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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 was to examine the interaction between the sympathetic and motor nervous system, the 

involvement of the sympathetic nervous system (SNS) in neuromuscular junction (NMJ) 
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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 myofibre subtype composition and CSA. The SNS also 

modulates the levels of postsynaptic membrane acetylcholine receptor by regulating the Gαi2-

Hdac4-Myogenin-MuRF1pathway, which is prevented by the overexpression of the guanine 

nucleotide-binding protein Gαi2 (Q205L), a constitutively active mutant G protein subunit.

Conclusion: The SNS regulates NMJ transmission, maintains optimal Gαi2 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 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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1 | 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 disease1 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 injury18 and 

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

age results in incapacitating symptoms.20–22
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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 fibre31 via 

Remak fibres travelling through the peripheral nervous system32 and 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 fibres 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 myofibre composition and function.

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

catecholamines and membrane β2-adrenoceptors (AR),35 probably due to the complexity of 

the SNS trajectory, neurotransmitters (nora-drenaline, NA; ATP; and neuropeptide Y, NPY), 

and targets. Note that β1- and β2-AR antagonists, such as propranolol, cause muscle 

weakness,36 while β-AR agonists enhance muscle strength in diseases characterized by 

congenital impaired neurotransmission.37 β2-AR expression predominates in skeletal 

muscle35 and mediates SNS action on the myofibre, 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 dopa-mine-β-hydroxylase (DBH) or transgenic DBH have been used 

to characterize postganglionic sympathetic axons’ trajectory and connections to 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 

myofibre at the NMJ,42 while sympathetic neurons expressing the DBH-tomato transgene 

and immunoreactivity to a TH or NPY antibody showed co-registration 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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2 | RESULTS

2.1 | 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 Section 4). Figure 1A shows the L2–L4 ganglia of the 

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

connections and caudal fusion (Figure 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 (Figure 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 (β2-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 AlexaFluor-conjugated cholera toxin subunit B (CTB) AF488 or AF555 in the 

tibialis anterior (TA) or gastrocnemius (GA) muscle, respectively, as our retrograde tracer. 

Figure 1E–J, shows ganglia neurons labelled with CTB-AF488 (E) and CTB-AFAF555 (F) 

injected in the TA and GA muscles respectively. Cell nuclei and soma were stained with 

Hoechst 33342 (G) and immunostained with TH antibody (H) respectively. Figure 1I,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.

2.2 | The SNS regulates genes associated with skeletal muscle denervation

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

transcriptome modifications44; 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 fibre 

types.45 The volcano plot and heat map (Figure 2A,B) show the 182 genes most significantly 

modified (fold change >1.5; P < 0.01) after surgical sympathectomy (see Appendix S1, 

worksheet sym_vs_sham), as confirmed by real-time PCR (qPCR) of randomly selected 

genes (Figure S1). They can be grouped into several signalling pathways regulating muscle 

metabolism, circadian rhythm, gene transcription, and soluble N-ethylmaleimide-sensitive 

factor attachment protein receptor (SNARE)-interacting proteins (Figure 2C, Figure 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 
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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]); and ubiquitin ligases (ubiquitin-conjugating enzyme E2 

G2 [UBE2G2]) (Figure S1). In contrast, genes associated with muscle motor denervation, 

such as Chrng and myogenin (Figure 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 (Figure 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)47,48 and 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.

2.3 | 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 myofibre 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 this muscle shows profuse TH+ terminal 

arborization, some of it in the proximity of labelled α-bungarotoxin+ NMJ postterminals 

when the muscle is treated with iDISCO (Figure 3B). However, despite overlap in the 2D 

projections (Figure 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 S1). Thus, TH+ axons run proximate to the α-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 six 

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 20–150 Hz 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 

Rodrigues et al. Page 5

Acta Physiol (Oxf). Author manuscript; available in PMC 2020 May 14.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



± 7.1, n = 8 muscles from four mice per group; two-tailed P value =0.017) and muscle fibre 

CSA (sham: 205 ± 31 μm2; sympathectomized: 164 ± 22, n = 120 fibres from six muscles 

and four mice per group; two-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 

endplate potentials (MEPPs) were continuously recorded for 5 minutes in myofibres 

exhibiting a resting membrane potential (RMP) of −60 mV 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 analysed endplate potential (EPP) amplitude at increasing stimulation frequencies 

(2–150 Hz for 1 s) in sympathectomized and sham mice (Figure 3J). Each electrical pulse 

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

fibres 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 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.

