 ± 3.21 (p =0.013), respectively, in geriatric mice (n = 6 

nerves from 3 mice per age group). A statistically significant increase in axons 

immunoreactive only to 1-AR and decrease in those co-expressing 1-AR and TH was 

obvious. Examination of sensory neurons showed that the percentage of axons 

immunoreactive to 1-AR, CGRP, or 1-AR plus CGRP was 88.4 ± 1.92, 2.76 ± 0.61, 

and 18.8 ± 1.91, respectively, in young mice and 77.6 ± 2.07 (p = 0.019), 3.53 ± 0.79 (p = 

0.485), and 8.87 ± 2.54 (p = 0.035), respectively, in geriatric mice (n = 6 nerves from 3 

mice per age group). A statistically significant decrease in axons immunoreactive only to 

1-ARAb and co-expressing 1-AR plus CGRP was obvious. These results show that 

aging broadly affects 1-AR expression in motor, sympathetic, and sensory neurons.  

 

2B –AR expression in sympathetic neurons declines with aging  

Next, we examined 2B-AR expression in the motoneuron. eFigure 3A-C shows 

abundant single 2B-AR or ChAT immunoreactive axons in nerve cross-sections from 

young mice; the fraction of axons co-stained with 2B-AR and ChAT was almost null 

(D). In geriatric mice, less than 2% of motoneurons co-expressed 2B-AR and ChAT. 

The rectangles in A and D are enlarged in B and E, respectively, to illustrate the low 

expression levels of 2B-AR in motoneurons from young and geriatric mice. Differences 
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in 2B-AR, ChAT, and 2B-AR plus ChAT between young and geriatric mice were not 

statistically significant. 

  eFigure 4A-F shows that more than 50% of TH-positive neurons in young mice 

express 2B-AR. Differences in 2B-AR, TH, and 2B-AR plus TH between young and 

geriatric mice were statistically significant for axons co-expressing 2B-AR and TH. 

Further analysis showed that 2B-AR is also found in CGRP-positive axons. 

Examination of sensory neurons showed that the percentage of axons stained for 2B-

AR, CGRP, or 2B-AR plus CGRP was 46.7 ± 1.06, 9.2 ± 4.8, and 44.1 ± 4.1, 

respectively, in young mice and 61.1 ± 3.9 (p = 0.024), 5.7 ± 2.7 (p = 0.563), and 33.2 ± 

1.59 (p = 0.069), respectively, in geriatric mice. Thus, a statistically significant decline in 

2B-AR expression in sensory neurons with aging was not obvious (6 nerves from 3 

mice per age group). These results show that 2B-AR is expressed mainly in sympathetic 

and sensory neurons, and its expression dramatically declines in sympathetic but not 

sensory neurons with aging.  
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Discussion 

A complex technical approach enables investigation of the role of the sympathetic 

nervous system in neuromuscular transmission 

An overwhelming number of publications show deterioration of the NMJ with aging.(21, 

22) However, a few differ probably due to the technical approach.(23, 24) To investigate 

how sympathetic neurons regulate motoneuron-lumbricalis muscle synapse transmission 

demanded a technique that would allow stimulation of sympathetic neurons at the 

paravertebral sympathetic ganglia chain, sciatic-peroneal stimulation, and NMJ 

recording. The preparation we used, the SPNL, has some advantages. First, a sympathetic 

structure, the paravertebral sympathetic ganglia, can be directly stimulated to demonstrate 

their role in NMJ stability. Second, the distal sciatic-peroneal nerve close to the 

lumbricalis muscle can be accessed. Third, the NMJ at the lumbricalis muscle can be 

directly visualized for electrode-based neuromuscular transmission recordings.  

The SPNL technique also has some limitations. It cannot assess the influence of 

sympathetic relays from the brain and brainstem nuclei to the intermediolateral column of 

the spinal cord. It also cannot assess the systemic influence of humoral milieu on the 

structures involved in neuromuscular transmission. Another limitation is that repetitive 

stimulation might exhaust catecholamine and/or acetylcholine neuron pools. The 

preparation shows sympathetic-mediated enhanced synaptic vesicle release within 6 

hours of tissue dissection; however, completing all experiments within 4 hours ensured 

reproducible recordings.   
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Sympathetic neuron stimulation enhances motoneuron synaptic vesicle release at the 

NMJ in young mice  

Comparison of post- vs prestimulation records showed that 10-60 Hz achieved the most 

consistent and potent effect, with an approximately two-fold increase in MEPP frequency 

at 60 Hz. This effect was produced by activating sympathetic neurons, not random 

oscillations in synaptic vesicle release, because MEPP frequency did not increase in 

control experiments using the same recording time without sympathetic stimulation. 

Previous studies showing enhanced transmission in response to sympathomimetics 

application to the isolated NMJ further support that sympathetic neuron activation 

enhances motoneuron synaptic vesicle release at the NMJ.(7, 10)  Whether interaction 

between sympathetic and motor-neurons occurs at more proximal areas (e.g. spinal 

nerve) is unknown. Hence, NA released from sympathetic neurons regulates motoneuron 

synaptic vesicle release, probably by acting on ARs.  

However, no increase in EPP amplitude was recorded after sympathetic ganglia 

stimulation. Why would sympathetic stimulation increase spontaneous but not evoked 

synaptic vesicle release? An electrical pulse applied to a spinal nerve stimulates all axon 

subtypes, including motor, sensory, and sympathetic neurons. EPP, represents an evoked 

motoneuron-muscle transmission under the influence of massive SNS activation, so 

sympathetic neuron influenced EPP responses both before and after sympathetic ganglia 

stimulation. In contrast, MEPP is a spontaneous synaptic vesicle release moderately 

influenced by the SNS at rest, but strongly after evoked sympathetic neuron activation. 

Another experimental observation supports this concept. Propranolol, used at a 

concentration within the previously tested experimental and therapeutic range (10, 25, 



186 
 

26), prevented increased MEPP frequency in response to sympathetic ganglia stimulation 

and decreased EPP amplitude compared to recordings in mammalian Ringer’s solution. 

In summary, blocking -ARs prevents sympathetic neuron-dependent evoked increase in 

NMJ transmission in young mice.  

To further investigate the molecular substrate for the interaction between sympathetic 

and motor neurons, we examined the AR expressed in the sciatic-peroneal nerve. β1-AR 

showed extensive co-registration with ChAT in motoneurons and TH in sympathetic 

neurons; 2B, primarily with TH-positive neurons. These results support the concept that 

sympathetic neuron stimulation modulates motoneuron function through 1-AR, while 

1- and 2B-AR regulate NA release.  

1-AR expression has been reported in cardiac and smooth muscle; renal, salivary, 

and adipose cells; and various areas of the central nervous system (27, 28). Here, we 

found it expressed to a similar extent in motor and sympathetic neurons (~30%) but less 

in sensory neurons (18%). Since it couples to the stimulatory G protein Gs, which 

activates the enzyme adenylyl cyclase (AC), increasing cAMP (29), its effect is basically 

stimulatory. Recently, we reported that in response to activation of an unidentified -AR, 

sympathomimetic agents, such as clenbuterol and salbutamol, evoke motoneuron 

terminal Ca2+ influx through TRPV1 and P/Q-type voltage-gated Ca2+ channels (10).   

Here, we propose that the 1-AR subtype mediates this effect, while increased Ca2+ 

concentration at the motoneuron terminal may increase synaptic vesicle release. 

We also found that 2-AR, which mediates a sympathetic short-loop feedback that 

attenuates catecholamine release (30), is expressed in the spinal nerve. Its presence is 

negligible in the motoneuron but significant in sympathetic and sensory neurons. It also 
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functions as an auto receptor in A5 and A6 neurons (31). Note that A5 cells project to 

preganglionic sympathetic neurons in the intermediolateral column of the spinal cord to 

establish synapse with postganglionic sympathetic neurons and, in turn, regulate muscle 

vasculature and the stability of myofiber synapses (4, 5).  

1-AR in sympathetic neurons might counter the autoinhibitory effects of 

catecholamines on 2-AR to facilitate NA release. NA release probably hinges on the 

balance between the facilitatory and inhibitory effects of 1- and 2B-ARs, respectively. 

In summary, we propose that endogenous NA release activates synaptic vesicle release in 

motoneurons by acting on a -AR they express (10), now identified as belonging to the 

1-subtype.  

 

Aging blunts sympathetic neurons’ influence on motoneuron synaptic vesicle release  

Compared to young mice, our data on NMJ transmission in geriatric mice show no 

significant change in frequency but increased MEPP amplitude and decreased EPP 

amplitude and quantal content. To our knowledge, no previous studies have explored the 

effect of aging on neuromuscular transmission in the lumbricalis muscle. MEPP 

frequency and amplitude vary according to the muscle examined. A previous study in 

age-matched CBF-1 mice showed that MEPP frequency decreased in EDL, soleus, and 

EDC but not gluteus maximus or diaphragm, while MEPP amplitude increased in all 

these muscles except diaphragm (23). 

In aging lumbricalis NMJ, MEPP frequency does not increase in response to 

sympathetic neuron stimulation. Our nerve image co-registration analysis indicates that 

the strong decline in motoneuron 1-AR expression with aging is the factor limiting its 
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synaptic vesicle release. Based on ChAT-positive motoneuron axons counting, we 

suggest that aging reduces sympathetic neuron regulation of motoneuron synaptic vesicle 

release by downregulating adrenergic receptors rather than neurodegeneration. Note that 

we recorded neuromuscular transmission at the single-cell level. Any impact of the 

decrease in motor axon numbers would be obvious in multicellular recordings (e.g., 

muscle contraction evoked by nerve stimulation or compound muscle action potential 

generation).  In contrast to the reported increase in -AR in the cerebral cortex, 

hypothalamus (32), and hippocampus (33), our data show a significant decline in 1-AR 

in ChAT and 1- and 2B-AR in TH immunoreactive axons with aging. We speculate 

that the age-dependent decline in 1-AR expression in sympathetic neurons contributes 

to diminished NA release. 

 Although all senescent animal and human tissues show higher levels of 

circulating catecholamines and AR desensitization and downregulation, other changes in 

AR differ by tissue, and even within the same tissue, AR subtypes may show different 

expression patterns (34).  Cell-signaling molecules, such as GPRC kinases, are 

responsible for phosphorylation, desensitization, and downregulation of -AR (35), 

which may contribute to the dysfunction of the target (36); for example, the age-

dependent impairment of NMJ transmission in response to sympathetic stimulation that 

we report. 1-AR is among the most studied AR subtypes, probably due to its role in 

excitation-contraction coupling in normal and diseased hearts. Chronic ischemic heart 

failure, common in older adults, is associated with decreased 1-AR expression after a 

period of increased expression that also increases cAMP and protein-kinase A. 

Phosphorylated GATA4 then mediates the upregulation of miRNA let7, which directly 
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targets ADRB1 mRNA 3’UTR to repress 1-AR. (37). Whether this mechanism operates 

in distal axons is unknown. Overall, regulation of -AR expression in the nervous system 

and especially the nerve is unclear.  

Our data on the age-dependent decline in 2-AR levels are consistent with 2-ARs’ 

diminished responsiveness in prejunctional noradrenergic nerve terminals reported in the 

cardiovascular system (38). However, the mechanism leading to age-dependent decline in 

2B-AR expression in the spinal nerve remains unknown.  

Age-associated sympathetic hyperactivity is a plausible explanation for AR 

downregulation at the NMJ presynapse. An imbalance in the autonomic control of the 

cardiovascular system, with predominance of the sympathetic over the inhibited 

parasympathetic nervous system, has been reported in relation to cardiac failure.(39) 

However, sympathetic nerve activity varies with location. Since the number of 

unmyelinated fibers in the pelvic nerve decreases with aging in rats,(40) future research 

should focus on analyzing whether sympathetic hyperactivity overcomes the loss of 

sympathetic axons. 
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Concluding remarks 

Our data support the concept that the levels of expression and function of 1- and 2B-

AR fine-tune NA release from sympathetic neurons. Moreover, 1-AR mediates SNS 

influence on motoneuron synaptic vesicle release, and its sharp decline with aging 

impairs NMJ transmission. eFigure 5 proposes a model to explain the relationship 

between sympathetic and motor neurons and the role of ARs in regulating Ca2+ channels, 

intracellular Ca2+ concentration, and AChR synaptic vesicle release at the NMJ. It also 

suggests how age-dependent decline in 2- and 1-AR expression leads to decreased NA 

release in sympathetic neurons and attenuated synaptic vesicle release by motoneurons at 

the NMJ. Targeting the effects of α2B- and 1-AR signaling mechanisms in presynaptic 

NMJ activity may inform medical strategies to prevent or remediate age-associated 

sarcopenia and neurodegeneration. 
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Table 1  

Influence of Sympathetic Stimulation on Spontaneous and Evoked Synaptic Potentials in Young and Geriatric Mice 

QC = Quantal content.  S.E.M. is between parentheses.  The number of fibers ranged from 4 to 6 per mouse. § MEPP frequency in 

young vs geriatric mice, p = 0.398. §§ MEPP amplitude in young vs geriatric mice, p = 0.027. * PRE-stimulation EPP amplitude in 

young vs geriatric mice, p = 0.001; ** POST-stimulation EPP amplitude in geriatric vs young mice, p = 0.002; # Pre-stimulation QC in 

geriatric vs young mice, p = 0.014; ## Post-stimulation QC in geriatric vs young mice, p = 0.087.  

 

 

 

 

 

Mice N 

mice 

N 

fibers 

MEPP 

frequency 

MEPP 

Amplitude 

EPP  

amplitude 

PRE-

stimulation 

EPP 

amplitude 

POST-

stimulation 

 

P value 
(PRE vs 

POST) 

QC 

PRE-

stimulation 

QC 

POST-

stimulation 

 

P value 
(PRE vs 

POST) 

Young 6 

 

  26 (EPP) 

  43 (MEPP) 

7.822 

(0.673) 
0.770 

(0.013) 
30.8 

(1.7) 

30.9 

(1.7) 

0.968 39.3 

(3.2) 

38.2 

(3.3) 

0.816 

Geriatric 5 

 

  20 (EPP) 

  20 (MEPP) 

9.180 § 
(1.480) 

0.855 §§ 
(0.032) 

22.5 * 

(1.58) 

22.7 ** 

(1.68) 

0.933 29.2 # 

(2.06) 

29.5 ## 

(2.2) 

0.967 
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Figure 24Figure 1. Sympathetic-peroneal nerve-lumbricalis muscle (SPNL) preparation 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. Sympathetic-peroneal nerve-lumbricalis muscle (SPNL) preparation 

A. Skinned and decapitated mouse seen from the ventral aspect after removing thoracic 

and abdominal organs and the diaphragm. Rectangular insets showing the paravertebral 

sympathetic ganglia chain, sciatic-peroneal nerve, and lumbricalis muscle are enlarged in 

B, C, and D, respectively. B. The sympathetic ganglia (SG) chain was sectioned at the 

upper thoracic level, and the caudal chain suctioned into a bipolar stimulating electrode. 

