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Recent studies have demonstrated that neuromuscular junctions are co-innervated by sympathetic neurons. This co-innervation has been shown to be crucial for neuromuscular junction morphology and functional maintenance. To improve our understanding of how sympathetic innervation affects nerve–muscle synapse homeostasis, we here used in vivo imaging, proteomic, biochemical, and microscopic approaches to compare normal and sympathectomized mouse hindlimb muscles. Live confocal microscopy revealed reduced fiber diameters, enhanced acetylcholine receptor turnover, and increased amounts of endo/lysosomal acetylcholine-receptor-bearing vesicles. Proteomics analysis of sympathectomized skeletal muscles showed that besides massive changes in mitochondrial, sarcomeric, and ribosomal proteins, the relative abundance of vesicular trafficking markers was affected by sympathectomy. Immunofluorescence and Western blot approaches corroborated these findings and, in addition, suggested local upregulation and enrichment of endo/lysosomal progression and autophagy markers, Rab 7 and p62, at the sarcomeric regions of muscle fibers and neuromuscular junctions. In summary, these data give novel insights into the relevance of sympathetic innervation for the homeostasis of muscle and neuromuscular junctions. They are consistent with an upregulation of endocytic and autophagic trafficking at the whole muscle level and at the neuromuscular junction.
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INTRODUCTION

Endocytosis of signaling transmembrane proteins, such as EGFR (Caldieri et al., 2018), CD81 (Hosokawa et al., 2020), NMDA-R (Scott et al., 2004), AMPA-R (Ehlers, 2000), or ion channels in general (Estadella et al., 2020), is initiated by Clathrin-dependent or -independent invagination of plasma membrane, resulting in transmembrane receptor-containing early endosomes. Trafficking and maturation of endosomes are regulated by Rab GTPases, which are small GTP-binding proteins. Specific Rab proteins are associated with certain stages of endocytosis. In particular, very early endosomal processing is linked to Rab 5, with its presence found to be rate limiting in the endocytic pathway (Bucci et al., 1992). Upon endosomal maturation, Rab 5 is exchanged by Rab 7 to reach a state of late endosomes. They are delivered to lysosomal degradation either directly (Chavrier et al., 1990; Soldati et al., 1995) or via a process known as macroautophagy (hereafter short autophagy) (Amaya et al., 2015). Autophagy is a specialized self-eating process of cellular components by delivering them to lysosomes (De Duve, 1963) and provides a degradation route for endocytosed vesicles. Apart from Rab 7, there are other Rab GTPases involved in facilitating the delivery of late endosome to autolysosomes (Amaya et al., 2015). For instance, Rab 1b was required for autophagosome formation from specific sites of the ER (Amaya et al., 2015). Furthermore, while Rab 11 is known to be associated with recycling endosomes and post-Golgi vesicular trafficking (Lock and Stow, 2005; Welz et al., 2014), some studies point toward an additional role of this Rab GTPase in autophagy regulation (Fader et al., 2008; Longatti et al., 2012; Szatmári et al., 2014; Puri et al., 2018).