2.4 | SNS ablation induces smaller axon cross-sectional area, extensive axonal 
neurofilament disorganisation, 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 towards 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 (Figure 4A,C,E,G) and sympathectomized (Figure 
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4B,D,F,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.

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 (Figure 4I, K) and sympathectomized (Figure 4J, L) mice. Panels I 

and J show Thy-1+ motor axons in green and α-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 myofibre 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 ± 31 μm2) and sympathectomized (187 ± 

28 μm2) 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) (Figure 4M,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 three mice per group. Figure 4 also 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 three 

phosphorylation sites, and the tyrosine phosphatase SH-PTP1 immunoprecipitates in a 

complex with synaptophysin and src.61

Figure 5 shows the 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 three sham and three 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 are associated with protein 
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dephosphorylation, we measured levels ofPP2A (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 (Figure S4A, C) but not sympathectomized (B, D) mice, indicating that NF 

dephosphorylation induces its interactions with micro-tubules.52 Since our analysis was 

done 7 days after sympathectomy, and the NF half-life has been reported as 22 days,62 we 

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 (Figure 5I). Density did not differ 

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

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

three 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 seven axons from three nerves in sympathectomized and eight axons from three 

nerves in sham mice. Figure S4E shows that maximum counts for both groups are at the 72 

nm center, followed by 54 and 89 nm; 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 analyse the effect of sympathectomy on myelinated axons, we used toluidine-blue 

staining to examine myelin thickness and axonal diameter (Figure 6A,B) and transmission 

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

(C) and a shift towards 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 immunofluorescence 

results in Figure 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 programme 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 (Figure 6H).

These results indicate that SNS ablation results in axon shift towards 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 support 
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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.

2.5 | Sympathectomy induces selective myofibre atrophy and a shift in fibre subtype

Since skeletal muscle sympathectomy compromises neuromuscular transmission, we 

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

representative haematoxylin- and eosin-stained TA and GA muscle cross-sections from sham 

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

atrophy observed in both muscles after sympathectomy (A) is quantified in (B). The 

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

sympathectomy (C).

To determine whether sympathectomy affected specific myofibre subtypes, we 

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

forms and examined fibre type composition and CSA in the TA and GA muscles. Also, we 

determined whether sympathectomy differentially modifies myofibre composition and CSA 

in different muscles with a similar percentage of type-I fibres, 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 (Figure 7E). 

Moreover, in the GA, type-I fibres atrophied, and type-IIa CSA increased, but all soleus 

fibres exhibited a decrease in CSA with sympathectomy, which was statistically significant 

only for type-IIb and -IIx fibres (Figure 7F). It should be noticed that type-IIb fibres in 

soleus muscle have been reported previously.45,66 The decrease in myofibre 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 eight TA (−21% ± 1.6%), GA (−17% ± 2.2%), and 

soleus (−24% ± 1.9%) muscles from four sympathectomized or four sham-operated mice.

The number of myofibres 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: 10 020 ± 780, P = 0.47; n = 4–5 muscles per group 

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

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

2.6 | 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 (Figure 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 
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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 days 3–7 after sympathectomy is regulated transcriptionally, we 

measured Chrna1 mRNA at day 7 (Figure 11A) and day 3 after sympathectomy (Figure 

11B). A minor increase in gene expression was observed from days 3 to 7 in the GA but not 

the TA, indicating that membrane’ AChR downregulation occurs at the protein, not the 

transcript, level.

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 (Figure 8C,D). These results support the idea that SNS favours AChR 

redistribution and membrane insertion at the NMJ postterminal.

2.7 | Sympathectomy induces an increase in muscle MuRF1 by decreasing Gαi2 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 (Figure 9A). At day 3 but not day 7 after sympathectomy, MuRF1 
mRNA was significantly higher than in sham mice (GA: 102%; TA: 97%) (Figure 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 IκB, Akt, or NFκB (Figure 9B–D) phosphorylation following 

sympathectomy.

We also found that histone deacetylase-4 (Hdac4) increased in the GA (Figure 10A), and 

myogenin increased in both muscles (Figure 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 (Figure 

11A,B). Myogenin protein was significantly increased at day 7 (Figure 10B), corresponding 

to increases in gene expression at day 7 (GA: 161%; TA: 173%). Levels of β2-AR showed a 

small but significant increase in the TA but not the GA (Figure 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 (Figure 11C).