One ganglion is visualized inside the suction glass electrode. C. The sciatic-peroneal 

nerve surrounded by a cuff electrode used for spinal nerve stimulation and maintained in 

position with black silk thread. D. A sharp recording electrode inserted in a lumbricalis 

muscle fiber near a branch of the plantar nerve and an NMJ for MEPP and EPP 

recordings. 
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Figure 2. Paravertebral sympathetic neurons regulate motoneuron-lumbricalis 

muscle synaptic transmission in young mice  

Continuous fragments (120 s) of spontaneous neuromuscular activity were recorded 

before (A) and after (B) stimulation. C. MEPP frequency increases with sympathetic 

(sym) ganglia stimulation. Data are presented as the percent increase in mean post- over 
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pre-stimulation recorded at the same NMJ. The protocol included continuous MEPP 

recording 2 minutes before stimulation, 10 seconds during stimulation at 10, 30, 40, 50, 

or 60 Hz, and 3 minutes poststimulation in mammalian Ringer’s solution. EPP were 

recorded before (D) and after (E) stimulation. Quantification of EPP amplitude and 

quantal content are in (F) and (G), respectively. Note that the stimulation waveform 

artifact precedes the EPP and small amplitude events between EPPs correspond to 

MEPPs. 
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Figure 3. Spontaneous and evoked NMJ transmission in geriatric mice 

A and B illustrate a fragment of a typical 5-min MEPP recording. Quantification of 

MEPP frequency (C) and amplitude (D) recorded before (PRE) and after (POST) 

sympathetic neuron stimulation. EPP traces recorded before (E) and after (F) sympathetic 

stimulation and EPP amplitude quantification (G). Quantal content (H) was not 

significantly modified. A, B and E, F are original unprocessed traces. 
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Figure 4. Blocking -AR prevents sympathetic neuron-evoked increase in NMJ 

transmission in young mice 

Propranolol (1 µM) prevents sympathetic neuron-induced increase in MEPP frequency 

(A-C) and had no effect on MEPP amplitude (A-C, D). EPP amplitude recording (E).  

Quantification of EPP amplitude (F), and quantal content (G) before (PRE) and after 

(POST) sympathetic stimulation.  Records are unprocessed, except for baseline 

correction. 
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CHAPTER 4 

Hand2-Induced Preservation of Sympathetic Neurons Attenuates Sarcopenia with 

Aging 

Anna Carolina Zaia Rodrigues, Zhong-Min Wang, María Laura Messi, Henry Jacob 
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Abstract 

Background: Sarcopenia, or age-dependent decline in muscle force and power, impairs 

mobility, increasing the risk of falls, institutionalization, comorbidity, and premature 

death. The discovery of adrenoceptors, which mediate the effects of the sympathetic 

nervous system neurotransmitter norepinephrine on specific tissues, sparked the 

development of sympathomimetics that have profound influence on skeletal muscle mass. 

However, chronic administration has serious side effects that preclude their use for 

muscle‐wasting conditions. Interventions that can adjust neurotransmitter release to 

changing physiological demands depend on understanding how the SNS affects 

neuromuscular transmission, muscle motor innervation, and muscle mass. 

Methods: We examined age-dependent expression of the heart and neural crest 

derivative 2 (Hand2), a critical transcription factor for sympathetic neurons (SNs) 

maintenance, and tested the possibility that inducing its expression exclusively in SN will 

attenuate (a) motor denervation, (b) impaired NMJ transmission, and (c) loss of muscle 

mass and function in old mice. To test this hypothesis, we delivered a viral vector 

carrying Hand2 expression or an empty vector exclusively in SNs by vein injection in 16-

month-old C57BL/6 mice that were sacrificed 6 months later.  Techniques include RNA-

sequencing, real-time PCR, genomic DNA methylation, viral vector construct, tissue 

immunohistochemistry, immunoblot, confocal microscopy, electrophysiology, and in 

vivo mouse physical performance.  

Results:  Hand2 expression declines throughout life, but inducing its expression 

increased: (1) the number and size of SNs, (2) muscle sympathetic innervation, (3) 

muscle weight and force and whole body strength, (4) myofiber size but not muscle fiber-
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type composition, (5) NMJ transmission and nerve-evoked muscle force, and (6) motor 

innervation in old mice. Additionally, the SNS controls a set of genes to reduce 

inflammation and to promote transcription factor activity, cell signaling, and synapse in 

the skeletal muscle. Hand2 DNA methylation may contribute, at least partially, to gene 

silencing. 

Conclusions: Selective expression of Hand2 in the mouse SNs from middle- through old-

age increases muscle mass and force by (a) regulating skeletal muscle sympathetic and 

motor innervation; (b) improving AChR stability and NMJ transmission; (c) preventing 

inflammation and myofibrillar protein degradation; (d) increasing autophagy; and (e) 

probably enhancing protein synthesis.   
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Introduction 

Sarcopenia, or age-dependent decline in muscle force and power, impairs mobility, 

increasing the risk of falls, institutionalization, comorbidity, and premature death.1, 2 Of 

several mechanisms proposed to explain its onset and progression, myofiber motor 

denervation is a primary culprit.1 We reported a higher percentage of partially and 

completely denervated fibers in aging mice than previously thought3 and defined the 

extent of skeletal muscle denervation in older adults;4 however, the underlying 

mechanisms and, hence, therapeutic strategies to prevent or ameliorate the relentless 

advance of sarcopenia remain unknown. Whether muscle denervation starts at the 

myofiber or the central or peripheral nervous system is controversial,5-7 and only recently 

have researchers explored whether motoneuron interaction with the cells that sustain 

innervation deteriorates over time. Answering these questions is essential for developing 

targeted interventions to prevent or reverse age-related decline in skeletal muscle 

innervation and sarcopenia.  

Another pathway involves the neuromuscular junction (NMJ); increasing evidence 

confirms diminished neural influence on skeletal muscle at older ages. Predominant 

denervation of fast-twitch myofibers 8, 9 is followed by myofiber atrophy and motor unit 

remodeling5, 10, 11 that appears to favor reinnervation by slow motoneurons.8, 12-14 

Although we demonstrated the plasticity of muscle innervation in older adults who 

practiced an exercise regimen, the benefits were partial, variable, and difficult to sustain 

for most. Until we can target the mechanisms that drive NMJ instability and muscle 

denervation, we cannot develop effective interventions to prevent or reverse age-related 

decline in skeletal muscle mass and force.11, 15-17 
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In humans, symptoms of autonomic nervous failure arise with aging.18 Autonomic 

alterations and muscle weakness have been reported in several nervous-system disorders 

and such age-associated neurodegenerative diseases as amyotrophic lateral sclerosis 

(ALS), Parkinson’s disease, and Alzheimer’s disease.19-29 With normal aging, several 

changes in the autonomic nervous system may impair adaptation to common physiologic 

stressors and increase the risk of developing diseases that, in turn, harm autonomic 

function. Although this observation has been established for some cells and organ 

systems,18 the autonomic nervous system’s long-term role in stabilizing the NMJ has 

been reported only recently in animal models of systemic chemical or focal surgical 

ablation of the sympathetic nervous system (SNS).30-32  

Whether SNS interventions can regulate aging NMJ structure and function and 

skeletal muscle motor innervation and mass is unknown. Sympathetic axons innervate 

skeletal muscle fibers33, 34 at the NMJ and extrasynaptic sarcolemma,30, 35-37 but research 

is only now exploring their role in maintaining skeletal muscle structure and function.30, 

31, 38, 39 Investigators using loss-of-function approaches have learned that the SNS 

regulates motor nerve synaptic vesicle release, the skeletal muscle transcriptome, muscle 

force generated by motor nerve activity, axonal neurofilament phosphorylation, myelin 

thickness, and myofiber subtype composition and cross-sectional area (CSA).30, 31, 38 It 

also regulates the guanine nucleotide-binding protein Gi2 pathway to modulate 

postsynaptic membrane acetylcholine-receptor levels.30-31  

We propose that loss of sympathetic neuron (SN) function destabilizes motor 

innervation, leading to sarcopenia. Recently, we found that noradrenaline (NA) discharge 

at SN terminals modulates motoneurons’ spontaneous and evoked release of synaptic 
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vesicle acetylcholine (ACh) through the coordinated activity of transient receptor 

potential cation channels (TRPV) and 1- and 2B-adrenergic receptor (AR).38 A 

comprehensive approach enabled us to examine the influence of the SNS on muscle 

motor innervation: it includes nerve immunolabeling co-registration and 

electrophysiological recordings in a novel mouse ex-vivo preparation that preserves the 

complexity of the interaction between motoneurons and the SNS at the NMJ and muscle 

innervation in living mice. We found blunted SN regulation of motoneuron synaptic 

vesicle release, mediated by β1- and α2B-AR, in geriatric mice. We propose that age-

associated sympathetic hyperactivity explains AR downregulation at the NMJ presynapse 

but have yet to determine whether a decrease in sympathetic neurons also accounts for 

the decrease in AR expression.  

If sympathomimetic agents enhance NMJ transmission and remediate muscle wasting 

and strength in aged rodents,40, 41 why do endogenously secreted catecholamines fail to 

maintain muscle mass and force in the absence of significant changes in β2-AR levels? 

Recent studies support a novel mechanism by which motor and sympathetic neurons 

interact at the NMJ presynapse.30, 31, 38 Impaired neuronal cross-talk can explain, at least 

partially, progressive atrophy and weakness with aging.  

Maintaining or recovering sympathetic muscle innervation throughout life is 

undoubtedly preferable to chronic use of AR pharmacological agents. Drug 

administration cannot mimic the complex, concerted tissue response to endogenous SN 

neurotransmitters (NTs), which depends on the AR subtype’s repertoire and location. 

Loss of receptor selectivity, tolerance, and tachyphylaxis can also trigger adverse effects. 
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Moreover, pharmaceutical compounds reach stable levels in blood, precluding any 

adaptation to physiological or pathological challenges. 

Based on these observations, we sought a new approach to prevent or ameliorate 

sarcopenia. We examined age-dependent expression of the heart and neural crest 

derivative 2 (Hand2), a critical transcription factor for postmitotic maintenance of SNs,42, 

43 and tested the possibility that inducing its expression exclusively in SNs will 

significantly attenuate (a) motor denervation, (b) impaired NMJ transmission, and (d) 

loss of muscle mass and function in old mice. 
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Material and Methods 

Animals and Ethics Statement 

Middle-aged (16-month-old) male and female C57BL/6 mice were obtained from the 

National Institute on Aging (NIA) and housed in the pathogen-free Animal Research 

Program of the Wake Forest School of Medicine (WFSM). After viral vector injections, 

they were maintained at 21°C and a 12:12-hour dark-light cycle for 6 months and 

euthanized at 22 months. All mice were fed chow ad libitum and had continuous access 

to drinking water. All experimental procedures were conducted in compliance with 

National Institutes of Health laboratory animal care guidelines. We made every effort to 

minimize suffering. Protocols A15-219 and A-18-204 were approved by the WFSM 

Institutional Animal Care and Use Committee for this study. 

 

RNA-Sequencing (RNA-Seq) 

Stranded RNA-Seq (TruSeq v2, Illumina) was performed on 500 ng of total RNA from 

each sample. Library construction was performed in a stranded manner to retain transcripts’ 

directionality.44 Each sequencing library was prepared from the RNA from a single animal 

to provide biological variance. Illumina TruSeq Stranded HT library generation was 

performed according to manufacturer's instructions. Briefly, polyA containing messenger 

RNA (mRNA) was purified using oligo-dT attached magnetic beads. The mRNA was then 

chemically fragmented, and cDNA synthesized. For strand-specificity, the incorporation 

of dUTP instead of dTTP in the second strand cDNA synthesis does not allow amplification 

past this dUTP with the polymerase. After cDNA synthesis, each product underwent an 

end repair process, the addition of a single ‘A’ base, and finally ligation of adapters. To 
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make the final library for sequencing, the cDNA products were further purified and 

enriched using PCR. Library sizing and quantification was performed by TapeStation 

(Agilent Technologies). Libraries were sequenced using an Illumina NextSeq (2x75bp) at 

the Oklahoma Medical Research Foundation Clinical Genomics Facility.  

 

RNA-Seq Data Analysis 

Following sequencing, reads were trimmed, aligned, differential expression statistics and 

correlation analyses were performed in Strand Next Generation Software (NGS) package 

(Agilent). Reads were aligned against the Mm10 build of the mouse genome (2014.11.26). 

Alignment and filtering criteria included: adapter trimming, fixed 2bp trim from 5’ and 6bp 

from 3’ ends, a maximum number of one novel splice allowed per read, a minimum of 90% 

identity with the reference sequence, a maximum of 5% gap, trimming of 3’ end with 

Q<30. Alignment was performed directionally with Read 1 aligned in reverse and Read 2 

in forward orientation. Normalization was performed with the DESeq algorithm.45 

Transcripts with an average read count value >10 in at least 100% of the samples in at least 

one group were considered expressed at a level sufficient for quantitation and those 

transcripts below this level were considered not detected/not expressed and excluded as 

these low levels of reads are close to background and are highly variable. For statistical 

analysis of differential expression, t-test followed by a fold change >|1.25| cutoff was used 

to eliminate those genes which were statistically significant but unlikely to be biologically 

significant and orthogonally confirmable due to their very small magnitude of change.  

Visualizations of hierarchical clustering and principle components analysis were 

performed in NGS (Version 3.3.1, Bangalore, India). The entirety of the sequencing data 



213 
 

is available for download in FASTQ format from NCBI Sequence Read Archive 

(Accession number in progress). 

 

Genomic Hand2 DNA Methylation  

Base-specific quantitation of Hand2 methylation was performed by Bisulfite Amplicon 

Sequencing.46 PCR primers were designed to amplify bisulfite converted DNA regions of 

the Hand 2 promoter and gene body, with two regions passing quality control. Sample 

DNA was bisulfite-converted, and PCR amplicons were generated from each sample. 

Amplicons from each sample were pooled and Nextera XT library preparation was 

performed.47 Libraries were sequencing on an Illumina MiSeq. For data analysis we used 

CLC workbench workflow and Illumina BaseSpace according to standard methods.48 

Methylation levels of each cytosine was determined in CG, CH, or CHH contexts in 

region 1 (57320498-57321005 chromosome 8) and region 2 (57321202-57322499 

chromosome 8) by subtracting the unconverted read counts from the total read counts for 

that site. 