At the neuromuscular junction (NMJ), the main signaling transmembrane receptor is acetylcholine receptor (AChR). Here, at the interphase between skeletal muscle and motoneuron innervation, a high density of AChR (roughly 10,000 receptors/μm2) ensures efficient neuromuscular signal transmission (Sanes and Lichtman, 2001). Remodeling of the NMJ upon disturbances, such as sciatic nerve lesion, leads to reduction in AChR lifetime and fragmented morphology of the band-like appearance of rodent NMJs often described as “pretzel-shaped” (Levitt et al., 1980; Levitt and Salpeter, 1981; Stanley and Drachman, 1981, 1987; Shyng et al., 1991; Strack et al., 2011, 2015; Tu et al., 2017; Vannucci et al., 2019). Changes in AChR localization, lifetime, and/or density are hallmarks of several disease states (Fambrough et al., 1973; Drachman et al., 1980; Webster, 2018), denervation (Levitt et al., 1980; Levitt and Salpeter, 1981; Stanley and Drachman, 1981, 1987; Shyng et al., 1991; Strack et al., 2011, 2015; Tu et al., 2017; Vannucci et al., 2019), and aging (Gonzalez-Freire et al., 2014; Rudolf et al., 2014; Taetzsch and Valdez, 2018). AChR localization, lifetime, and/or density at NMJs are tightly correlated with regulation of endocytosis and vesicle trafficking (reviewed in Rudolf and Straka, 2019). Indeed, overexpression of Rab 5 or its constitutively active mutants led to an increase in AChR-positive endocytic vesicles, suggesting an involvement of Rab 5 in the endocytosis of AChR (Wild et al., 2016). Furthermore, vesicle trafficking of AChR was dependent on the membrane-curvature inducing and endo/autophagosomal regulator protein Endophilin B1 (aka SH3GLB1 or Bif 1). More precisely, phosphorylation of Endophilin B1 by cyclin-dependent kinase 5 (Cdk5) (Wong et al., 2011) was shown to modulate Rab 5 activity. Particularly, overexpression of a dominant-negative mutant of Cdk5 (DN-Cdk5) caused a reduction of denervation-induced endocytic AChR-containing vesicles (Wild et al., 2016). These data are consistent with the observation of a cooperative function of Cdk5, Endophilin B1, and Beclin1 in autophagy (Wong et al., 2011; Ishii et al., 2019). At rodent NMJs, degradation of endocytosed AChR vesicles has been shown to occur via autophagy in an Endophilin B1 and MuRF1-dependent manner (Khan et al., 2014). Here, colocalization of AChR-positive endocytic vesicles and autophagosomal components, like LC3, p62, and MuRF1, was observed upon induction of muscle atrophy (Khan et al., 2014).

In terms of molecular signaling, AChR stability is—among others—regulated by cAMP, protein kinase A (PKA), and α-calcitonin gene-related peptide (Laufer and Changeux, 1987; Miles et al., 1989; Shyng et al., 1991; Poyner, 1992; Lu et al., 1993; Xu and Salpeter, 1997; Röder et al., 2010; Martinez-Pena y Valenzuela et al., 2013; Machado et al., 2019). In this context, close proximity between sympathetic neurons and NMJs (Chan-Palay et al., 1982; Khan et al., 2016; Rodrigues et al., 2018; Straka et al., 2018; Snyder-Warwick et al., 2018), and the relevance of cAMP in G-protein-coupled receptor signaling of adrenergic receptors, pointed to a potential role of sympathetic signaling in regulating AChR endocytic trafficking. Indeed, chemical or surgical sympathectomy led to NMJ shrinkage, and reduced membrane-bound AChR (Khan et al., 2016; Rodrigues et al., 2018). Furthermore, C2C12 myoblasts showed enhanced AChR stabilization upon application of sympathicomimetic α-adrenergic receptor agonists (Clausen et al., 2018), corroborating an involvement of the sympathetic nervous system in AChR turnover. Fittingly, treatment with sympathicomimetics was beneficial in clinical treatment of several congenital myasthenic syndromes caused by inherited mutations of NMJ proteins frequently followed by decreased AChR density (Ohno et al., 2002; Chevessier et al., 2004; Bestue-Cardiel et al., 2005; Lashley et al., 2010; Liewluck et al., 2011; Sadeh et al., 2011; Wargon et al., 2012; Burke et al., 2013; Lorenzoni et al., 2013; Tsao, 2015; Mulroy et al., 2017; Padmanabha et al., 2017). Although changes at the NMJ were observed upon sympathectomy, it remained unclear whether the sympathetic nervous system was involved in the previously described endo/lysosomal trafficking of AChR-containing endosomes. To address this question, we performed proteomic analysis of sympathectomized hind limb muscles. These results are further supported by Western blot and immunofluorescence analysis. Results of these combined biochemical studies revealed a regulatory function of the sympathetic nervous system on the endo/lysosomal pathway, which supports the finding of reduced membrane-bound AChR and NMJ shrinkage upon sympathectomy (Khan et al., 2016; Rodrigues et al., 2018).



MATERIALS AND METHODS


Animals

In the present study, adult C57BL/10J mice were used. Animals were maintained in a local animal facility, and their use, care, and experimental protocols were approved by the commission of ethics in animal research of the national authorities in Germany (Regierungspräsidium Karlsruhe, G-285/14, June 11, 2016 and local ethical committee).