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

sympathectomy, PKA (RIα) increased, while PKA (RIIα) did not change, so the PKA 

(RIIa)/PKA (RIa) ratio decreased (Figure S5), possibly contributing to the impaired 

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

postterminal, as previously proposed.71
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2.8 | 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 afterwards. Myogenin and Chrng in the GA, but only 

the first in the TA 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 β2-AR and Hdac4 

in the GA and decreased Gαi2 in both GA and TA muscles (Figure S7). Changes are less 

obvious at 1 week, which indicates that 6(OH)DA requires more time than surgical 

sympathectomy to induce muscle motor denervation. Per cent-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%), 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.

2.9 | Constitutive active Gαi2 (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 β2-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 Gαi2 activation, a mechanism postulated to activate 

myogenin.72 We found that Gαi2 (Figure 10D) significantly decreased in the GA and TA 

muscles after sympathectomy.

The human Gαi2 (Q205L) mutant, subcloned into an AAV vector was injected 3 and 4 

weeks before mouse sympathectomy and killed respectively. Although both muscles show 

statistically significant difference in Gαi2 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 (Figure 7B), and requires significant less 

amount of virus. AVV-Gαi2(Q205L) expression prevented decreases in membrane AChR 

levels (Figure 8A,B), and increases in MuRF1 (Figure 9A), Hdac4 (Figure 10A), Myogenin 

(Figure 10B), and β2-AR (Figure 10C) expression induced by sympathectomy. These results 

indicate that increased muscle levels of Gαi2 prevent evidence of sympathectomy-induced 

skeletal muscle motor denervation (Figure 12).

3 | DISCUSSION

The NMJ is a specialized synapse, anatomically modelled as a tripartite structure consisting 

of an alpha motor neuron terminal, a myofibre postterminal, and perisynaptic Schwann cells.
73 The NMJ plays a critical role in sustaining muscle mass, strength, posture, and 
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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-the-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, and muscle fibre 

innervation through regulating Gαi2, 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.

3.1 | The SNS extensively regulates the skeletal muscle transcriptome

SNS ablation leads to up- and downregulation of the skeletal muscle genes involved both in 

proteolytic78 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 Figures 2 and 

11, Figure 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 1 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 programme 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 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 
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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 data set 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 

upregulated (279) in both data sets. Almost half of the genes with unique IDs in their 

microarray (481) are similarly regulated by sympathetic denervation. The Appendix S2 

twoDataSets_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 data sets 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 myofibre molecular composition and 

function (see also Figure 2 and Figure S2 in this manuscript and Figure 3 and Table 2 in44).

Still, transcriptome differences between sympathetic and motor denervation exist. Since we 

surgically interrupted only sympathetic, not motor, muscle axons, we expected 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 al80 reported a large 

increase using qPCR, Raffaello et al44 reported a more modest increase using a microarray 

and qPCR. Based on these methods, Gadd45a mRNA levels oscillate in the first 2 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 

threefold 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 account for the 

differences in the initiation and development of dysregulated muscle motor innervation that 
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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 fibre 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 

myofibre nuclear signalling triggered by denervation.70,79 Here, we report increased 

miR-206 in TA but not in 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-fibre composition; elevation is associated with muscles predominantly composed of 

fast-type fibres; decrease, with slow-type fibres; and no change with mixed fibre-type 

composition.84,85 Since myomiRs are expressed in both cardiac and skeletal muscle, but 

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

myofibre expression and the magnitude of extrusion to circulation. Elevated serum levels of 

miR-206 in response to sympathetic denervation indicate that fast fibres are contributing 

more than slow fibres to circulating levels.

3.2 | 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 

homoeostasis of NMJs31; 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.