 

Real-time quantitative PCR (qPCR) 

mRNA-expression levels were quantified by qPCR using a SensiFAST Probe Lo-ROX 

One-Step Kit (Bioline, Taunton, MA). Total RNA (20ng) was loaded for qPCR in 20-µl 

total volume. After RT cDNA synthesis at 45 °C for 30 minutes and RT deactivation at 

95 °C for 5 minutes, PCR was performed over 40 cycles at 95 °C for 10 seconds and at 

60 °C for 1 minute. Results were normalized to glyceraldehyde 3-phosphate 

dehydrogenase (Gapdh) RNA as the internal control. Relative quantities were calculated 
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using the comparative threshold (CT) method.49, 50 All samples were run in triplicate. 

Primers and Taqman probes were purchased from Applied Biosystems (Foster City, CA). 

Taqman primers for Hand2 and Gapdh mRNAs analysis were Mm00439247_m1  and 

Mm99999915_gl, respectively. 

 

Viral Vector Constructs 

To drive Hand2 transgene expression to NA neurons only, we used a specific NA neuron 

promoter and an adeno-associated virus (AAV) to build the AAV9-CAG-EGFP-CMV-

PRSx8-Hand2-WPRE (pBK228) vector. AAVs do not exhibit pathogenicity in mice or 

humans and provide significantly longer transgene expression than other serotypes.51 We 

selected an AAV-serotype 9 (AAV9) because it displayed the strongest expression of all 

AAVs in a comparative study of various serotypes carrying the same reporter gene. It is 

also rapidly cleared from blood after vein injection, and its expression is sustained for up 

to 12 months after the injection.51-53 The capsid gene of AAV9 was pseudotyped by 

cloning into helper plasmids containing the AAV2 rep gene. 

The packaging vector contained AAV2-ITRs (inverted terminal repeat sequences) 

and the PRSx8-driven Hand2 transgene. The CAG promoter/enhancer was followed by 

EGFP and PRSx8 promoter consisting of tandem repeats of transcription factor Phox 

2a/2b binding sites. PRSx8 promoter was followed by a transcription start site from the 

hDBH gene.54 After PRSx8, the Hand2 cDNA sequence (Genebank access: 

NM_021973.2), the Woodchuck Hepatitis Posttranscriptional Regulatory Element 

(WPRE),55 and polyA+ were inserted. The total size of the expression cassette was 2.951 

kb, below the AAV virus payload of 4.7kb. This hybrid transcomplementing construct, 
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encoding replication genes from AAV2 and capsid genes from the AAV9 serotype 

displays AAV9 cell tropism (henceforth, termed AAV9). The same AAV9, targeted to 

NA neurons and expressing EGFP but without the Hand2 cDNA insert, was used as a 

control and termed empty vector (EV). The virus was produced by the triple-transfection 

method using HEK293 cells as described.51, 56  

 

Viral Vector Delivery 

Viral vector (5 x 1011 vg of AAV9 in PBS supplemented with 5% sorbitol) was delivered 

by saphenous vein injection to isopentane-anesthetized, 16-month-old mice. The 

saphenous vein was exposed, and viruses injected with homemade sterile syringes 

coupled to a microelectrode. This approach ensured complete and safe IV delivery with 

minor leakage of the solution.   

 

Immnohistochemistry 

Skeletal Muscle Histochemical and Immunofluorescence Analyses 

Skeletal muscle histochemical and immunofluorescence analyses followed reported 

procedures.31 Briefly, muscle samples were dissected, fixed in 4% paraformaldehyde 

(PFA), cryopreserved by sucrose gradient, embedded in Sakura Tissue Tek compound 

(Ted Pella, Redding, CA) at the optimum cutting temperature (O.C.T.), frozen in dry-ice‐

chilled isopentane, and stored at −80 °C until cut into 10-µm sections at -20°C with a 

Leitz cryostat (Buffalo Grove, IL). Cryosections were rinsed in phospho-buffered saline 

(PBS) and blocked with 10% goat serum in PBS for 1 hour. Myofiber subtype 

characterization was based on identifying specific myosin heavy chain (MHC) isoforms. 
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Muscle sections were incubated with primary antibodies against type-I, -IIa, and -IIb 

MHC (see Supplementary Table 1) and 10% goat serum in PBS for 2 hours at room 

temperature. After washing the sections with PBS for 5 minutes twice, they were 

incubated with the secondary antibodies AF 350 IgG2b (against BA-F8, 1: 500), AF 488 

IgG (against 1SC-71, 1:500), and AF 555 IgM (against BF-F3, 1:500) in 10% goat serum 

in PBS for 1 hour at room temperature followed by 2 more 5-minute washes with PBS. 

All secondary antibodies were purchased from Invitrogen, Thermo Fisher (Carlsbad, 

CA). Tissue sections were mounted using fluorescence mounting medium (S3023, Dako, 

Carpinteria, CA) and visualized with an inverted, motorized, fluorescent microscope 

(Olympus IX81, Tokyo, Japan) with an Orca-R2 Hamamatsu CCD camera (Hamamatsu, 

Japan). The camera driver and image acquisition were controlled with a MetaMorph 

Imaging System (Olympus). 

 

Whole Mount Lumbricalis Muscle Immunohistochemistry and Confocal Microscopy 

Imaging 

We took advantage of the anatomical organization of the lumbricalis into few myofiber 

layers, which allowed us to fully image the intact muscle and assess muscle fiber 

innervation avoiding cryosection distortions.31  

Whole lumbricalis muscles were dissected and freed from surrounding tissues. The 

tendons were pinned in a dish coated with Sylgard 184 silicone (Dow Corning, Midland, 

MI), fixed in 2% PFA at 4°C overnight, washed in PBST three times, and blocked with 

1% Triton and 10% goat serum in PBS at 4°C overnight. The next day, sympathetic 

terminals were immunostained for TH, nonphosphorylated or phosphorylated nerve 
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neurofilament antibodies, synaptic vesicle protein 2 (see Supplementary Table 1), and 

-bungarotoxin (BGT) CF680R in 1% Triton and 4% goat serum in PBS at 4°C 

overnight. The third day, the preparation was washed 3 times in PBST. An AF568 goat 

anti-mouse IgG (cat #A11004, dilution: 1:1000, Thermo Fisher), used as the secondary 

antibody for SMI-311, SMI-312, and SV2, was added along with 1% goat serum at room 

temperature for 4h. NMJ postterminals were stained with tetramethylrhodamine 554 or 

AF680-BGT -BGT (Molecular Devices, Sunnyvale, CA). The preparation was washed 

3 times in PBS. Tendons were cut, and the lumbricalis muscle was mounted on a glass 

slide using Dako mounting medium and visualized with an Olympus FV1200/IX83 

spectral laser scanning confocal microscope.  

 

Paravertebral Sympathetic Ganglia Immunohistochemistry and Confocal Imaging 

Whole-mount sympathetic ganglia were pinned in a dish coated with Sylgard, fixed in 

2% PFA at 4°C overnight, mounted on a glass slide, rinsed in PBST, and blocked with 

1% Triton and 10% goat serum in PBS at 4°C overnight. Ganglia were labeled with 

primary rabbit anti-mouse anti-TH polyclonal antibodies in the presence of 4% goat 

serum and 1% Triton in PBS at 4°C overnight. The next day, the preparation was washed 

in PBST; the secondary AF568 goat anti-rabbit IgG antibody (A-11036, dilution 1:1000, 

Thermo Fisher; Waltham, MA) was added; and the result incubated at 4°C overnight. The 

following day, the preparation was washed in PBST, and the nuclei were labeled with 

Hoechst 33342 (H3570, dilution 1:2000, Invitrogen, Carlsbad, CA) at room temperature 

for 5min. The preparation was then washed in PBS and mounted using mounting medium 

(S3023, Dako, Carpinteria, CA).  
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A sympathetic chain in the mid-belly region of a ganglion was imaged on an inverted, 

motorized Olympus FV1200/IX83 spectral laser scanning confocal microscope. A third 

channel was used to acquire EGFP fluorescence. Image z-stacks were acquired with a 

UPLSAP020X objective, NA: 0.75. All ganglia were inspected in the z-dimension at 1.16 

µm/slice resolution, and the step-size analysis avoided counting cells more than once. 

Total image size represented a 1,600 x 1,600-pixel area at 0.397 µm/pixel.   

  

Neurofilament or TH+ Path Length and NMJ Co-localization Analysis in Confocal 

Images 

Postterminal fragments and pre- and postterminal co-localization were quantified using 

Fiji-ImageJ software (NIH) particle analysis and an EZ co-localization plugin, 

respectively. Images were converted to 8-bit type and thresholded for particle analysis, 

while co-localization was performed on maximal intensity stack projections. 

Phosphorylated (detected with SMI-312 Ab) or nonphosphorylated (SMI-311 Ab) 

neurofilament or TH+ path length was quantified on flattened images using the Simple 

Neurite Tracer plug-in.  Exclusion of structures with a diameter larger than 3.5 µm and 

excluded blood vessels from the analysis.  

 

Electrophysiological Recording of Neuromuscular Transmission 

The lumbricalis muscle was dissected with its plantar nerve attached as described.31, 38, 39 

The neuromuscular preparation was incubated in μ-conotoxin GIIIB (Alomone Labs, 

Jerusalem, Israel) to a final concentration of 1 µM for 30 minutes to prevent muscle 

contraction. The NMJ transmission was then recorded intracellularly in oxygenated 
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normal mammalian Ringer’s solution (in mM, 135 NaCl, 5 KCl, 1 MgSO4, 15 NaHCO3, 

1 Na2HPO4, 11 D-glucose, 2.5 calcium gluconate, pH 7.4) using a TEV-200A amplifier 

(Dagan Co., Minneapolis, MN), DigiData 1322A, and pClamp10.5 software (MDS 

Analytical Technologies, Sunnyvale, CA). The intracellular electrodes (~40mΩ) were 

filled with 2M K-citrate and 10 mM K-chloride and mounted on the stage of a MP-285 

micromanipulator (Sutter Instruments, Novato, CA). An upright, fixed-stage Zeiss 

Axioscope FS microscope (Carl Zeiss, Thornwood, NY) with a 10 or 20X, water 

immersion FLUAR objective (Zeiss), mounted on a microscope translator (Sutter 

Instruments), was used to visualize the preparation. We recorded miniature endplate 

potentials (MEPPs) and evoked endplate potentials (EPPs) in an average of 15 NMJs per 

mouse. EPPs were elicited by electrical stimulation at increasing frequencies from 2 to 

150 Hz. We used high-frequency stimulation (100-150 Hz) based on the reported 

frequency range for adult mouse spinal motoneuron firing.57 MEPPs were baseline 

corrected, and their amplitude, frequency, time-to-peak, half-decay time, and duration 

were retrieved by setting basic selection criteria to detect peaks. Quantal content was 

calculated by dividing the mean amplitude of the EPPs by the mean amplitude of the 

MEPPs.58  

 

Assessment of Muscle Force Generated by Direct Muscle- or Nerve-Evoked 

Stimulation 

We recorded nerve-evoked muscle contraction at increasing frequencies (1-150Hz) in 

EV- and Hand2-treated mice using an Aurora Scientific 407A force transducer and 

stimulator. We then blocked neuromuscular transmission with 10-5 g/ml d-tubocurarine. 
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After verifying that nerve stimulation evoked no detectable muscle contraction, we 

switched to direct muscle-force recording using field stimulation generated between two 

parallel platinum plates and repeated maximal sub tetanic and tetanic forces at the same 

frequencies in lumbricalis muscle. The composition of the bath solution was the same as 

that used for the NMJ transmission recordings. The experiment was carried out at room 

temperature (~21°C).  

 

Protein Isolation and Immunoblots 

Total and Membrane Acetylcholine Receptor Pull-down and Immunoblot. To isolate 

the total cytosolic AChR fraction, frozen muscles were mechanically disrupted using a 

mortar and pestle in liquid nitrogen and a handheld Tissue-TearorTM in ice-cold RIPA® 

buffer (Sigma-Aldrich, St. Louis, MO) and a Roche complete Mini Protease Inhibitor 

Cocktail from Thermo Fisher Scientific. The resulting homogenate was centrifuged at 

14,000 g for 5 min to remove insoluble debris, and the total amount of protein in the 

supernatant was measured.  

BiotinXX-BGT (Thermo Fisher) was added to the proteins to start AChR pull-down, 

which was completed overnight with NeutroAvidin beads (Thermo Fisher). SDS-PAGE 

was conducted using a 4-20% gradient Mini-PROTEAN gel system (Bio-Rad 

Laboratories, Hemel Hempstead, Herts, UK). Gels were then transferred to 0.45 PVDF 

membranes (Amersham Health, Little Chalfont, Bucks, UK). For primary antibody 

incubation, blots were blocked in 5% nonfat dry milk with 0.1% TWEEN in tris-buffered 

saline (TBS: 150 mM NaCl, 50 mM Tris-HCl, pH 7.5). An anti-AChR α1 primary and 

anti-rat horseradish peroxidase (HRP) secondary antibody (Jackson Immunoresearch, 
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West Grove, PA) were used. A monoclonal antibody was used to normalize against 

GAPDH. Peroxidase activity was measured with either Chemiluminescent Substrate 

PICO or Maximum Sensitivity Substrate FEMPTO (Thermo Fisher), and band intensity 

was measured using a Licor C-DiGit Chemiluminescence Western Blot Scanner 

(Lincoln, NE). Band intensity was quantified with NIH ImageJ software.  

 To measure membrane AChR fraction, we initially injected increasing 

concentrations of BGT-biotin (2-4 µg) in different mice (weight: 20±0.5g) to determine 

the saturating dose (3µg), which was defined as that providing the maximal immunoblot 

signal. As expected, the saturating dose was close to the lethal dose (4µg) and was 

systematically injected into the left TA muscle. Mice were sacrificed 6h later, and the GA 

and TA muscles were dissected and processed as described above for AChR 

quantification.  

 

Protein Measures in Muscle Lysates. For the remaining proteins analyzed in skeletal 

muscle lysates, we used the primary antibodies listed in Supplementary Table 1. 

Amersham HRP-conjugated secondary antibodies were purchased from GE Healthcare 

Life Sciences (Pittsburgh, PA).  

 

In-vivo Fatigue Recording 

In-vivo fatigue was recorded before and after treatment using a forced Exer 6 lane 

treadmill apparatus (Columbus Instruments, Columbus, OH) as described.59 Mice were 

allowed to run on the treadmill for 5 min at 10 m min−1 on days 1 and 2 and 5 min at 

10 m min−1 followed by 2 m min−1 increments until reaching 20 m min−1 for 2 min each 
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period on day 3. The treadmill was not inclined. After training, mouse performance was 

recorded. The initial speed, 10 m min−1, reached a maximum of 5 min; we then increased 

the pace by 2 m min−1 every 2 min until exhaustion. We considered the mouse exhausted 

when it remained at least 10 s in the electric shock area of the treadmill. Maximal 

tolerated speed was recorded.60, 61 

 

Inverted‐ Cling Grip Test 

Grip strength was assessed using Kondziela's inverted screen test. This procedure 

provides a measure of overall strength and muscular endurance. The mice were allowed 

to acclimate in the experimental room for 10 min before testing, and the time they held 

from the net was computed. Results reflect the maximum time mice held to the net.61 

 

Spontaneous Locomotor Activity 

Spontaneous locomotion in an open-field arena was assessed in both treatment groups. 