Antibodies

The following antibodies and dyes were used in the present study (Table 1). Anti-Tyrosine hydroxylase (TH) antibodies were chosen, since postganglionic sympathetic neurons typically release norepinephrine. Therefore, TH, which converts tyrosine into 3,4-dihydroxyphenylalanine (L-DOPA), a precursor of noradrenalin, is frequently used as a marker for sympathetic neurons (Forsgren and Söderberg, 1987; Loesch et al., 2009), also in skeletal muscles (Rodrigues et al., 2018).


TABLE 1. Antibodies.
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Clearing, Immunostaining, Imaging, and Data Processing of Diaphragms

Adult diaphragms were chemically fixed in freshly prepared 4% PFA (5 min, RT). For immunostaining, a slightly modified iDISCO-based staining protocol was applied as previously described for P0 and P30 diaphragms (Renier et al., 2014; Straka et al., 2018). In brief, diaphragms were dissected and incubated in blocking and permeabilization solution (BnP) composed of 1 × PBS/1 × PTwH (0.2% tween in 1 × PBS with 10 μg/ml heparin)/0.5% Triton X-100/10% (vol/vol) DMSO/6% (vol/vol) BSA (1 × BnP) for 3 days followed by a 24 h-incubation in quenching solution (1 × PBS/0.5% Triton X-100/20% DMSO/0.3 M glycine). The primary antibody was diluted in 1 × BnP and incubated at 37°C on an orbital shaker for 4 days. Then, diaphragms were washed with 1 × PTwH for 4-5 days and incubated with secondary antibody, nuclear dye DAPI, and BGT (diluted with 1 × BnP) at 37°C for 24 h on an orbital shaker. Before imaging, another 3 days of 1 × PTwH and 24 h of ddH2O washing were performed. For BGT-conserving refractive index matching, a gradient of increasing glycerol concentrations (20, 40, 60, 80, and 88% glycerol in ddH2O) was performed. Lower glycerol concentrations (20–60%) were incubated for 10 h or until the tissue sunk. Higher concentrations (80 and 88%) were incubated for at least 24 h. Then, diaphragms were mounted on a glass slide embedded in 88% of glycerol. Coverslips were fixed on a glass slide using picodent twinsil (picodent/1,300 1,000). If temperature was not specified, incubation was performed at room temperature. Images were taken using an inverted Leica TCS SP8 microscope equipped with 405, 488, 555, and 633 nm lasers, and Leica HC PL APO CS2 20 × /0.75 IMM CORR objective. Scan settings included 1,024 × 1,024-pixel resolution, 0.75 × zoom, two times line average, pinhole setting of 1 Airy Unit, and bi-directional scan speed of 600 Hz. Voxel size was 0.758 × 0.758 × 4.5 or 5 μm. Z-compensation was applied. Automated tile scan imaging was performed using the Leica LAS X 3.5 navigator module followed by automated stitching (smooth mode). Projections of diaphragms were rendered with the 3D visualization module of LAS X.



Chemical Sympathectomy

Chemical sympathectomy was induced by the use of 6-hydroxydopamine (6OHD) as previously described (Khan et al., 2016). Briefly, 6OHD (ChemCruz/sc-203482) was diluted in 0.3% ascorbic acid oxygen-free water and injected into the tibialis anterior muscle (100 mg/kg) on alternate days for 2 weeks before tissue extraction. Tibialis anterior was chosen due to its size and position; both these factors make it suitable for frequent injections. In addition, it is a well-studied muscle for live cell imaging (Rudolf et al., 2012). For injection, anesthesia using inhalation of Isoflurane (cp-pharma/AP/DRUGS/220/96) was used. Control animals received intramuscular 1 × PBS injection. Right after tissue extraction, the treated muscle was cut longitudinally in two halves. One half was further processed for Western blot, whereas the other half was used in proteomic or cryosection analysis.



In vivo Visualization and Measurement of Fiber Diameter, Acetylcholine Receptor Turnover Rate, and Vesicle Numbers

AChR turnover was measured as described previously (Röder et al., 2010; Choi et al., 2012; Khan et al., 2014). In brief, BGT 647 and BGT 555 (25 pmol each) were sequentially injected into tibialis anterior muscles at a temporal distance of 10 days. After the second injection, the upper 200 μm of these muscles were examined in vivo with an upright Leica SP2 (Leica Microsystems) confocal microscope using a 63 × /1.2 NA water immersion objective. For the analysis of AChR turnover, 3D stacks at 512 × 512-pixel resolution were taken of BGT 647 (“old AChR”) and of BGT 555 signals (“new AChR”). From these images, fiber diameters were determined taking advantage of the slight BGT fluorescence along the sarcolemma. Therefore, for each fiber, the maximal width in the image stack was determined and measured with ImageJ. AChR turnover rate was defined by the ratio of “new AChR” and “old AChR” mean signal intensity at the NMJ. Therefore, NMJ ROIs were hand segmented in the BGT 647 channel, and the mean intensity within this ROI was measured in both channels. The number of BGT-positive vesicles was done by segmenting dot-like fluorescent structures in the BGT 647 channel that were at or close around the NMJs.