3.3 | 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 
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thickness, which might be associated with the activation of Schwann 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 crosstalk 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 micro-tubules.
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. Figure 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 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 three muscles from three 

mice; sympathectomized: 22% ± 2.7% positive immunoreactivity in 69 NMJs in three 

muscles from three 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 reported96; 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 noticed that the increased susceptibility of 

dephosphorylated NF to calpain enzymatic degradation has been reported in vitro96; and 

whether this happens in vivo is unclear.
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Our muscle transcriptome analysis shows that after sympathectomy, integrin-linked kinase 

(ILK) signalling is the most downregulated. It links the extracellular matrix to the actin 

cytoskeleton97 and promotes formation of cell-cell contacts.98,99 Integrins are involved in 

human NF-H phosphorylation100 and stimulate phosphorylation of the NF-M subunit KSP 

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

3.4 | 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 fibres, 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 fibres 

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 signalling pathways and other proteolytic mechanisms might 

become predominant at later times.”44 Note that treatment with the β2-AR agonist 

clenbuterol prevents denervation-induced increases in Fbxo32 levels.104 These data indicate 

that maintaining sympathetic activity or stimulating β2-AR prevents increases in Fbxo32 
levels. We analysed 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 (Figure 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(RIα) but a decrease in the PKA (RIIα)/PKA(RIα) 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 
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proteasomes has been demonstrated in rat liver107 its role in the skeletal muscle is not 

known.

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

NMJ.70,81 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 Gαi2-myogenin 

cascade has been reported,108 but whether SNS dysfunction is involved is unknown. We 

found that sympathectomy downregulates Gαi2, which has been shown to increase, 

Hdac4108 and both findings were prevented by infecting the TA muscle with the 

constitutively activated form of Gαi2,109 which expression was carry out by an adeno-

associated virus, AAV-Gαi2(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, 

Gαi2(Q205L) expression specifically in myofibres108 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 Gαi2 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.

4 | MATERIALS AND METHODS

4.1 | 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.

4.2 | Surgical sympathectomy and experiment recording times

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

second and third lumbar (L2–L3) ganglia of the paravertebral sympathetic chain (Figure 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, 
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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® OCT (optimal cutting temperature) compound (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 anaesthetized 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.

4.3 | Chemical sympathectomy

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

MO, USA) 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 1 or 2 weeks. Oxygen-free water was 

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

injection.

4.4 | Cholera toxin injection and sympathetic ganglia immunohistochemistry

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

Alexa Fluor® 488 (1 μL/μL) and 4 μL CTB-conjugated Alexa Fluor® 555 (5 μL/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 0.1 mol/L sodium phosphate 

buffer solution (pH 7.4). TA, GA, and L2–L3 sympathetic ganglia were removed and 

cryopreserved by sucrose treatment; then OCT was embedded, and they were sliced with a 

cryostat to obtain 10–15 μm tissue sections. Figure 1B–D represents three independent 

experiments.

4.5 | Sympathetic ganglia immunohistochemistry

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

Midland, MI, USA), 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 6 hours), rinsed in PBS, and frozen in OCT Cryosections (10–15 μm), 

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 labelled with primary rabbit anti-TH 

polyclonal antibody (AB152, dilution 1:100; Milli-pore, Billerica, MA, USA) 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, ThemoFisher, Waltham, MA, USA) added and incubated at 4°C 

overnight. Next day, the preparation was washed with PBST, the nuclei labelled with 

Hoechst 33342 (H3570, dilution 1:2000, Invitrogen, Carlsbad, CA, USA) at room 

temperature for 5 min, washed in PBS, and mounted using mounting medium (S3023, Dako, 
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Carpinteria, CA, USA; Figure 1B–D). Fluorescently labelled 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 Meta-Morph Imaging System (Olympus).

4.6 | 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 fibre 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 OCT 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, 

USA).

To obtain consistent fibre 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 haematoxylin- and eosin-stained slices microscopically. The 

microscopic approach used the Nanozoomer Olympus Microscope, a digital image stitching 

system. Here, we reported the myofibres counted at the largest CSA.

For immunofluorescence, cryosections were rinsed in phosphor-buffered saline (PBS) and 

blocked with 10% goat serum in PBS for 1 hour. Myofibre 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 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, USA). Tissue 

sections were mounted using fluorescence mounting medium and visualized with an IX81 

Olympus fluorescence microscope. Fibres negative to these three antibodies (black) were 

labelled IIx as reported previously.45 Unfortunately, commercially available antibodies 

against type IIx did not work convincingly in our hands.