White noise was used to reduce potential anxiety, and illumination conditions were 

designed to maximize ambulation.62 At the onset of the active, dark cycle (6-7 P.M.) 

under low-level, green LED illumination (room and arena ≤ 2 lux), a mouse was carefully 

transferred from its home cage to the polypropylene arena (46-cm x 61-cm floor, 50-cm 

walls), which was illuminated by undetectable 940-nm, far-infrared LED lights. 

Spontaneous locomotion was video recorded for 2 min using an infrared-sensitive CCTV 

camera (Panasonic WV-BP334) mounted 152 cm above the arena floor. After a 2-min 

trial, an object was added to the arena floor (prostrate resin cross; 8cm x 10cm area, 3cm 

high), and a 5-min trial was recorded. The arena was thoroughly cleaned after each trial. 
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Recording and automated locomotor analysis were performed using Ethovision XT 7.0 

(Noldus Information Technology, Inc.) with 3-point body tracking (nose, centerpoint, 

tail) at 29 frames/sec. Total distance traveled, average speed, maximal speed, and time 

spent in motion (start speed 13 cm/sec: stop speed 5 cm/sec) were calculated for each 

trial. Recording sessions of the 2- and 5-min trials were repeated over 3 consecutive days 

for each mouse.61 

 

Statistical analysis 

All experiments and analyses were conducted blind to treatment group. No statistical 

methods were used to predetermine sample sizes; however, our sample sizes are similar 

to those reported in recently published studies.59, 63 Sigma Plot version 12.5 (Systat 

Software, Inc., San Jose, CA) and Microsoft Excel software were used for statistical 

analyses. All data were expressed as mean ± S.E.M. Student's t-test was used to compare 

two groups, and analysis of variance (ANOVA) followed by Bonferroni’s post-hoc 

analysis was used to compare three or more. An ANOVA repeated measures test was 

used to compare means across one or more variables that were based 

on repeated observations. The figure legends indicate the specific tests for each set of 

experiments. A p-value < 0.05 was considered significant. 

 

 

 

 

 



224 
 

Results 

In mice, Hand2 expression declines throughout life, but inducing its expression 

preserves the number and size of paravertebral sympathetic ganglia neurons.  

Figure 1A shows that Hand2 mRNA declines over time; its levels drop more than 50 

percent from postnatal day 5 (P5) to 16 months of age. To determine whether sustaining 

Hand2 levels in sympathetic neurons increases their number and enlarges their soma area, 

we systemically delivered a viral vector carrying Hand2 expression (ITR-CAG-EGFP-

PRSX8-Hand2-WPRE-ITR-serotype 9) or an empty vector (ITR-CAG-EGFP-PRSX8-

WPRE-ITR-serotype 9) by saphenous vein injection in 16 month-old mice that were 

sacrificed 6 months later.   

Paravertebral sympathetic ganglia neurons from mice treated with Hand2-, but not 

empty vector (EV), show immunoreactivity to a Hand2 antibody (Fig. 1Ba, b). The 

perinuclear location of EGFP fluorescence (green), probably at the ER-Golgi apparatus, 

is due to its expression separated from Hand2 (see Methods). Bb shows that in 22-month-

old mice, chromatin is relaxed in neurons expressing the Hand2 protein. In contrast, 

ganglia from the EV-treated mice display EGFP fluorescence but not Hand2 (Ca, b). The 

detection of Hand2 protein is consistent with the very significant increase in Hand2 

mRNA levels in the Hand2- compared to the EV-treated mice (E).   

Confocal images of ganglia neurons from both groups (D) show that they are 

tyrosine-hydroxylase positive (TH+; red, top row) with nucleus staining (blue, middle 

row) and overlay of the two channels (bottom row). However, the Hand2-treated mice 

have more ganglia neurons (F) with larger soma size (G) than the controls. These results 
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indicate that sustained Hand2 expression in paravertebral sympathetic neurons prevents 

their loss and atrophy in old mice. 

 

Increased Hand2 DNA methylation in paravertebral sympathetic ganglia neurons 

with aging, may contribute to gene silencing 

Sympathetic ganglia neurons from young (3-5-month), middle-aged (13-month), and old 

(22-month) mice were collected to examine DNA methylation of CpG dinucleotides.47, 64, 

65 After bisulfite treatment, we amplified genomic DNA using designed primers and 

performed bisulfite amplicon sequencing (BSAS) analysis. 47 Supplementary Figures 

1A and C show that the Hand2 gene is methylated more in the old than the young and 

middle-aged mice in both region 1 (Supplementary Database 1_Genomic DNA 

methylation_Region 1) and region 2 (Supplementary Database 2_Genomic DNA 

methylation_Region 2). Also, methylation takes place at CG but not C combined with 

any other nucleotide (CH or CHH) (B, D). Thus, hypermethylation may account, at least 

partially, for Hand2 gene silencing with aging. 

 

Sympathetic neuron Hand2 increases muscle weight and force and whole-body 

strength in old mice 

Figure 2 shows that compared to EV-, Hand2-treatment significantly increased fast 

(tibialis anterior-TA and extensor digitorum longus-EDL muscle) (A, C), mixed- 

(gastrocnemius-GA) (B), and slow- fiber type (soleus) (D) muscle weight. Body (E), 

heart (F), and visceral fat (G) weight did not differ significantly between treatment 

groups. Additionally, spontaneous mobility - tested as spontaneous maximum speed (H), 
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average speed (I), total traveled distance (J), and time spent in motion (K) in an open 

arena setting - did not show statistically significant differences. However, compared to 

EV-, Hand2-treatment significantly enhanced net-hanging time, a measurement of muscle 

strength (L), but treadmill running time did not differ between groups, despite Hand2’s 

tendency to improve endurance (M). Running time for both groups was normalized to the 

maximal value, recorded for Hand2-treated mice at 10 m/min. These results indicate that 

sustained Hand2 expression in sympathetic neurons increases skeletal muscle weight and 

force and whole-body strength in old mice. 

 

Preserved sympathetic neuron Hand2 expression increases myofiber size but does 

not modify muscle fiber-type composition 

To determine whether increased lean mass accounts for the improved muscle weight and 

force, we quantified myofiber number and CSA in muscle transversal cuts stained with 

antibodies specific for myosin heavy chain (MHC) subtypes. We selected EDL and 

soleus muscles for these determinations because of their highly predominant type-II and 

type-I fiber composition, respectively, and total muscle CSA, which is amenable to full 

quantification. Figure 3 shows that muscle fiber-type composition did not differ with 

treatment (A-F), but some fibers’ CSA increased in both muscles (A-D, G, H). 

Specifically, the CSA of EDL type-IIb, -IIx, and -IIb/IIx (G) and soleus type-I, -IIa, and -

IIb/IIx (H) fibers increased significantly in Hand2- but not EV-treated mice. These 

results indicate that preserving sympathetic innervation significantly ameliorates age-

related muscle atrophy. 
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Sustained Hand2 expression in sympathetic neurons enhances NMJ transmission 

and nerve-evoked muscle force  

Figure 4 and Table 1 show increases in end-plate potential (EPP) amplitude, recorded at 

2, 10, 25, 30, 50, 100, and 150 Hz; quantal content; and spontaneous miniature end-plate 

potential (MEPP) frequency and time to peak in the peroneal-lumbricalis preparation.31, 38 

These results indicate that preserving Hand2 levels in the sympathetic neurons of aging 

mice enhances spontaneous and evoked neuromuscular transmission. To investigate 

whether preserving muscle sympathetic innervation stabilizes AChR and regulates 

preterminal AR levels, we measured both groups of receptors by immunoblot. Figure 5 

shows that Hand2 enhances both membrane (A-C) and total (D-F) AChR levels in TA 

and GA muscles as well as adrenergic receptor levels in presynaptic 1- (G, H) and 2B- 

(I, J) but not 2- (K-M). 

To determine whether improved neuromuscular transmission affects the generation of 

muscle force, we measured nerve-evoked muscle contraction at increasing frequencies 

(1-150Hz) in EV- and Hand2-treated mice using the same preparation.31 We elicited 

lumbricalis muscle contraction by plantar nerve stimulation and then blocked 

neuromuscular transmission with 10-5 g/ml d-tubocurarine. After verifying that nerve 

stimulation did not evoke muscle contraction, we switched to direct muscle stimulation, 

applying field pulses and repeat maximal specific sub-tetanic and tetanic force at the 

same frequencies. Figure 6Aa shows that the tetanic force in response to 150 Hz pulses 

applied for 3 seconds to the distal peroneal nerve near the lumbricalis muscle was not 

sustained and reached a lower peak in EV- (black trace) than Hand2- (red trace) treated 
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mice. Single twitches recorded in these muscles also showed less force in the EV group 

(Ab). Differences between the groups were significant at all frequencies (C).  

Tetanic force developed in response to direct stimulation of lumbricalis muscle was 

also not sustained and had a lower peak and weaker twitches in EV- than Hand2-treated 

mice (Ba, b). However, for this effect, differences between groups were not significant at 

20, 50, and 100 Hz (D). 

These results indicate that sustained Hand2 expression in sympathetic neurons 

preserves NMJ transmission, muscle innervation, and muscle- and nerve-evoked muscle 

contraction. 

  

Hand2 attenuates NMJ postterminal fragmentation and denervation  

Figure 7 compares muscle areas of the same dimensions enriched in NMJs. The EV-

treated mice (A, C) obviously have more and smaller postterminals than the Hand2-

treated mice (B, D). Histograms show that almost all postterminal events in EV muscle 

are smaller than 400 m2 (C), while Hand2 postterminal areas vary widely, some 

exceeding 1,400m2 (D). The EV group has 5-fold more postterminal fragments than the 

Hand2 group after normalizing their number to muscle area (E).    

Next, we investigated whether sympathetic neuron Hand2 attenuates the muscle 

denervation seen with aging. Since studies of mouse lumbricalis muscle innervation and 

NMJ transmission are recent,31, 38, 39, 58 little is known about its myofiber innervation. 

Figure 8 shows a lumbricalis muscle from a 3-month-old mouse: 32 postterminals 

stained with labeled -BGT 680 nm (blue, A); preterminal immunostained with 

neurofilaments S311 and SV2 (red, B); and their overlay (C). All postterminals seem to 
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be innervated. Analysis of an average of 50 NMJ per muscle in 6 lumbricalis muscles 

from 3-4-month-old mice shows that 97±1.5% are innervated. Thus, the lumbricalis, like 

other, more studied mouse muscles, such as the EDL and soleus, does not exhibit 

denervation in young mice. In contrast, the old mice show a mixture of innervated and 

denervated terminals, but in those treated with Hand2, more are innervated (white 

arrows) and fewer denervated (yellow arrows) than in the EV group (D, E). To quantify 

the difference, we detected NMJ innervation with antibodies against either 

nonphosphorylated (SMI 311) or phosphorylated (SMI 312) neurofilament and analyzed 

pre- and postterminal NMJ co-localization using the Pearson correlation coefficient (F), 

Spearman’s rank correlation coefficient (G), and Manders’ co-localization coefficient M1 

(H). The analysis shows that Hand2-treated mice preserve innervation significantly more 

than the EV group.  

To further investigate the mechanism underlying differences in NMJ innervation, we 

measured the total NF+ path length normalized to muscle area. The difference was not 

significant for nonphosphorylated NF but significant for phosphorylated NF (Fig. 8I). In 

the Hand2-treated mice, phosphorylation of the three NF subunits - heavy (NFH, Fig. 

9A), medium (NFM, B), and light (NFL, C) was greater than in the EV-treated mice, 

consistent with the analysis of NMJ innervation (Fig. 8) and possibly explained by the 

significant decrease in phosphatases PP2A (D) and PP1 (E). These results indicate that 

sustained Hand2 expression in sympathetic neurons attenuates NMJ postterminal 

fragmentation, myofiber denervation, and neurofilament dephosphorylation with aging. 

 

Hand2 increases muscle sympathetic innervation with aging 
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Figure 10 shows NMJ postterminals (blue, A) and sympathetic axons surrounding blood 

vessels (arrows) (green, B) located at a considerable distance from the postterminals with 

no overlap (C). In contrast, Hand2-treated mice show richer, more complex muscle 

sympathetic innervation than the EV group (D-F). The yellow arrows show a sympathetic 

axon that overlaps with three NMJ postterminals. Consistently, as determined by 

immunoblot (G), TH levels are higher in GA (H) and TA (I) muscles as well as the 

sciatic-peroneal nerve (J, K). We also determined that Hand2 expression significantly 

decreased the distance between sympathetic terminals and NMJs (L), while significantly 

increasing the density of sympathetic terminals per muscle area (M). These results 

indicate that sustained Hand2 expression in sympathetic neurons supports the complexity 

of muscle sympathetic innervation and its relationship with NMJs. 

 

Sustained sympathetic neuron Hand2 expression prevents activation of the myofiber 

Gi2-Hdac4-myogenin-MyoD-atrogin/MuRF1 signaling cascade 

Figure 11 shows that Hand2 maintains higher levels of the inhibitory G-protein Gi2 (A-

C), which leads to lower Hdac4 (D-F), myogenin (G-I), MyoD (J-L), atrogin (M-O), and 

MuRF1 (P-R) levels, as tested by immunoblot in GA and TA muscles. These results 

indicate that Hand2 prevents activation of a signaling pathway previously demonstrated 

to be triggered by ablation of skeletal muscle sympathetic innervation.31  

  

Sympathetic Hand2 expression leads to increased PKA RI and Akt phosphorylation 

Figure 12 shows more PKA RI (A, B), less PKA RII (C, D), a lower PKARII/PKA RI 

ratio (E), and significant Akt phosphorylation in both muscles from mice treated with 
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Hand2 rather than EV (F, G). Although the GA muscle showed higher PKA RI levels, 

the difference was not significant, but the decrease in PKA RII and the lower PKA RII/RI 

ratio were significant in both muscles. These findings indicate that (a) chronic Hand2 

treatment activates the canonical and non-canonical -AR signaling and (b) sympathetic 

Hand2 expression counters the age-associated decrease in PKA RI, increases RII-subunit 

levels, and lowers the PKARII/PKA RI ratio, which may influence AChR stability and 

myofiber innervation.63 

 

Neuron Hand2 increases mTORC1 and FoXO1phosphorylation but not NFB in old 

mice 

Figures 13A and B show that Hand2- but not EV-treatment increases mTORC1 

phosphorylation levels at serine 2448, which is independent of Akt activity (see 

Discussion). However, both kinases might affect atrogin and MuRF1 levels and 

autophagy (see below). Also, FoXO1 (C and D) but not FoXO3 (E and F) 

phosphorylation increases with Hand2 treatment. 