Proteomics

For a detailed instruction of proteomic material and methods, see Supplementary Document 1. The volcano plot in the proteomics section was created using Microsoft Excel. Generation of the proteomics heatmaps used the open-source software Perseus 1.6.2.31.



Western Blot

For Western blot analysis, half tibialis anterior muscles were snap-frozen, lysed using lysis buffer [50 mM Tris-HCl pH 7.8, 150 mM NaCl, 1% NP-40 (AppliChem/A1694), 10% glycerol, 5 mM EDTA, 1 mM EGTA, 1 Halt Protease and Phosphatase Single-Use Inhibitor Cocktail (FisherScientific/10025743), and 0.5 mM PMSF (AppliChem/A0999), pH adjusted to 7.4], and subjected to SDS-PAGE followed by Western blot analysis as already described (Wild et al., 2016; Straka et al., 2018). In each lane, equal amounts of protein were loaded (20 μg). Chemiluminescence signals were obtained using an ECL system (Biozym Scientific GmbH/541004) in combination with a Syngene G:Box Chemi XX6 chemiluminescence imager (Thermo Fisher Scientific, Schwerte, Germany). The analysis used ImageJ freeware image processing software2.



Immunostaining, Imaging, and Data Processing of Muscle Cryosections

For immunofluorescence of cryosections, half tibialis anterior muscles were embedded in FSC 22 Clear (3801480; Leica Biosystems Nussloch GmbH, Germany), frozen over liquid nitrogen, and cut in 10 μm-thick slices using Leica Cryostat CM1950 (Leica Microsystems, Wetzlar, Germany). Sections were quickly washed with 1 × PBS, permeabilized with 0.1% Triton-X100/PBS (10 min), washed with 1 × PBS (2 × 5 min), washed with 2% BSA/PBS (5 min), and blocked with 2% BSA/PBS (2 h, 4°C). Then, sections were incubated with primary antibodies in 2% BSA/PBS (overnight, 4°C). After washing with 2% BSA/PBS (3 × 5 min), the slides were incubated with secondary antibodies and BGT in 2% BSA/PBS (3 h, RT, dark) followed by washing with 2% BSA/PBS (2 × 5 min). Nuclei were stained using DAPI in 2% BSA/PBS (5 min), followed by 2 × 5 min washes with 2% BSA/PBS and 2 × 5 min washes with ddH2O. Slides were embedded in Mowiol. Images were acquired using the same microscope and settings as previously described for diaphragm; see above. Image processing and analysis were conducted with ImageJ and Microsoft Excel. Therefore, all (including weak) NMJs were segmented using the BGT staining and variable thresholding creating regions of interest (ROIs). Within these ROIs, the mean intensity was measured in either the same channel (BGT staining) or other channels (Rab 7a, p62, Cdk5 staining). Similarly, muscle fiber mean intensity was evaluated. Therefore, an ROI spanning the muscle fiber was drawn, and signal mean intensity within this ROI was measured in the antibody channels (Rab 7a, p62, and Cdk5). Additionally, the fiber size was taken from this ROI. The mean intensity was normalized to intensity at NMJs or MF of PBS sections processed together with 6OHD-treated sections.



Statistical Analysis

Statistical analyses were performed using Microsoft Excel, and Student’s t-test (two tailed, unpaired) were performed to establish P-values. Values are reported as means ± SEM or means ± STD. Please refer to the figure legends for more information.