4.7 | Neurofilament and neuromuscular junction immunostaining in lumbricalis muscles

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

into few myofibre layers, which allowed us to fully image the intact muscle and assess 

muscle fibre 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 minutes 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, 
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USA) or phosphorylated nerve neurofilament SMI-312 (cat #837901, dilution: 1:500, 

Biolegend), plus synaptic vesicle protein 2 (cat. SV2, dilution: 1:10, DSHB), and α-

bungarotoxin (BGT) CF680R (cat #00003, dilution: 1:250, Biotium, Fremont, CA, USA) in 

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

washed three times in PBST for 1 hour each. An AF568 goat anti-mouse IgG (cat #A11004, 

dilution: 1:1000, ThermoFisher), used as the secondary antibody for SMI-311, SMI-312, and 

SV2, plus 1% goat serum and BGT CF680R were added at room temperature for 4 hours. 

The preparation was washed three times in PBS for 1 hour 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.

4.8 | 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 Meta-Morph 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.

4.9 | Modified iDisco clearing technique

For lumbricalis muscle immunofluorescence as shown in Figure 3B and Video S1, 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 hour and preincubated with 0.2% Triton X-100/20% (vol/vol) DMSO/0.3 

mol/L 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 blocked with 

0.2% Triton X-100/10% (vol/vol) DMSO/6% (vol/vol) BSA in PBS (PTDB solution) at 

37°C for 24 hours. Muscles were washed three times with PTwH in 1 hour, followed by 

incubation with primary (rabbit anti-TH polyclonal antibody, AB152, dilution 1:100; Milli-

pore) and secondary (AF594 donkey anti-rabbit IgG antibody, R37119, dilution 1:1000, 

ThemoFisher) antibodies in PTDB solution (diluted with PTwH) for 4 days each. Post-

terminals 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.

4.10 | 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 minutes. 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 
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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 an FEI Tecnai BioTwin transmission electron 

microscope (120 keV; ThermoFisher).

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.

4.11 | 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 (Figure 1E). The 

neuromuscular preparation was incubated in μ-conotoxin GIIIB (Alomone Labs, Jerusalem, 

Israel) to a final concentration of 1 μmol/L for 30 minutes to prevent muscle contraction. 

The NMJ transmission was then recorded intracellularly in oxygenated normal mammalian 

Ringer’s solution (in mmol/L, 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, USA), Digi-Data 1322A, and pClamp10.5 software (MDS Analytical 

Technologies, Sunnyvale, CA, USA). The intracellular electrodes (~40 mΩ) were filled with 

2 mol/L K-citrate and 10 mmol/L K-chloride and mounted on the stage of a MP-285 

micromanipulator (Sutter Instruments, Novato, CA, USA). An upright, fixed-stage Zeiss 

Axioscope FS microscope (Carl Zeiss, Thornwood, NY, USA) 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 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

4.12 | Assessment of muscle force generated by direct muscle- or nerve-evoked 
stimulation

We recorded nerve-evoked muscle contraction at increasing frequencies (2–150 Hz) for 1 

second 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 subtetanic and tetanic forces at 

the same frequencies in lumbricalis muscle. The composition of the bath solution was the 
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same used for NMJ transmission recordings. The experiment was carried out at room 

temperature (~21°C).

4.13 | Protein isolation and immunoblots

4.13.1 | 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-

Tearor™ in ice-cold RIPA® buffer (Sigma-Aldrich) plus Roche complete Mini Protease 

Inhibitor Cocktail from Thermo Fisher Scientific.The resulting homogenate was centrifuged 

at 18 000 g for 10 minutes 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 0.45 μm pore 

size PVDF membranes (Millipore). For primary antibody incubation, blots were blocked in 

5% nonfat dry milk with 0.1% TWEEN in tris-buffered saline (TBS, 150 mmol/L NaCl, 50 

mmol/L Tris-HCl, pH 7.5). An anti-AChR α1 primary (Biolegend) and anti-rat horseradish 

peroxidase (HRP) secondary antibody Jackson Immunore-search, West Grove, PA, USA) 

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, USA) 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 ± 0.5 g) to determine the 

saturating dose (3 μg), which was defined as that providing the maximal immunoblot signal. 

As expected, the saturating dose was close to the lethal dose (4 μg) and was systematically 

injected into the TA muscles of sympathectomized or sham mice. Mice were sacrificed 6 

hours 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, USA), and band intensity 

was measured using a Kodak Gel Doc imaging system (Carestream Health, Inc, Rochester, 

NY, USA) or NIH ImageJ software.

4.13.2 | Protein measures in muscle lysates—For the remaining proteins analysed 

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, USA).