Decreased NFB (G, H) and IB (I, J) phosphorylation indicates that sustained 

skeletal muscle sympathetic innervation prevents NFB-IB complex dissociation and 

NFB shift to the nucleus, preventing transcription of genes encoding proteins involved 

in inflammation signaling.66  

 

Macroautophagy and chaperone-mediated autophagy (CMA) 

Figure 14 shows that, compared to EV-, Hand2-treatment enhances p62 utilization (A, 

B) and the conversion of LC3-I to LC3-II (C, D) in GA and TA muscles. The increase in 
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autophagy flux is associated with higher Atg7 levels in both muscles (E, F). Analysis of 

changes in key components of the CMA pathway, such as lamp-2A (G, H) and heat 

shock cognate 70 kDa protein (I, J), showed no significant differences between treatment 

groups.   

 

Sustained Hand2 sympathetic neuron expression in old mice regulates the skeletal 

muscle transcriptome  

Previous work shows that SNS ablation extensively changes the skeletal muscle 

transcriptome.31 Figures 15A-C show that Hand2 significantly regulates skeletal muscle 

genes, as quantified by RNA-seq. Individual mouse values are listed in the 

Supplementary Database 3_ Hand2_EV Genes Differential Expression. Hand2-

treatment seems to significantly upregulate rather than downregulate genes. However, the 

SNS seems to control the up- or downregulation of a combination of genes to reduce 

inflammation and to promote transcription factor activity, cell signaling, and synapse in 

the skeletal muscle.  

  Hand2-induced Tlr5 downregulation decreases IB activation, leading NFB to 

be excluded from nuclei and preventing activation of the canonical pro-inflammatory 

pathway. Consistently, tumor necrosis factor-like weak inducer of apoptosis (TWEAK) 

downregulation, upregulation of toll-like receptor family-1 (TLR-1), and interleukin IL16 

contribute to the role of the SNS in inflammation and immune system function. 

Hand2-treatment also increases expression of the gene that encodes Ctrc3, a member of 

the CREB regulated transcription co-activator gene family, which regulates CREB-

dependent gene transcription in a phosphorylation-independent manner and may select 
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for cAMP-responsive elements.67 Hand2 regulates the expression of genes involved in 

cell signaling, such as Pde1a, which regulates intracellular cyclic nucleotide 

concentrations through hydrolysis of cAMP and/or cGMP to their respective nucleoside 

5’-monophosphates,68 GDNF receptor (Gfra1), and many others, such as Ucn, Caln1and 

Rcan1, Cpt1c, and Naip5, which are involved in stress response, calcium signaling, beta-

oxidation, and apoptosis inhibition, respectively.69 

 Finally, Hand2 regulates genes encoding critical components of the NMJ and 

myofiber innervation, including Nrcam, a neural cell adhesion molecule,4 and Nrxn1, a 

presynaptic membrane cell-adhesion molecule that primarily binds to neuroligins.70 
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Discussion 

This study shows that selective expression of Hand2 in the mouse peripheral sympathetic 

system from middle- through old-age increases muscle mass and force by (a) regulating 

skeletal muscle sympathetic and motor innervation; (b) improving AChR stability and 

NMJ transmission; (c) preventing inflammation and myofibrillar protein degradation; (d) 

increasing autophagy; and (e) probably enhancing protein synthesis (Fig. 16).  

 

Hand2 expression declines throughout the mouse’s life, but inducing its expression 

preserves the number and size of paravertebral sympathetic ganglia neurons even at 

advanced ages 

Hand2 plays a prominent role in adult sympathetic neurons’ maintenance of NA genes71, 

72 and cell survival as demonstrated by postganglionic sympathetic nerve axotomy 

experiments73 and conditional Hand2 KO in sympathetic neurons.49, 43 Adult nerve injury 

suppresses Hand2, which directly regulates dopamine-hydroxylase (Dbh) expression74 

and, most important, the genes controlling synaptic and neurotransmission functions in 

adult sympathetic neurons.43 Based on its pivotal role, we focused our research on Hand2 

expression with aging. Since its expression is restricted to the peripheral SNS,75 we can 

rule out any influence of central sympathetic relays on our measures. 

 Neurons from 22-month-old EV-treated mice were not immunoreactive to Hand2 Ab 

probably because they had less than 20 percent of the transcript recorded at P5. The 

reason for this decline is uncertain. Sympathetic neuron hypermethylation may account, 

at least partially, for the age-dependent decrease in Hand2 gene transcription. Our data 

show that CpG islands hypermethylation in paravertebral sympathetic ganglia neurons 
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with aging. Epigenetic silencing of Hand2 has been reported in the development of 

endometrial cancer, which occurs in older women.76 Hand2 undergoes age-associated 

DNA hypermethylation in epithelial tissues.77 The mouse intestine, a tissue highly 

innervated by the SNS, shows a high rate of Hand2 hypermethylation as a function of 

age, suggesting that Hand2 can be hypermethylated in NA neurons from other territories 

as well.77  

 Compared to EV-, Hand2-treated mice have more ganglia sympathetic neurons 

with larger soma size. This difference may be explained by age-dependent neuronal 

depletion associated with less Hand2 expression.49, 43 Conditional deletion of Hand2 

reveals its critical functions in neurogenesis during development75 and 

adulthood.43 Preserving the number and size of sympathetic neurons in Hand2-treated 

mice extends and enriches the complexity of sympathetic muscle innervation with aging 

(see below).  

The increase in phosphorylated PKA RI and mTORC1 with Hand2 increases the 

phosphorylation of the cAMP-response element binding protein CREB modulator- 

CREM, which translocate to the nucleus. Both CREB and CREM, bind a specific cis 

element - cAMP-response element (CRE) - in the promoter region of skeletal muscle 

target genes.78 In the Hand2-treated mice, upregulation of Crtc3, a member of the CREB 

regulated transcription co-activator gene family, is consistent with activation of cAMP-

responsive genes. Our Ingenuity Pathway Analysis showed that CREM is a top upstream 

regulator of genes controlled by sympathetic neurons expressing Hand2 in old age (p-

value = 3.17E-07). CREM targets include the TH and dHand, two essential genes for SN 

function and maintenance.79  In summary, reduced levels of PKA RI phosphorylation,63 
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together with genomic hypermethylation, may account for the age-dependent decrease in 

Hand2 gene transcription.  

 

Hand2 increases skeletal muscle mass and force and whole-body strength but not 

spontaneous mobility or endurance  

The body weight of both EV- and Hand2-treated mice remained stable despite increased 

TA, GA, EDL, and soleus muscle mass, with no significant differences in visceral fat or 

spontaneous activity. Whether mice underwent loss in subcutaneous fat is uncertain at 

this point. Note that no heart hypertrophy was detected, which suggests that Hand2 

expression in more cephalic levels of the sympathetic ganglia chain is less compromised 

than in the caudal regions innervating hindlimb muscles. This question remains.   

 The increase in muscle mass was associated with enhanced muscle strength. We 

attribute the observed increase in the Hand2 group to enlarged CSA in type-II fibers in 

EDL muscle, and type-I and type-II fibers in soleus muscle. 

Next, we tested force generation in response to electrical stimulation of nerves or 

muscles. For these experiments, we used lumbricalis muscle from mouse paws because it 

has (a) few myofiber layers, which favors oxygenation during prolonged stimulation 

recordings; (b) banded alignment of its NMJs; and (c) parallel arrangement of its 

tendons.38 Distal peroneal nerve stimulation resulted in unsustained and weaker peak 

force than that elicited by direct muscle stimulation in the EV- compared to the Hand2-

treated mice. However, this effect was more pronounced in response to muscle activation 

through the nerve. These data indicate that in addition to muscle sympathetic innervation, 
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aging impairs motor innervation and NMJ transmission, but Hand2 expression in 

sympathetic neurons rescues them significantly. 

 

Hand2 expression enhances NMJ transmission and muscle innervation 

We found that sympathetic neuron Hand2 enhances spontaneous and evoked NMJ 

transmission and attenuates myofiber sympathetic and motor denervation. Ablation of 

skeletal muscle sympathetic innervation alters NMJ transmission.  Decreased MEPP 

amplitude and frequency, and decreased EPP amplitude and quantal content,38 are 

consistent with a decline in the compound muscle action potential and its rescue by 

sympathomimetics agents.30 Moreover, the Hand2-associated increase in membrane and 

total AChR is consistent with our previous report that muscle sympathetic innervation 

regulates the receptor’s stability.38 The enhanced expression of presynaptic AR reported 

here can explain how sustained muscle sympathetic innervation enhances NMJ 

transmission since sympathetic neuron regulation of motoneuron synaptic vesicle release, 

mediated by 1 and 2B-AR, is blunted in geriatric mice.38, 39 

 Fragmentation and simplification of the postterminals are hallmarks of age-

dependent deterioration of skeletal muscle innervation,7 while sustained Hand2 

expression by sympathetic neurons preserves their molecular integrity and morphology. 

Hand2-treated mice had fewer small postterminal fragments than the EV group and 

showed an approximately five-fold decrease when the number of fragments was 

normalized to the muscle area. The wider range in postterminal fragment sizes in the 

Hand2 group indicates that, to a significant degree, muscle sympathetic innervation 

ameliorates fragmentation.  
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 Skeletal muscle sympathetic innervation is better preserved in the Hand2 group 

than the EV group, as shown by (a) higher TH levels in nerve and muscle, detected by 

immunoblot; (b) the longer muscle sympathetic axon path; and the shorter distance 

between sympathetic neurons and NMJs, confirmed by immunohistochemistry. NMJ pre- 

and postterminal co-localization and quantification of NF path length per muscle area 

shows that preservation of sympathetic innervation enhances myofiber motor innervation. 

The mechanism underlying preservation of muscle sympathetic and motor innervation is 

uncertain; however, low PP2A and PP1 phosphatase levels and more NFH-, NFM-, and 

NFL subunit phosphorylation indicate that NF phosphorylation plays a role in stabilizing 

muscle motor innervation in Hand2-treated mice. This conclusion is further supported by 

previous confocal and electron microscopy studies on muscle sympathetic ablation, 

which show compromised NF phosphorylation and disorganized axon NF and 

microtubules.38  

 Additionally, Hand2 upregulates the genes encoding critical components of NMJ and 

myofiber innervation, including Nrcam, a neural cell-adhesion molecule and its product, 

NCAM, which is a marker of muscle denervation/reinnervation,4 and Nrxn1, a 

presynaptic membrane cell-adhesion molecule that primarily binds to neuroligins, 

forming a complex required for efficient neurotransmission.70 Hand2 also upregulates the 

microtubule-associated protein-2 (MAP2) gene, which may stabilize the microtubules 

against depolymerization, synapse differentiation inducing 1 like (Sindig1l), which plays 

a role in the shaping of synaptic specificity,80 and the GDNF receptor Gfra1, expressed at 

myelinated nerves and NMJ. Both GDNF and Gfra1 play a crucial role in muscle 

innervation and GDNF signaling.81, 82  
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Sustained sympathetic neuron Hand2 expression prevents activation of the myofiber 

Gi2-Hdac4-myogenin-MyoD-atrogin/MuRF1 signaling cascade and PKA 

modifications associated with aging 

The model of muscle sympathetic ablation shows downregulation of Gi2, which 

activates the Hdac4-myogenin-MyoD cascade to raise MuRF1 levels and increase AChR 

destabilization.38 We found that Hand2 expression in sympathetic neurons prevents 

decrease in Gi2 levels with aging and averts this signaling cascade, which has been 

associated with muscle motor denervation.83 It lowers Hdac4 concentration to improve 

motor-axon function84, 85 and downregulates myogenin and myoD, both associated with 

muscle denervation, in GA and TA muscles. Note that downregulating this signaling 

cascade reduces atrogins. MuRF1 is expressed in both type‐I and type‐II fibers, but 

predominantly the latter; it is highly enriched in the postterminal; interacts with AChR in 

endocytic structures;86 and participates in muscle trophism and maintenance.87 In 

sympathectomized MuRF1KO mice, AChR is partitioned between the sarcolemma and 

subsarcolemmal domain, as it is in innervated young mice.31 Consistently, Hand2-

induced preservation of muscle sympathetic innervation downregulates both MuRF1 and 

atrogin and prevents AChR endocytosis.  

 In old mice, the PKA RIα subunit is largely removed from—while PKA RIIα and 

RIIβ are enriched at-the NMJ.63 Sympathetic neuron Hand2, like other interventions to 

counter muscle denervation,63 upregulates PKA RI in the TA muscle, and downregulates 

PKA RII and the PKA RII/PKA RI ratio in both GA and TA muscles.   
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Mechanisms that attenuate age-related decline in muscle mass and ex-vivo force/in-

vivo strength 

 Hand2 treatment increases muscle Akt phosphorylation, a critical step in the activation 

of the noncanonical -AR pathway, which leads to FoXO1 phosphorylation and 

exclusion from the nucleus and downregulation of MuRF1 and atrogin/MAFbx. This 

mechanism, together with downregulation of the Hdac4-myogenin-MyoD-

atrogin/MuRF1 signaling cascade (see above), reduces atrogin expression to attenuate 

muscle atrophy.88  

Hand2 also decreased IB and NFB phosphorylation. NFB signaling plays a role 

in age-related skeletal muscle atrophy probably by activating the senescence-associated 

secretory phenotype (SASP).89 These results support our RNA-sequencing analysis 

showing that Hand2-induced Tlr5 downregulation decreases IB activation, leading to 

nuclear exclusion of NFB and preventing activation of the canonical pro-inflammatory 

pathway. Consistently, TWEAK downregulation and TLR-1 and interleukin (IL) 16, 

which play roles in the innate immune system and the cell cycle, respectively, contribute 

to SNS regulation of inflammation and immune-system homeostasis.90 Cytokines 

downregulate Hand2 in cultured sympathetic neurons, while Hand2 overexpression 

rescues the noradrenergic phenotype. These observations support a third mechanism for 

decreased Hand2 transcription with aging, in addition to reduced levels of PKA RI63 and 

Hand2 genomic DNA hypermethylation.  