RESULTS


Sympathetic Innervation in Whole Mount Adult Diaphragm

Previously, the sympathetic neural network of P0 and P30 mice was examined and an age-related increase in innervation complexity observed (Straka et al., 2018). Using a slightly adapted experimental protocol, staining and imaging of diaphragms from 12 to 19 weeks old adult mice has now been achieved. Figure 1A shows a maximum z-projection of a large region of an adult diaphragm stained with antibodies against tyrosine hydroxylase (TH; rb anti-TH labeled with anti-rb AlexaFluor647, green) and endothelial cell adhesion molecule CD31 (CD31; gt anti-CD31 labeled with anti-gt AlexaFluor546, white). These are markers for sympathetic neurons and blood vessels, respectively. In addition, cell nuclei were labeled with 4′,6-diamidino-2-phenylindole (DAPI, blue). This corroborated the well-known association of sympathetic neurons with large blood vessels (reviewed in Di Bona et al., 2019). Figure 1B depicts a side view of the same diaphragm. For clarity, nuclear and CD31 signals were omitted here. This image demonstrates that the entire diaphragm with a thickness of roughly 500 μm was well penetrated by the light microscope and that the sympathetic innervation was present throughout. Further, concentration on details demonstrated ample ramifications of sympathetic neurons that were often found initiating from major branches of blood vessels (Figure 1C; shown region is boxed in Figure 1A; exemplary sympathetic ramifications branching from large blood vessels, see arrowheads) and then ran along muscle fibers and small blood vessels (Figure 1D; shown region is boxed in Figure 1C; exemplary sympathetic fibers running along small blood vessels, see arrowheads).
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FIGURE 1. Sympathetic innervation is intense in adult mouse diaphragm muscle. Diaphragm muscles from 12 to 19 weeks old mice were fixed and stained with antibodies against TH (green), CD31 (white), nuclei (DAPI, blue) (A–D), against anti-TH (green), and BGT 555 (red) (F,G), or against anti-neurofilament (green), anti-synaptophysin (white), and 4′,6-diamidino-2-phenylindole [DAPI (blue)] (H,I). Then, muscles were imaged by tile scanning confocal microscopy with a voxel size of 0.758 × 0.758 × 5 μm. Maximum z-projections were rendered using the 3D visualization module of LAS X. For clarity, DAPI labels were omitted in (B–D) and, additionally, CD31 signals were left out in (B). Boxed regions are shown at higher magnification in the following order: box A shown in (C), box C shown in (D), box F shown in (G), box H shown in (I). Arrowheads in (C,D) indicate ramifications of sympathetic neurons initiating from major branches of blood vessels (C) and running along muscle fibers and small blood vessels (D), respectively. Scale bars represent (A) 1 mm, (C,F,H) 500 μm. (E) Schematic indicating the approximate diaphragm portions shown in (F,H) as boxed regions a) and b), respectively.


Next, the correlation between NMJs and sympathetic innervation was addressed in different diaphragm regions, as indicated in Figure 1E, boxes labeled (a) and (b). The first region was stained with rb anti-TH antibody and anti-rb AlexaFluor647 (green, Figures 1F,G) and fluorescent α-bungarotoxin AlexaFluor 555 (BGT 555; red, Figures 1F,G). BGT is a marker of nicotinic AChR. This confirmed a close distance between NMJs and sympathetic neurons, but showed no plaque-like enrichment of anti-TH signals at the NMJ region, as previously observed for some hindleg muscles (Straka et al., 2018). In contrast to the highly branched sympathetic innervation pattern, motoneurons, stained with antibodies against neurofilament (rb anti-neurofilament labeled with anti-rb AlexaFluor488; green, Figures 1H,I) and synaptophysin (gp anti-synaptophysin labeled with anti-gp AlexaFluor555; white, Figures 1H,I), traversed the muscle in nerve bundles to reach the synapse band, roughly in the central part of the muscle.



Chemical Sympathectomy Increases Acetylcholine Receptor Turnover and Number of Endo/Lysosomal AChR Vesicles