4.14 | 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, USA). Total RNA (20 ng) 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 
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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, USA). For a 

complete list of the Taqman primers used for skeletal muscle and nerve mRNA analysis, see 

Table S2.

4.15 | Muscle and serum miR-206

TA and GA muscle miR-206 were measured using the miRNeasy Mini Kit (cat. #217004 for 

muscle and #217184 for serum) from Qiagen Inc (Valencia, CA, USA), followed by a 

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.

4.16 | Microarray data processing and analysis

Total RNA from GA muscle were 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, USA) 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 genep/pathway network visualization of 

changes in gene expression.

4.17 | Adeno-Associated Virus (AAV) construct for in vivo Gαi2 overexpression

For expression in vivo, the human Gαi2 (Q205L) mutant was subcloned into a viral vector 

driving EGFP and Gαi2 (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, USA). 108 Viral infections were performed 

through TA injection of 1010 genome copies of AAV-Gαi2(Q205L) under isoflurane 

anaesthesia at time zero and week 2, followed by sympathectomy on week 3 and mouse 

euthanasia on week 4. TA muscles were rapidly dissected and snap frozen for protein 

analysis.
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4.18 | 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, USA), and Microsoft Excel software were used for statistical analysis. 

All data were expressed as mean ± SEM Student’s t test was used to compare two groups 

(data included in Figures 2–7, 9B–D, 11, and Figures S3–S7), Exact Mann-Whitney Rank 

Sum Test to test the data included in Figure 5I–L, and Analysis of Variance (ANOVA) 

followed by Bonferroni’s post hoc analysis to compare three or more groups as in Figures 8 

and 9A, and 10. A P value <0.05 was considered significant.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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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 tyrosine hydroxylase (TH) antibody and staining for Hoechst 33342 (nuclei) of the 

paravertebral sympathetic ganglia segments. Calibration bar = 500 and 50 μm 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 1.16 μm/slice. Calibration bar = 100 μm. E-J, CTB-

AF488 and -AF555 fluorescence in lumbar sympathetic ganglia 24 h after their injection 

into the TA and GA muscles. Images are representative of three 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 = 100 μm)
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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, 

Heat map of 182 differentially expressed genes in the GA muscle from sympathetic 

denervated and sham mice (four GA muscles from four mice per group). C, Functional 

enrichment analysis of differentially expressed transcripts determined by KEGG, 

Wikipathways, and Reactome databases. The red dotted line represents cut-off significance 

level of P < 0.01

Rodrigues et al. Page 32

Acta Physiol (Oxf). Author manuscript; available in PMC 2020 May 14.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



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 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, four mice per group) as a 

function of stimulation frequency. Asterisks (*) indicate statistically significant differences 

(P < 0.05). E and F illustrate tetanic force recorded in response to supramaximal stimulation 

at 150 Hz for 3 s in sympathectomized and sham mice. Dashed lines indicate the baseline. 
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Twitches were recorded in the peroneal nerve-lumbricalis muscle preparations from sham 

(G) and sympathectomized (H) mice used for hig-frequency stimulation. Decreased 

miniature endplate potentials (MEPP) frequency and amplitude recorded in the plantar 

nerve-lumbricalis preparation from sympathectomized and sham mice (I). Sympathetic 

nervous system (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. Representative z-stack confocal images of 

lumbricalis muscle neuromuscular junction (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 six lumbricalis 

muscles, five 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) 
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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 analysed in four sham and four 

sympathectomized mice. Bar = 50 μm. 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 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 (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 three sham and three surgically sympathectomized mice. Blots and 

SDS PAGE were probed for GAPDH and Commassie 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 (I). *P < 0.05, †P < 0.01 and ‡P < 0.001
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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. Representative toluidine-blue staining of myelin in the 

peroneal nerve from sham- (A) and sympathetic-denervated mice (B). Calibration bar = 25 

μm. Quantification of myelin thickness (n = 251 and 233 axons) (C) and axon diameter (n = 

301 and 466 axons) (D) in four nerves from four sham and four symptectomized mice, one 

nerve per mouse was analysed. Electron microscopy of synaptic vesicles (SV) in axon 

buttons from three sham (1053 SV in five terminals) (E), and three sympathectomized (1042 