Rapamycin-induced mTORC1 inhibition prevents age-related muscle loss, while its 

chronic activation advances muscle damage and loss,91 inhibiting constitutive and 

starvation-induced autophagy in skeletal muscle.92 We found that in both GA and TA 
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muscles, Hand2 treatment increases mTORC1 phosphorylation at serine 2448, fine tuning 

its activity at the “repressor domain.”93, 94 Deletion of this site strongly activates 

mTORC1.95 Increased phosphorylation at the repressor domain prevents ULK and 

ATG13 phosphorylation, activating autophagy.96  

Does increased macroautophagy improve skeletal muscle mass and/or function in old 

mice? One common feature of all age-related changes at the tissue level is the 

accumulation of damage and harmful modifications in DNA, proteins, lipids, and cellular 

organelles; autophagic efficiency declines over time, and intracellular waste products 

amass.97 Robust genetic evidence across species supports the inhibition of autophagy and 

aging.98, 99 Analysis of muscle autophagy showed lower p62 and higher ATG-7 levels and 

LC3-I lipidation in the Hand2 group than the EV group. Atg7 ablation induces NMJ 

degeneration and precocious aging,99 which suggests that high ATG-7 levels are required 

to improve muscle autophagy. Autophagy selectively degrades the LC3-binding adaptor 

p62 protein (sequestosome-1 [SQSTM1]), 100 and since a drop in p62 is associated with 

activation of the autophagic process, it serves as a readout of autophagic flux, together 

with LC3-I conversion to LC3-II.101, 102 Non-significant changes in Lamp2 and HSC70 

levels indicate that macroautophagy, but not CMA, is activated by sustained Hand2 

expression in sympathetic neurons with aging. Note that direct stimulation of sympathetic 

neurons activates muscle postsynaptic β2-AR, cAMP production, and import of the 

transcriptional co-activator peroxisome proliferator-activated receptor γ-coactivator 1α 

(PPARGC1A) into the myonucleus,30 which increases autophagy.103 
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In summary, the SNS regulates a number of primary synaptic and non-synaptic 

events. Inducing Hand2 expression in SNs from middle-aged mice improves their NMJ 

transmission, myofiber innervation, muscle mass, and function maintenance as they age.  
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Table 1 

Miniature End Plate Potentials (MEPPs) and End-Plate Potentials (EPPs) recorded 

in the peroneal-lumbricalis preparation from Hand2- and EV-treated mice  

 

The number of fibers and mice examined per group are between parentheses 

 

 

 

 

 

 

 

 

 

 

 

                     EV 

                     (46 fibers; 4 mice)

Mean SEM Mean SEM p-value

Amplitude (mV) 1.390 ±0.050 1.320 ±0.047 0.381

Frequency (Hz) 0.930 ±0.105 1.297 ±0.132 0.031

Time to Peak (ms) 1.171 ±0.078 0.829 ±0.069 0.007

Half decay time (ms) 1.680 ±0.104 1.901 ±0.102 0.185

Duration (ms) 5.773 ±0.391 6.275 ±0.532 0.456

Mean SEM Mean SEM p-value

Amplitude (mV) 19.937 ±1.161 24.053 ±1.579 0.035

Latency (ms) 1.974 ±0.102 2.033 ±0.113 0.700

Time to peak (ms) 3.325 ±0.129 3.026 ±0.156 0.142

Half-decay time (ms) 6.529 ±0.269 6.245 ±0.321 0.500

Quantal content 15.381 ±0.902 18.686 ±1.303 0.034

EPP
    (46 fibers; 4 mice) (33 fibers; 3 mice)

MEPP

 Hand2 

(33 fibers; 3 mice)
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Figure 25Figure 1. Restoration of paravertebral sympathetic ganglia Hand2 mRNA preserves the number and size of 
sympathetic neurons lost with aging. 
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Figure 1. Restoration of paravertebral sympathetic ganglia Hand2 mRNA preserves 

the number and size of sympathetic neurons lost with aging. Hand2 mRNA levels 

relative to postnatal day 5 (P5) were measured by real-time PCR quantitative (qPCR). 

Data represent the mean of three ganglia from three different mice per point. Their ages 

ranged from 5 days to 27-months. Linear regression shows an inverse correlation 

between mouse age and sympathetic neuron Hand2 mRNA (A). Sympathetic ganglia 

neurons from Hand2-treated mice show Hand2 protein immunoreactivity to the Hand2 

Ab (red); nuclei staining with Hoechst 33342 (blue); and perinuclear EGFP fluorescence 

(green). The nuclear Hand2 and DNA overlay appears pink (Ba). Hand2-positive neurons 

display relaxed chromatin (Bb). Ganglia neurons from EV-treated mice do not show 

Hand2 protein immunoreactivity to the Hand2 Ab, while their nuclei are positive to 

staining with Hoechst 33342 (blue), and the perinuclear area shows EGFP expression 

(green) (Ca). Neurons expressing EGFP exhibit relaxed chromatin (Cb). Calibration bars 

in Bb and Cb = 30µm. D. EV- and Hand-treated mice show TH+ neurons (red), EGFP 

expression (green), nucleus staining (blue), and overlay of the three channels (bottom 

row) in confocal z-stack images. Calibration bar = 50µm. Compared to the EV group, 

ganglia neurons from the Hand2-treated mice show significantly higher Hand2 mRNA 

levels (E) (n = 10 ganglia from 10 EV-treated mice and 7 ganglia from 7 Hand2-treated 

mice), more TH+ neurons (n = 7 ganglia confocal images from 5 EV-treated mice, and 7 

ganglia confocal images from 5 Hand2-treated mice) (F), and larger TH+ neurons (n = 7 

ganglia confocal images from 5 EV-treated mice, and 7 ganglia images from 5 Hand2-

treated mice) (G). Data in E, F, and G were statistically analyzed by nonpaired t-test.    
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Figure 2. Hand2 treatment increases muscle weight and strength in aged mice. 

Compared to EV-treatment, Hand2 significantly increased tibialis anterior (TA) (A), 

gastrocnemius (GA) (B), extensor digitorum longus (EDL) (C), and soleus (D) muscle, 

but not body (E), heart (F), or visceral fat (G) weight. Mobility, tested in the open arena 

setting, did not differ between groups in terms of spontaneous maximum speed (H), 

average speed (I), total traveled distance (J), time spent in motion (K), or treadmill 
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running time (M), but net hanging time (L) was significantly longer in the Hand2- than 

EV-treated mice. We used 11 muscles from 11 EV-treated mice and 6-8 muscles from 6 

Hand2-treated mice to count TA, GA, EDL, and soleus muscles and measure visceral fat; 

10 hearts per group to measure heart weight; 11 and 7 mice per group to measure body 

weight; and 6 mice per group to assess spontaneous mobility and treadmill running. We 

used nonpaired t-tests for group comparisons except for treadmill data where we applied 

the ANOVA repeated measures test.  
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Figure 27Figure 3. Hand2 expression in sympathetic neurons attenuates age-dependent muscle atrophy as 
assessed by MHC immunofluorescence. 

Figure 26Figure 3. Hand2 expression in sympathetic neurons attenuates age-dependent muscle atrophy as 
assessed by MHC immunofluorescence. 
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Figure 3. Hand2 expression in sympathetic neurons attenuates age-dependent 

muscle atrophy as assessed by MHC immunofluorescence. Compared to EV-treated 

mice (A, C), Hand2-treated mice show larger EDL muscle (B) and soleus muscle (D) 

cross-sections. Myofibers were immunostained with specific MHC antibodies to identify 

type-I (blue secondary Ab), -IIa (green), and -IIb (red) fibers. Fibers negative to these 

three antibodies were labeled type-IIx.  Calibration bar = 50 µm. EDL (E) and soleus (F) 

pure and hybrid muscle fiber composition, expressed as a percent of the total number of 

fibers, did not differ significantly between groups. In contrast, muscle fiber cross-

sectional area showed statistically significant between-group differences in EDL for type-

IIb (p = 2.8 e-5), -IIx (1.7e-4), and -IIb+IIx (2.3e-5) fibers and soleus for type-I (p = 1.8e-3), 

-IIa (0.05), and -IIb+IIx (2.3e-3) fibers. N = 7 EDL or soleus muscles from 7 mice per 

group. Data were compared using one-way ANOVA. 
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Figure 28Figure 4. Sympathetic neuron Hand2 expression enhances NMJ transmission with aging. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. Sympathetic neuron Hand2 expression enhances NMJ transmission with 

aging. Evoked end-plate potentials (EPPs) recorded at 2 (A), 10 (B), 25 (C), 30 (D), 50 

(E), 100 (F), and 150Hz (G). Spontaneous miniature end-plate potential (MEPP) 

frequencies recorded in NMJs from EV- (left traces) or Hand2–treated (right traces) mice 

(H). Table 1 quantifies NMJ transmission. 
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Figure 29Figure 5. Sustained Hand2 expression in sympathetic neurons prevents declines in AChR levels and 
presynaptic 1- and 2B-AR with aging. 

 

Figure 5. Sustained Hand2 expression in sympathetic neurons prevents declines in 

AChR levels and presynaptic 1- and 2B-AR with aging. Immunoblot analysis of 

membrane (A) and total (D) AChR in GA and TA muscles from EV- (n = 6 GA and 6 TA 

muscles from 6 different mice) and Hand2- (n = 7 GA and 7 TA muscles from 7 different 

mice) treated mice. The digital optical density of the bands was normalized to GAPDH 

and is quantified in graphs B-C and E-F, respectively. Using a similar approach, sciatic-

peroneal (SP) 1- (G-H) and 2b-AR (I-J) increased, but muscle 2 (K-M) showed no 

significant changes between groups with aging. N = 6 nerves or muscles from an equal 
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number of mice per treatment group. Data were statistically analyzed using a nonpaired t-

test. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



254 
 

Figure 30Figure 6. Hand2-treatment preserves muscle force in response to single or repetitive nerve or muscle 
stimulation in old mice. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6. Hand2-treatment preserves muscle force in response to single or repetitive 

nerve or muscle stimulation in old mice. Aa. Tetanic force developed in response to 

150 Hz pulses applied for 3 seconds to the distal peroneal nerve near the lumbricalis 

muscle from a Hand2 (red)- or EV (black)-treated mouse. Ab. Single twitches recorded 

in the muscles tested in (Aa). Dotted lines represent the baselines. Ba. Tetanic force 

developed in response to 150 Hz pulses applied for 3 seconds to the lumbricalis muscle 

from a Hand2 (red)- or EV (black)-treated mouse. Bb. Single twitches recorded in the 

muscles tested in (Ba). C. Lumbricalis muscle force in millinewtons (mN) as a function 

of distal peroneal stimulation at increasing frequency (1-150Hz). Differences between 

Hand2 (red symbols) and EV (black symbols)-treated mice at 1, 5, 10, 20, 50, 100, 150-

1s, and 150-3s are (mean ± SEM): 0.001, 0.022, 0.036, 0.038, 0.05, 0.05, 0.005, and 
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0.002, respectively. D. Lumbricalis muscle force as a function of direct stimulation at 

increasing frequencies. N = 6 muscles from 6 EV- and 8 muscles from 8 Hand2-treated 

mice. Differences between Hand2- and EV-treated mice at 1, 5, 10, 20, 50, 100, 150-1s, 

and 150-3s frequencies were (mean ± SEM): 0.005, 0.007, 0.003, 0.114, 0.482, 0.141, 

0.05, and 0.02, respectively. Data in C and D were statistically analyzed using ANOVA 

repeated measures tests.  
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Figure 31Figure 7. Sympathetic neuron Hand2 attenuates age-dependent NMJ fragmentation. 

 

Figure 7. Sympathetic neuron Hand2 attenuates age dependent NMJ fragmentation. 

A confocal image of whole-mounted lumbricalis muscles from EGFP- (A) and Hand2 

(B)-treated mice. The NMJ postterminal was stained with BGT-680 (yellow, cy5.5). 

Calibration bar = 50µm. The histograms for EGFP (C)- and Hand2 (D)-treated mice 

show the mean number of postterminals per area (0.1 µm2). Normalization of 

postterminal fragments per muscle area showed significantly fewer in the Hand2- than in 

the EV-group (E). For the analysis in E, we used 11 and 8 mice per group. Data were 

statistically analyzed using a nonpaired t-test. 
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Figure 32Figure 8. Sympathetic neuron Hand2 attenuates lumbricalis muscle fiber motor denervation with aging. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8. Sympathetic neuron Hand2 attenuates lumbricalis muscle fiber motor 

denervation with aging. Z-stack confocal images of NMJs from a young (4-month-old) 

mouse. The postterminal (blue) was stained with BGT-680 (A), the preterminal 
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immunostained with the SMI-311 Ab against neurofilament (red) (B), and (C) shows 

their overlay. D-E show pre- and postterminal NMJ co-localization in pink (white 

arrows) and lack of overlay in blue (yellow arrows) in muscles from EV- and Hand2-

treated mice, respectively. Calibration = 50µm. Pre- and postterminal NMJ co-

localization in muscles from EV- or Hand2-treated mice analyzed by Pearson correlation 

coefficient (F), Spearman’s rank correlation coefficient (G), and Manders’ co-

localization coefficient M1 (H). N = 10 muscles per treatment (5 immunostained with 

SMI-311 and 5 with SMI-312 antibodies). I. Total and phosphorylated NF paths per 

muscle area. 
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Figure 9. Sympathetic neuron Hand2 enhances NF phosphorylation. The Hand2 

group has significantly more sciatic-peroneal (SP) nerve phospho-NFH (A), phospho-

NFM (B), and phospho-NFL (C) than the EV group. Phosphatases PP2A (D) and PP1 (E) 

declined with sympathetic neuron Hand2 expression. Data were statistically analyzed 

using a nonpaired t-test. 
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Figure 33Figure 10. Sympathetic neuron Hand2 preserves the complexity of muscle sympathetic innervation and its 
proximity to the NMJ. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  



261 
 

Figure 10. Sympathetic neuron Hand2 preserves the complexity of muscle 

sympathetic innervation and its proximity to the NMJ. Z-stack confocal image of a 

whole-mounted lumbricalis muscle from an EGFP- (A-C) and a Hand2 (D-F)-treated 

mouse. Postterminal (A, D), TH+ axons (B, E), and their overlay (C, F). White arrows 

indicate sympathetic axons that do not establish contact with NMJs (B, C, E, and F), 

while the yellow arrow shows interaction between sympathetic axons and NMJs in a 

muscle from an old Hand2-treated mouse (F). Immunoblot analysis shows that Hand2 

expression elevates TH expression in the GA and TA muscles (G-I) and the SP sciatic 

nerve (J-K) in old mice. L. In the Hand2 mice, NMJ distance from the nearest 

sympathetic axon was shorter (L) and the sympathetic axon path, normalized to the 

muscle cross sectional area, was longer (M). N = 6 lumbricalis, sciatic-peroneal (SP) 

nerves, GA, or TA muscles from 6 different mice per treatment group. Data were 

statistically analyzed using a nonpaired t-test. 
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Figure 34Figure 11. Sustained sympathetic neuron Hand2 expression prevents activation of atrogenes. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 11. Sustained sympathetic neuron Hand2 expression prevents activation of 

atrogenes. GA and TA muscles Gi2 (A), HDAC4 (D), myogenin (G), MyoD (J), 

atrogin (M), and MuRF1 (P) levels, analyzed by immunoblot. Digital optical density of 

the bands normalized to GAPDH is represented in the graphs B-C, E-F, H-I, K-L, N-O, 
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and Q-R, respectively. N = 6 GA or TA muscles from 6 different mice per treatment 

group. Data were statistically analyzed using a nonpaired t-test. 
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Figure 12. Sustained sympathetic neuron Hand2 expression upregulates muscle 

PKA RI and increases Akt phosphorylation in old mice. Hand2 treatment upregulated 

TA muscle PKA RI (A, B), but not PKA RII (C, D), and lowered the PKA RII/PKA RI 

ratio (E). Hand2 treatment increased phospho-Akt/total-Akt in both muscles (F), as 

quantified in G.  N = 6 GA or TA muscles from 6 different mice per treatment group. 