As previously shown, both, chemical and surgical ablation of sympathetic neurons resulted in reduced AChR presence in membranes (Khan et al., 2016; Rodrigues et al., 2018), suggesting an altered AChR turnover under these conditions. To investigate this aspect, live imaging of mouse tibialis anterior muscles in the absence or presence of chemical sympathectomy was performed. Therefore, chemical sympathectomy was applied as previously described (Khan et al., 2016). Briefly, 6-hydroxy dopamine (6OHD) was injected into mouse hindlimb tibialis anterior for 2 weeks every other day. Similar to previous reports (Akaaboune et al., 1999; Bruneau et al., 2005; Röder et al., 2009, 2010; Choi et al., 2012; Khan et al., 2014, 2016), stability of AChR was addressed using a sequential labeling approach, where old and newly formed pools of AChR were marked with BGT 647 and BGT 555, respectively. Subsequent in vivo confocal analysis showed that upon sympathectomy, the relative amount of BGT 555 staining increased over that of BGT 647 (Figure 2A). Quantitative analysis confirmed a strong reduction in fiber diameter upon sympathectomy as observed previously (Khan et al., 2016; Figure 2B). Quantification of relative levels of BGT 555/BGT 647 showed an enhanced AChR turnover (Figure 2C). In addition, the number of BGT-positive puncta per NMJ was roughly doubled (Figure 2D), suggesting an increased endo/lysosomal retrieval of AChR.
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FIGURE 2. Sympathectomy affects muscle fiber diameter, acetylcholine receptor (AChR) turnover, and number of endo/lysosomal BGT-positive vesicles. Tibialis anterior muscles were injected with either PBS or 6-hydroxydopamine (6OHD) for 2 weeks on alternate days. Four days after the start of these treatments, the muscles were injected with BGT 647. At the end of PBS/6OHD treatment, the muscles were prepared for visual inspection, injected with BGT 555, and then analyzed by live confocal microscopy. (A) Representative maximum z-projections of microscopic z-stacks showing BGT 647 (“old AChR”), BGT 555 (“new AChR”), and the merge of both with BGT 647 and BGT 555 signals in green and red, respectively. (B–D) Quantitative analysis of fiber diameter (B), ratio of BGT 555/BGT 647 signals at neuromuscular junctions (NMJs) (new AChR/old AChR) (C), and number of BGT 647 puncta per NMJ (D) as function of PBS or 6OHD treatment. Shown is mean ± SEM, n = 6 muscles for PBS and n = 9 muscles for 6OHD. *p < 0.05, ****p < 0.00001.




Proteomic Analysis Corroborates Regulation of Endo/Lysosomal Pathway Upon Sympathectomy

To gain wholistic and deeper mechanistic insight into the role of the sympathetic nervous system in regulating skeletal muscle physiology and potentially endocytic trafficking, proteomic analysis was performed. To study this, tibialis anterior muscles with and without chemical sympathectomy were compared. Using iTRAQ (Ross et al., 2004) technology, we could quantify 2,215 proteins (≥2 unique peptides and at ≤1% FDR) between PBS and 6OHD-treated mouse tibialis anterior samples. All mass spectrometry proteomics data have been deposited to the ProteomeXchange Consortium via the PRIDE partner repository with the dataset identifier PXD021601. In addition, they are available as Supplementary Table 1. The differential regulation of detected proteins is shown in the volcano plot and heatmap (Figures 3A,B). While Figure 3A points to a few examples of altered proteins under the categories of metabolic, ribosomal, and sarcomeric proteins, Figure 3B demonstrates a relatively homogeneous regulation profile across all tested specimens. To identify whether groups of proteins belonging to the same cellular component were regulated in a similar manner during sympathectomy, functional enrichment analysis using the “gene ontology (GO) cellular component complete” (Ashburner et al., 2000; Carbon et al., 2019) database was used. This analysis showed ample regulation of proteins of mitochondria, actin cytoskeleton, and vesicles (Figure 3C, upper diagram). Furthermore, focusing on the term “vesicle,” the “Reactome” (Fabregat et al., 2018; Jassal et al., 2020) database yielded involvement of several pathways linked to membrane trafficking, G-protein receptor signaling, and vesicle-mediated transport (Figure 3C, lower diagram).


[image: image]

FIGURE 3. Sympathectomy induces extensive changes in mouse tibialis anterior muscle proteome. Muscles were injected with either PBS or 6OHD for 2 weeks every other day. Then, specimens were harvested and subjected to proteomic analysis. The proteomics were done on four tibialis anterior muscles per group (A) Volcano plot of proteomic data representing the significance (–log10 p-value) and magnitude of change (log2 fold change) from sympathectomized and PBS-treated tibialis anterior muscles. The red dotted line indicates the cutoff significance level of p < 0.05; gray and green dots represent proteins below and above this cutoff, respectively. (B) Heatmap of 1,386 significantly regulated proteins from sympathectomized and PBS-treated tibialis anterior muscles. (C) Functional enrichment analysis of proteomic data determined by gene ontology (GO) cellular component complete and Reactome databases. (D) Heatmap extraction of some selected proteins significantly regulated upon sympathectomy. Same color code applied as in (B).