SV in five terminals) mice (F). Calibration bar = 500 nm. 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, 
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myelin basic protein (MBP), and neural-cell adhesion molecule, (NCAM). Values, expressed 

as fold change of sympathectomized compared to sham mice, are means of three nerves 

from either sham or sympathectomized mice, each studied in triplicate (H). *P < 0.05 and ‡P 
< 0.001
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FIGURE 7. 
Sympathetic innervation prevents skeletal muscle atrophy and SNS ablation leads to specific 

muscle fibre-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 towards smaller fibres in the relative-frequency histograms (C) (n 

= 4 mice, six muscles per group) (C). Representative cross sections of TA and GA muscles 

from sham (top) and sympathectomized (bottom) mice (D). Myofibre were immunostained 

with specific MHC antibodies to identify type-I (blue secondary Ab), -IIa (green), and –IIb 

(red) fibres. Fibres negative to these three antibodies were labelled IIx.45 Panels E and F 

examine muscle fibre composition and muscle fibre CSA respectively. The number of fibres 

studied was 6249 in four GA muscles from four mice per group; 5603 in four TA from four 

mice per group, and 2525 in four soleus from three mice per group. Calibration bar = 100 

μm. *P < 0.05, †P < 0.01 and ‡P < 0.001
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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. A, Pull-down and immunoblot analysis of membrane AChR expression in the GA 

and/or TA muscles from sympathectomized, sympathectomized infected with AAV-

Gαi2(Q205L), and sham wild-type and sham and sympathectomized MuRF1KO mice. B, 

Statistical analysis of 3–5 muscles from 3–4 mice per group. D, Pull-down and immunoblot 

analysis of total AChR expression in GA and/or TA muscles from sympathectomized, 

sympathectomized infected with AAV-Gαi2(Q205L), and sham wild-type and MuRF1KO 

mice. D, Statistical analysis of 3–5 muscles from four mice per group. GAPDH was used as 

the internal control for membrane and total AChR analysis. *P < 0.05, †P < 0.01 and ‡P < 

0.001
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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-Gαi2(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 

four mice per sham or sympathectomized mice. *P < 0.05 and †P < 0.01
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FIGURE 10. 
Sympathetic denervation upregulates muscle Hdac4, myogenin, and β2-AR expression, and 

downregulates Gαi2, which is prevented by Gαi2(Q205L) expression. Sympathectomy 

induces significant increases in Hdac4 in the GA muscle (A) and myogenin in both muscles 

(B), which significantly decreased with Gαi2(Q205L) treatment. β2-AR significantly 

increases with sympathectomy and decreases with sympathectomy plus Gαi2 overexpression 

only in the TA muscle (C). Gαi2 decreased in the TA and GA muscles with sympathectomy, 

which was prevented by AAV-Gαi2(Q205L) treatment in the TA muscle (D), N = 4 GA or 

TA muscles from four mice per group. *P < 0.05 and †P < 0.01

Rodrigues et al. Page 43

Acta Physiol (Oxf). Author manuscript; available in PMC 2020 May 14.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



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 four mice per group (C). The results are 

presented as fold changes relative to muscles or serum from sham mice (set at onefold). 

qPCR analysis of changes in Myogenin, Fbxo32, and Chrng gene expression were 

significant at day 7 after sympathectomy (A). P values for differences in MuRF1, Hdac4, 
Fbxo32, Chrng, and Chrna1 expression were also significant for the GA and TA, except for 

Chrna1 in 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 
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expression increased in the TA muscle and serum levels 7 days after sympathectomy. The P 

value for the GA muscle was not significant. *P < 0.05, †P < 0.01 and ‡P < 0.001
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FIGURE 12. 
Model for SNS regulation of NMJ. The SNS regulates NMJ motor axon vesicle release and 

postsynaptic AChR stability through the Gαi2-Hdac4-myogenin-MuRF1-miR-206 pathway
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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 The number of fibres and mice examined for each group are between 

parentheses.

MEPP
Control (Sham) (63 fibres; eightmice) Mean ± 
SEM Sympathectomy (79 fibres; six mice) Mean ± SEM P value

MEPP

 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

 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 fibres and mice examined for each group are between parentheses.
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TABLE 2

EPP plasticity in response to increasing nerve stimulation frequency

Control (Sham) (57 fibres; nine mice) Mean ± SEM Sympathectomy (64 fibres; six mice) Mean ± SEM P value

EPP facilitation

 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

 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 fibres and mice examined for each group are between parentheses.
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