Data were statistically analyzed using a nonpaired t-test. 
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Figure 13. Sympathetic neuron Hand2 regulates phosphorylation of key components 

of gene transcription, cell signaling, and inflammation. Hand2 treatment increases 

mTORC1 phosphorylation (A, B) and FoXO1 (C, D), while decreasing FoXO3 in the TA 

(E, F) and NFB (G, H) and IB (I, J) phosphorylation in both GA and TA muscles. N = 
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6 GA or TA muscles from 6 different mice per treatment group. Data were statistically 

analyzed using a nonpaired t-test. 
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Figure 35Figure 14. Sympathetic neuron Hand2 induces skeletal muscle macroautophagy flux, but not CMA. 

Figure 14. Sympathetic neuron Hand2 induces skeletal muscle macroautophagy 

flux, but not CMA. Hand2-treated mice show less p62 (A-B), a higher LC3-II/LC3-I 
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ratio (C, D), and more Atg7 (E, F) in both GA and TA muscles. Lamp2 (G, H) and 

HSC70 (I, J) levels did not differ significantly between groups. N = 6 GA or TA muscles 

from 6 different mice per treatment group. Data were statistically analyzed using a 

nonpaired t-test. 
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Figure 36Figure 15. Sustained sympathetic neuron Hand2 expression regulates EDL muscle gene transcription in old 
mice. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 15. Sustained sympathetic neuron Hand2 expression regulates EDL muscle 

gene transcription in old mice. Volcano plot representing the significance (-Log10 P 

value) and magnitude of transcript change (Log2 fold change) with Hand2 treatment (A). 

Principal components 1 and 2 plot for genes quantified for both treatment groups (B). 

Heat map of 174 differentially expressed genes in the EDL muscle (C) from EV- (n = 10 

muscles from 10 mice) and Hand2- (n = 7 muscles from 7 mice) treated mice. Red and 

blue indicate upregulated and downregulated genes, respectively.    
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Figure 37Figure 16. Schematic representation of Hand2-induced expression in SNs and its impact on skeletal muscle 
sympathetic and motor innervation in old mice. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 16. Schematic representation of Hand2-induced expression in SNs and its 

impact on skeletal muscle sympathetic and motor innervation in old mice. 
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Supplementary Table 1 

Antibodies Used for Immunoblot and Immunohistochemistry 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Antibody Dilution Source (Catalog No.) 

α2B-AR 1:250 Alomone (#AAR-021) 

AChR 1;1,000 Biolegend (#838301) 

Akt-Phospho 1:1,000 Cell Signaling (#3787) 

Akt-Total 1:1,000 Cell Signaling (#9272) 

Atg7 1:2,000 Sigma (#A2856) 

Atrogin 1:1,000 ECM Biosciences (#AP2041) 

β1-AR 1:1,000 Abcam (#ab3442) 

β2-AR 1:1,000 Abcam (#13989) 

FoxO1-Phospho 1:1,000 Cell Signaling (#9461) 

FoxO1-Total 1:1,000 Cell Signaling (#2880) 

FoxO3-Phospho 1:1,000 Cell Signaling (#9466) 

FoxO3-Total 1:1,000 Cell Signaling (#2497) 

Gαi2 1:200 Santa Cruz (#sc-13534) 

GAPDH 1:40,000 Genetex (#GTX627408) 

Hand2 15 µg/ml R&D Systems 

HDAC4 1:2,000 Cell Signaling (#7628) 

HSC70 1:400 Santa Cruz (#sc-7298) 

IK-Phospho 1:500 Santa Cruz (#sc-8404) 

IKB-Total 1:400 Santa Cruz (#sc-371) 

Lamp-2 1:500 Abcam (#13524) 

LC3 1:1,000 Cell Signaling (#2775) 

mTORC1-Phospho 1:1,000 Cell Signaling (#2971) 

mTORC1-Total 1:1,000 Cell Signaling (#2983) 

MuRF1 1:1,000 R&D Systems (#AF5366) 

MyoD 1:1,000 BD Biosciences (#554130) 

Myogenin 1:1,000 DSHB (#AB2146602) 

NFH-Phospho 1:1,000 Biolegend (#SMI-312) 

NFH-Total 1:1,000 Biolegend (#SMI-311) 

NFκB-Phospho 1:200 Santa Cruz (#sc-136548) 

NFκB-Total 1:200 Santa Cruz (#sc-8008) 

NFL 1:1,000 Sigma (#N5139) 

NFM 1:1,000 Sigma (#N5264) 

p62 1:2,000 Progen (#GP62-C) 

PKA RIα 1:1,000 BD Biosciences (#610165) 

PKA RIIα 1:1,000 BD Biosciences (#612242) 

PP1 1:1,000 Thermo Scientific (#MA5-17155) 

PP2A 1:1,000 Millipore (#05-421) 

TH 1:1,000 Millipore (#AB-152) 
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Figure 38Supplementary Figure 1. Increased Hand2 genomic methylation in aging ganglia SNs analyzed by bisulfite 
amplicon sequencing. 

 

Supplementary Figure 1. Increased Hand2 genomic methylation in aging ganglia 

SNs analyzed by bisulfite amplicon sequencing. Methylation levels of mCH and 

mCHH in region 1 (57320498-57321005 chromosome 8) and region 2 (57321202-

57322499 chromosome 8) were low, while mCG was higher in old (22-month) than in 

young (3-5-month) and middle-aged (13-month) C57BL6 mice (n = 24 ganglia chains 

from 12 mice equally divided in three age groups [young: 3-5, middle-aged: 13 months, 

and old; 22 months]). mCG: CG dinucleotide methylation, mCH, mCHH: any nucleotide 

methylation but G. 
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Supplementary Figure 2 

Selected muscle and nerve immunoblot from EV- and Hand2-treated mice 
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Supplementary Figure 2 
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Supplementary Figure 2 
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 CHAPTER 5 

Discussion, Limitations, and Future Directions 

The sympathetic nervous system regulates skeletal muscle motor innervation and 

acetylcholine receptor stability 

Research to examine question 1 demonstrated that ganglionic sympathetic neurons 

establish a bi-directional functional connection with the skeletal muscle and regulate 

motor synaptic vesicle release, large axon diameter, and myelin thickness, probably 

through NF phosphorylation, and postsynaptic AChR stability, and muscle fiber 

innervation through regulating Gαi2, Hdac4, myogenin, MuRF1, and miR-206 levels.  

We found that SNS (a) extensively regulates the skeletal muscle transcriptome, (b) 

modulates NMJ transmission and muscle force generation, (c) ablation increases spinal 

nerve expression of genes encoding neurotrophins and extensive motor axon 

neurofilament dephosphorylation, and (d) regulates MuRF1 expression and postsynaptic 

AChR. This study demonstrates, for the first time, the influence of SNS in muscle motor 

innervation by using specific L2-L3 postganglionic neuron ablation, ganglia levels that 

innervate mouse hindlimb muscles. These results indicate that treatments for conditions 

characterized by loss of muscle mass and force, such as aging may benefit by targeting 

both the SNS and the skeletal muscle.1 

In 2014, Silveira et al developed the surgical sympathetic denervation technique.2 By 

using this approach, the authors demonstrated that norepinephrine exerts a suppressive 

effect on ubiquitin-proteasome system (UPS) activity and expression of ubiquitin 

ligases.2 This mechanism, crucial to regulate skeletal muscle mass, is further discussed 
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below.  Prior work examined the influence of the SNS on the NMJ structure and function 

by using 6-hydroxydopamine (6-OHDA), a neurotoxic synthetic organic compound that 

selectively destroy dopaminergic and noradrenergic neurons.3 6-OHDA may enter the 

neurons via the dopamine and norepinephrine reuptake transporters.4  

The work by Khan et al showed that extensive destruction of dopaminergic and 

noradrenergic neurons impairs NMJ function, which can be rescued by sympathomimetic 

compounds.3 However, whether this effect is secondary to impaired cardiac and/or any 

other key peripheral sympathetic targets innervation and function is unknown. In 

contrast, our work, by focusing exclusively on SNS innervation of hindlimb muscles, 

revealed that sympathetic innervation plays a crucial role in NMJ stability and muscle 

motor innervation.1  

  

Sympathomimetics can be used as a tool to understand the role of the sympathetic 

nervous system in neuromuscular junction transmission. Problems associated with 

their chronic use in humans 

Previous work has shown that administration of sympathomimetic agents prevents the 

effects of chemical sympathectomy, demonstrating that SNS innervation controls 

homoeostasis of NMJs;3 The use of sympathomimetics in vivo and ex vivo helped to 

understand acute and chronic effects of the sympathetic nervous system on muscle 

function. β2-AR agonists increase protein synthesis in denervated muscle and after 

injury,5 through proteolysis suppression.6  

Sympathomimetics stimulate the skeletal muscle by activating β2-AR.7 Noradrenaline 

(NA), the main neurotransmitter of ganglionic sympathetic neurons, 
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modulates neuromuscular transmission,8 but its targets remains ill-defined. Investigating 

how postganglionic sympathetic axons and their neurotransmitter(s) affect myofiber 

composition and function helps to understand aging sarcopenia. Sympathomimetics were 

found to reestablish the compound muscle action potential disrupted by SNS ablation.3 

Regional surgical removal or systemic chemical ablation of mouse hindlimb SNS, which 

causes dramatic decrease in muscle NA,2 reduced release of synaptic vesicles.1 These 

findings support a novel presynaptic mechanism based on crosstalk between the motor 

and sympathetic nervous systems at the NMJ.9  

These studies prompted the investigation on the role of β-AR agonists in NMJ 

presynaptic vesicle release in response to acute ex-vivo or chronic repetitive in vivo 

administration in Chapter 2 of this Thesis. They also focused on the role of extracellular 

Ca2+ concentration, TRPV1, and P/Q- and N-type voltage-activated Ca2+ channels in 

synaptic vesicle release evoked by β-AR agonists at the neuromuscular junction in young 

adult mice as a means to examine how the SNS influences NMJ transmission.9  

This study addressed the concept that sympathomimetics act on axon terminal 

molecular targets involved in Ca2+ homeostasis to regulate motor neuron/skeletal muscle 

synaptic transmission. By elucidating the mechanism of action of clenbuterol and 

salbutamol, we now know that the SNS influences skeletal muscle physiology by acting, 

not only at the NMJ postterminal, but the motor neuron terminal, at P/Q-Ca2+ channels 

and TRPV1 channels, and the sympathetic axon, at N-type Ca2+ channels. In addition, 

prolonged NMJ activation depends on their effect on the balance between sympathetic 

and motor axon terminal activity.9 

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/neuromuscular-transmission
https://www.sciencedirect.com/topics/neuroscience/synaptic-vesicle
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/presynaptic-mechanism
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/trpv1
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The World Anti-Doping Agency prohibits athletes from consuming the two β2-AR 

agonists used in this study, salbutamol and clenbuterol, either during competition or at all 

times due to their reported benefits to endurance.10 However, SM seem to have a place in 

treating neuromuscular transmission defects.11 Despite these reported potential benefits, 

conflicting effects of salbutamol on maximal inspiratory mouth pressure have been 

recorded in human respiratory muscles. 12,13 Ex-vivo recordings showed that salbutamol 

enhances force contraction in rat diaphragm after systemic in-vivo administration or ex-

vivo application to diaphragm strips;14 this effect might be mediated by membrane 

potential hyperpolarization.15,16 

In Chapter 3, we examined whether sympathomimetic agents enhance NMJ 

transmission and remediate muscle wasting and strength in aged rodents, 17,18 why do 

endogenously secreted catecholamines fail to maintain muscle mass and force in the 

absence of significant changes in β2-AR levels? Recent studies support a novel 

mechanism by which motor and sympathetic neurons interact at the NMJ 

presynapse.1,3,9,19 Impaired neuronal crosstalk can explain, at least partially, progressive 

atrophy and weakness with aging.9  

 

Aging diminishes sympathetic neuron regulation of motoneurons synaptic vesicle 

release mediated by β1- and α2B-adrenergic receptors in geriatric mice 

Recent studies support a novel mechanism by which motor and sympathetic neurons 

interact at the NMJ presynapse.1,3,9 Impaired neuronal cross-talk can explain, at least 

partially, the progressive atrophy and weakness with aging. Thus, studies were designed 

to determine whether the SNS regulates motor neuron axon function and neuromuscular 
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transmission in situ—without any exogenous intervention, including delivery of 

catecholamines or sympathomimetic agents. Using endogenous neurotransmitters to 

regulate motoneuron synaptic vesicle release would allow fine-tuning of the acute stress 

response under physiological conditions. To address this question, we used a 

comprehensive approach including nerve immunolabeling coregistration and 

electrophysiological recordings in a novel mouse ex-vivo preparation that preserves the 

complexity of the interaction between motoneuron and SNS at the NMJ and muscle 

innervation in the living mouse.  

Our data in Chapter 3 support the concept that the levels of expression and function 

of β1- and α2B-AR fine-tune NA release from sympathetic neurons. Moreover, β1-AR 

mediates SNS influence on motoneuron synaptic vesicle release, and its sharp decline 

with aging impairs NMJ transmission. We proposed a model to explain the relationship 

between sympathetic and motor neurons and the role of ARs in regulating Ca2+ channels, 

intracellular Ca2+ concentration, and AChR synaptic vesicle release at the NMJ. It also 

suggests how age-dependent decline in α2- and β1-AR expression leads to decreased NA 

release in sympathetic neurons and attenuated synaptic vesicle release by motoneurons at 

the NMJ. Targeting the effects of α2B- and β1-AR signaling mechanisms in presynaptic 

NMJ activity may inform medical strategies to prevent or remediate age-associated 

sarcopenia and neurodegeneration.  