A closer look unto individual proteins related to vesicle trafficking showed that Rab GTPases linked to endocytosis (Rab 5c, Rab 7a, Table 2 and Figure 3D) as well as regulatory proteins of Rab GTPases (Rab3gap1, Rabankyrin-5, Table 2 and Figure 3D) and lysosomal/autophagy markers (LAMP1, LAMP2, Table 2 and Figure 3D) were upregulated upon sympathectomy. The same held true for a couple of further endocytosis-related marker proteins, including Dynamin 2 (Table 2 and Figure 3D), Endophilin A2 (Table 2 and Figure 3D), and Endophilin B1 (Table 2 and Figure 3D). Protein kinase A (PKA) signaling, which was previously linked to AChR endocytosis and recycling (Röder et al., 2012, 2010), was apparently also affected by sympathectomy; indeed, while PKA regulatory subunit Iα (PKA-RIα) was found to be more abundant upon 6OHD treatment, the opposite was true for PKA-RIIα and the PKA inhibitor PKIα (Table 2 and Figure 3D).


TABLE 2. Extract of fold change and p-values of selected proteins.
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Previous work by Rodrigues and colleagues reported degeneration of motoneurons and partial demyelination upon surgical sympathectomy (Rodrigues et al., 2018). Fittingly, we also found downregulation of neurofilament chains (NEFM, NEFL, Table 2 and Figure 3D) and myelin proteins (MPZ, MBP, Table 2), as well as upregulation of the protein neuronal cellular adhesion molecule (NCAM1, Table 2 and Figure 3D). Consistent with proteomic analysis of sciatic nerve denervation, which engages motor, sympathetic, and sensory axon transection (Schmalbruch, 1986; Lang et al., 2017), mitochondria-associated proteins were mostly downregulated while some cytosolic metabolic enzymes like 6 phosphogluconate dehydrogenase (PGD, Table 2) were upregulated. Finally, regulation of proteins involved in inflammation and muscle regeneration was observed (see Supplementary Figure 1). These included significant upregulation of PYCARD, involved in the inflammasome of monocytes and macrophages (Bryan et al., 2009); CFH and C3, components of the complement system, as well as ANXA1, a mediator between macrophages and muscle regeneration (McArthur et al., 2020).



Western Blot Confirms Upregulation of Endo/Lysosomal and Autophagy Markers Upon Sympathectomy

The present proteomic data (Rab 5c, Rab 7a, LAMP1/2, Endophilin A2, Endophilin B1), previously described shrinkage of NMJ size (Khan et al., 2016), and the reduced AChR presence at the plasma membrane (Rodrigues et al., 2018) upon sympathectomy argued for an upregulated turnover and endocytic retrieval of AChR. To confirm these findings, we next tested the effect of sympathectomy on the abundance of several markers of the endo/lysosomal and autophagic pathways by Western blot analysis. This revealed upregulation upon sympathectomy of Rab proteins relevant for early endosomes (Rab 5, Figure 4A), late endosomes (Rab 7a, Figure 4B), and recycling endosomes (Rab 11, Figure 4C). Since regulation of Rab 5 was shown to involve Cdk5, its protein levels were also analyzed and found to be elevated upon 6OHD treatment (Figure 4D). Furthermore, markers for autophagy were increased upon sympathectomy, including Rab 1b, which is important for autophagosome formation from the ER (Figure 4E), Beclin1, an essential component of autophagy initiation (Figure 4F), and p62 (aka SQSTM1) (Figure 4G), a ubiquitin-binding protein also known to be involved in AChR turnover (Khan et al., 2014). Finally, NCAM1 was upregulated upon sympathectomy (Figure 4H).
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FIGURE 4. Upregulation of endo/lysosomal and autophagy markers upon sympathectomy. Muscles were injected with either PBS or 6OHD for 2 weeks every other day. Then, muscles were harvested, lysed, and subjected to Western blot analysis. Shown are representative bands of Western blots probed with antibodies for (A) Rab 5, (B) Rab 7a, (C) Rab 11, (D) Cdk5, (E) Rab 1b, (F) Beclin1, (G) p62, and (H) NCAM1. As loading control, glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was used. Bar graphs depict protein band intensities relative to their corresponding GAPDH band [(A,B,D,G) mean ± SEM; n = 7 muscles for each, (C,E,F,H) mean ± STD; n = 7 muscles for each. **p < 0.01, ***p < 0.001, ****p < 0.0001).