Defining the mechanisms by which the SNS regulates neuromuscular properties may 

have broad health implications, particularly for reducing the loss of skeletal muscle mass 

and strength (sarcopenia) that impairs gait and mobility in older adults and people with 

neurodegenerative diseases.19 
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The transcription factor Hand2 is a potential intervention to maintain sympathetic 

neuron and attenuate sarcopenia with aging  

Maintaining or recovering sympathetic muscle innervation throughout life is undoubtedly 

preferable to chronic use of AR pharmacological agents. Drug administration cannot 

mimic the complex, concerted tissue response to endogenous SN neurotransmitters 

(NTs), which depends on the AR subtype’s repertoire and location and intricate 

relationship between central and peripheral nervous system relays. Loss of receptor 

selectivity, tolerance, and tachyphylaxis can also trigger adverse effects. Moreover, 

pharmaceutical compounds reach stable levels in blood, precluding any adaptation to 

physiological or pathological challenges. Thus, we cannot develop interventions to 

prevent or reverse age-related decline in skeletal muscle mass and force until we target 

the molecular mechanisms that govern neuromuscular junction (NMJ) instability and 

muscle denervation with aging. 

The differentiation of neural crest cells into NA sympathetic neurons is complex and 

requires a network of transcription factors. One of them, the Heart and Neural Crest 

Derivative Expressed 2 (Hand2), plays a prominent role in adult sympathetic neuron 

maintenance of NA genes and cell survival as demonstrated by axotomy 20 and 

conditional Hand2 KO  sympathetic neurons. The protein encoded by the Hand2 gene 

belongs to the basic helix-loop-helix family of transcription factors. The Rohrer group 

concluded that elimination of the Hand2 gene in adult sympathetic neurons leads to the 

reduced expression of genes involved in synapse development and function in adult 

sympathetic neurons.21  Moreover, the in vitro knockdown of Hand2 in differentiated, 
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postmitotic neurons leads to a selective loss of TH and DBH with no effect on generic 

neuronal genes Tuj1, HuC and SCG. The conditional Hand2 knockout in DBH-

expressing immature neurons of Hand2DBHCre mouse embryos displayed a selective 

reduction of TH, and a massive reduction of proliferating, DBH-expressing immature 

neurons. 22 

Despite the detailed analysis of Hand2’s function in sympathetic neurons 

differentiation, and maintenance, its role in aging mammals is unknown.  Based on its 

pivotal role, research on Hand2 expression with aging is of paramount importance to 

attenuate or reverse sarcopenia.23 

Our research included in Chapter 4 showed that Hand2 expression declines 

throughout the mouse’s life, but inducing its expression preserves the number and size of 

paravertebral sympathetic ganglia neurons even at advanced ages, it increases skeletal 

muscle mass and force and whole-body strength but not spontaneous mobility or 

endurance, and its expression enhances NMJ transmission and muscle innervation, 

Sustained sympathetic neuron Hand2 expression prevents activation of the myofiber 

G i2-Hdac4-myogenin-MyoD-atrogin/MuRF1 signaling cascade and PKA modifications 

associated with aging.  

We also reported that Hand2 treatment increases muscle Akt phosphorylation, a 

critical step in the activation of the noncanonical -AR pathway, which leads to FoXO1 

phosphorylation and exclusion from the nucleus and downregulation of MuRF1 and 

atrogin/MAFbx. This mechanism, together with downregulation of the Hdac4-myogenin-

MyoD-atrogin/MuRF1 signaling cascade (see above), reduces atrogin expression to 

prevent muscle atrophy.24  By decreasing I B and NF B phosphorylation Hand2 also 
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decreased muscle inflammation by preventing the senescence-associated secretory 

phenotype (SASP) activation.25 We also found that in both GA and TA muscles, Hand2 

treatment increases mTORC1 phosphorylation at serine 2448, fine tuning its activity at 

the “repressor domain.”26, 27 Deletion of this site strongly activates mTORC1.28 Increased 

phosphorylation at the repressor domain prevents ULK and ATG13 phosphorylation, 

activating autophagy.29  

We also answered whether increased macroautophagy improve skeletal muscle mass 

and/or function in old mice. One common feature of all age-related changes at the tissue 

level is the accumulation of damage and harmful modifications in DNA, proteins, lipids, 

and cellular organelles; autophagic efficiency declines over time, and intracellular waste 

products amass.30 Robust genetic evidence across species supports the inhibition of 

autophagy with aging.31,32 Analysis of muscle autophagy showed lower p62 and higher 

ATG-7 levels and LC3-I lipidation in the Hand2 group than the EV group. Atg7 ablation 

induces NMJ degeneration and precocious aging,32 which suggests that high ATG-7 

levels are required to improve muscle autophagy. Autophagy selectively degrades the 

LC3-binding adaptor p62 protein (sequestosome-1 [SQSTM1]), 33 and since a drop in 

p62 is associated with activation of the autophagic process, it serves as a readout of 

autophagic flux, together with LC3-I conversion to LC3-II.34,35 Non-significant changes 

in Lamp2 and HSC70 levels indicate that macroautophagy, but not CMA, is activated by 

sustained Hand2 expression in sympathetic neurons with aging. Note that direct 

stimulation of sympathetic neurons activates muscle postsynaptic β2-AR, cAMP 

production, and import of the transcriptional co-activator peroxisome proliferator-
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activated receptor γ-coactivator 1α (PPARGC1A) into the myonucleus,3 which increases 

autophagy.36 

In summary, the SNS regulates a number of primary synaptic and non-synaptic 

events. Inducing Hand2 expression in SNs from middle-aged mice improves their NMJ 

transmission, myofiber innervation, muscle mass, and function maintenance as they age. 

 

Limitations and future direction 

(1) Whether sustained Hand2 expression in sympathetic neurons attenuates sarcopenia in 

geriatric mice is unknown. Mice injected with either Hand2 or EV will be examined for 

in vitro muscle contraction and other outcomes in the Delbono lab by November 2020.  

(2) The peripheral SNS may influence the activity of peripheral targets other than the 

skeletal muscle, which might modify neuromuscular transmission and muscle 

innervation. Although, this is improbable, future optogenetic studies targeting specific 

areas of the SNS can address this issue. 

(3) We used the SPNL technique to determine whether aging blunts sympathetic neuron 

regulation of motoneurons synaptic vesicle release mediated by 1- 2B-AR in geriatric 

mice. SPNL cannot assess the influence of sympathetic relays from the brain and 

brainstem nuclei on the intermediolateral column of the spinal cord. It also cannot assess 

the systemic influence of humoral milieu on the structures involved in neuromuscular 

transmission. Another limitation is that repetitive stimulation might exhaust 

catecholamine and/or acetylcholine neuron pools. Future experiments in anaesthetized, 

live mice can overcome these limitations. 
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(4) Hand2 is critical for SN maintenance in adult mice, but its expression is regulated by 

other transcription factors, including the bone-morphogenetic protein (BMP), Achaete-

Scute Family BHLH Transcription Factor 1(ASCL1), Paired Like Homeobox 2B 

(Phox2b), and Insulinoma-associated 1 (Insm1),37 which expression levels have not been 

examined. Future experiments will examine the role of the ubiquitous transcription factor 

Phox2b in aging sarcopenia. 

(5) Whether mechanisms other than hypermethylation influence Hand2 expression 

remains unknown. Enhancer RNA is a novel class of short, noncoding RNAs that are 

transcribed from active enhancer regions in the genome and regulate downstream genes 

by several mechanisms, such as promoting DNA looping/interactions, regulating 

chromatin accessibility, and transcriptional interference, which is clinically relevant.38-40 

This mechanism must be examined in future studies.   

(6) We do not know whether age-dependent decline in central autonomic nuclei 

composition and/or function accounts for skeletal motor denervation and sarcopenia. 

Decrease in locus coeruleus neuron density is associated with impaired mobility in older 

adults, which indicates that central sympathetic relays may play a critical role in physical 

activity.41 This must be further examined in future studies. 

 

Despite these concerns, our novel and exhaustive approach outweighs these 

limitations and, I believe, our contribution to the emerging field of SNS and aging 

sarcopenia is significant. 
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neuromuscular junction transmission through TRPV1, P/Q- and N-type Ca2+ channels. 

Molecular and Cellular Neuroscience. DOI: 10.1016/j.mcn.2019.01.007 

Rodrigues, A.C.Z, Messi, M.L., Wang, Z., Abba, M.C., Pereyra, A., Birbrair, A., Zhang, T., 

O’Meara, M., Kwan, P., Lopez, E.I.S., Willis, M.S., Mintz, A., Files, C., Furdui, C., Oppenheim, 

R.W., Delbono, O. (2018). Acta Physiologica. DOI: 10.1111/apha.13195 
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AWARDS______________________________________________________________ 

December 2019 Second Place Poster Award Neuroscience Research Day 

   Wake Forest University Graduate School of Arts and Science 

November 2019 Biological Science Minority Investigator Travel Award 

   Gerontological Society of America 

October 2019  2019-2020 Wake Forest Alumni Travel Award 

   Wake Forest University Graduate School of Arts and Science 

November 2018 George Sacher Student Award 

   Gerontological Society of America 

August 2015-Present Tuition Scholarship 

   Wake Forest University Graduate School of Arts and Science 

 

PRESENTATIONS_______________________________________________________ 

Rodrigues, A.C.Z., Bonilla, H.J., Messi, M.L., Wang, Z., Freeman, W.M., Delbono O. Hand2 

transcription factor enhances NMJ organization and function in old mice (October 2019). Society 

of Neuroscience. Chicago, Illinois (poster presentation). 

 

Rodrigues, A.C.Z., Bonilla, H.J., Messi, M.L., Wang, Z., Freeman, W.M., Delbono O. Hand2 

transcription factor enhances NMJ organization and function in old mice (November 2019). 

Gerontological Society of America. Austin, Texas (poster presentation). 

 

Rodrigues, A.C.Z., Bonilla, H.J., Messi, M.L., Wang, Z., Freeman, W.M., Delbono O. Hand2 

transcription factor enhances NMJ organization and function in old mice (December 2019). 

Neuroscience Program Research Day 2019. Wake Forest University, Winston-Salem, NC (poster 

presentation). 

 

Rodrigues, A.C.Z, Wang, Z., Kwan, P., Messi, M.L., Zang, T. Delbono O. The Sympathetic 

Nervous System Regulates Synaptic Vesicle Release and Postsynaptic Acetylcholine Receptor 

Abundance at the Mouse Neuromuscular Junction (March 2018). Graduate School Research Day 

2018. Wake Forest University, Winston-Salem, NC (poster presentation). 

 

Rodrigues, A.C.Z., Messi, M.L., Wang, Z., Delbono, O. Age-Dependent Sympathetic 

Denervation Leads to Sarcopenia (November 2018). Gerontological Society of America. Boston, 

Massachusetts (poster presentation). 

 

Rodrigues, A.C.Z., Messi, M.L., Wang, Z., Delbono, O. Age-Dependent Sympathetic 

Denervation Leads to Sarcopenia (December 2018). Neuroscience Program Research Day 2018. 

Wake Forest University, Winston-Salem, NC (poster presentation). 

 

Rodrigues, A.C.Z, Wang, Z., Kwan, P., Messi, M.L., Zang, T. Delbono O. The Sympathetic 

Nervous System Regulates Synaptic Vesicle Release and Postsynaptic Acetylcholine Receptor 

Abundance at the Mouse Neuromuscular Junction (March 2017). Neuroscience Program 

Research Day 2017.Wake Forest University, Winston-Salem, NC (poster presentation). 

 

Rodrigues, A.C.Z., Wang, Z., Zang, T., Delbono, O. The Sympathetic Nervous System 

Regulates Neuromuscular Junction Motor Axon Vesicle Release and Acetylcholine Receptor 

Stability through the Gαi2-Hdac4-Myogenin-MuRF1 Pathway (December 2017). Neuroscience 

Program Research Day 2017. Wake Forest University, Winston-Salem, NC (poster presentation). 
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Rodrigues, A.C.Z., Messi, M.L., Delbono, O. Role of Sympathetic Innervation in Skeletal 

Muscle Autophagy with Aging (March 2016). Graduate School Research Day 2016. Wake Forest 

University, Winston-Salem, NC (poster presentation). 

 

Rodrigues, A.C.Z., Messi, M.L., Delbono, O. Role of Sympathetic Innervation in Skeletal 

Muscle Autophagy with Aging (May 2016). Internal Medicine Research Day 2016. Wake Forest 

University, Winston-Salem, NC (poster presentation). 

 

Rodrigues, A.C.Z, Wang, Z., Kwan, P., Messi, M.L., Zang, T. Delbono O. Sympathetic Skeletal 

Muscle Innervation Regulates Autophagy and Stability of the Neuromuscular Junction with 

Aging (November 2016). Gerontological Society of America. New Orleans, Louisiana (poster 

presentation). 

 

Rodrigues, A.C.Z, Wang, Z., Kwan, P., Messi, M.L., Zang, T. Delbono O. Sympathetic Skeletal 

Muscle Innervation Regulates Autophagy and Stability of the Neuromuscular Junction with 

Aging (December 2016). Neuroscience Program Research Day 2016. Wake Forest University, 

Winston-Salem, NC (poster presentation). 

 

Jordao, R.S., Santana, L.P., Rodrigues, A.C.Z., Dimov, L.F. Emotions and Educational Rational 

Domains. (November 2015) X National Research Meeting of Science Education (ENPEC), Brazil 

(oral presentation). 

 

Rodrigues, A.C.Z., Jordao, R.S., Dimov, L.F. Knowing the knowledge: metacognition in a 

research group. (September 2014) II International Congress at Science Education (ICSE), Brazil 

(oral presentation). 

 

Milligan, C., Strupe, J., Mansfield, C., Robinson, M., Oppenheim, R., Rodrigues, A.C.Z., 

Kudou, R. Muscle fiber-type regulation of maintenance of neuromuscular junction innervation. 

(November 2013) Society for Neuroscience San Diego, CA (poster presentation).  

 

Rodrigues, A.C.Z., Jordao, R.S. The construction of professional knowledge in the 

undergraduate degree in Biological Sciences. (September 2013) XI National Education Congress 

(EDUCERE), Brazil (oral presentation). 

 

OUTREACH____________________________________________________________ 

 Gerontological Society of America - Dissertation Writing Group Task Force Leader, 

January 2020-Present 

 Gerontological Society of America – Abstract Reviewer, February 2018-Present 

 Gerontological Society of America – ESPO Communication Chair, November 2018-

December 2019 

 

VALUEABLE SKILLS____________________________________________________ 

 Immunoblotting – sample processing, Western Blot, Image Studio, ImageJ 

 Immunostaining – Visiopharm 

 Behavioral analysis – EthoVision Nodus 

 Electrophysiology analysis - PClamp 

 Data analysis – Graph Prisma, SigmaPlot 
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