Endplate Acetylcholine Receptor-Staining Intensity Is Reduced at Neuromascular Junctions Upon Sympathectomy

Given the observed increase in endo/lysosomal trafficking of AChR-containing vesicles (see Figure 2), we wanted to address the consequences of this increased turnover on the AChR intensity at the NMJ. For this purpose, the live imaging data in Figure 2 were inappropriate because in these experiments, the imaging and display settings were adjusted to optimize for the ratiometric analysis and involved tissue depths of a few hundred microns. Thus, we opted here for a more consistent approach for measuring AChR staining intensity, i.e., on tissue sections. These were prepared of muscles treated with either PBS or 6OHD and then stained with BGT coupled to a fluorescent dye. Fluorescence intensity was measured at the NMJ. As shown in Figures 5A,B, BGT intensity was reduced upon 6OHD treatment, and 6OHD-treated muscle sections were characterized by weakly stained NMJs (for exemplary weakly stained NMJs, see arrowheads in Figure 5A). The observed increase in nuclei density (DAPI, blue) fitted to the upregulated inflammatory response and muscle regeneration (see Supplementary Figure 1) as well as to the observed reduction of muscle fiber area of approximately 35% (Figure 5C).


[image: image]

FIGURE 5. AChR density at NMJs is reduced in 6OHD-treated muscles. Tibialis anterior muscles were injected with either PBS or 6OHD for 2 weeks every other day. Then, specimens were harvested, sectioned, and stained with BGT and DAPI for AChR and nuclei, respectively. (A) Panels depict representative confocal images of fluorescence signals as indicated. In merge panels, NMJs and nuclei are shown in red and blue, respectively. Exemplary faint NMJs in the presence of 6OHD are indicated by arrowheads. Scale bar, 50 μm. Graphs show quantitative analysis of average BGT intensity at NMJs (B) and of average muscle fiber (MF) area (C). Depicted is mean ± SEM, ***p < 0.001, n = 5 muscles.




p62 and Rab 7a Intensities Are Increased at Neuromascular Junctions Upon Sympathectomy

Since proteomic and Western blot analysis lack spatial resolution, localizations of representative, upregulated proteins were analyzed on muscle slices by means of immunofluorescence staining and subsequent confocal microscopy. Slices were stained with BGT for AChR, with DAPI for nuclei, and with antibodies against either Rab 7a, p62, or Cdk5. Under basal conditions, all three markers were slightly enriched at the NMJs but with low intensity within the muscle fibers (Figures 6–8). In addition, Cdk5 was present along the entire sarcolemma (Figure 8). Upon sympathectomy, upregulation of Rab 7a (Figures 6A–C) and p62 (Figures 7A–C) staining at the NMJ as well as in the muscle fiber was observed. Conversely, Cdk5 levels remained unchanged at both these sites (Figure 8), but an increase was observed in the sarcolemma outside the NMJ area and in the interstitial space, potentially indicating the presence of immune cells (Shupp et al., 2017) or of neurodegenerative and regenerative processes (Hwang and Namgung, 2020).
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FIGURE 6. Upon sympathectomy, Rab 7a intensity is increased in muscle fibers and at NMJs. Tibialis anterior muscles were injected with either PBS or 6OHD for 2 weeks every other day. Then, specimens were harvested, sectioned, and stained with anti-Rab 7a antibody, BGT, and DAPI for Rab 7a, AChR, and nuclei, respectively. (A) Panels depict representative confocal images of fluorescence signals as indicated. In merged panels, Rab 7a, NMJs, and nuclei are shown in green, red, and blue, respectively. Detail pictures with representative NMJ regions, indicated with dashed lines in “overview” picture columns, are shown in “Zoom” columns. Scale bars, 50 μm. Graphs show quantitative analysis of average Rab 7a signal intensity at (B) NMJs and (C) muscle fibers (MF). Depicted is mean ± SEM (*p < 0.05, **p < 0.01, n = 5 muscles).
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FIGURE 7. Upon sympathectomy, p62 intensity is increased in muscle fibers and at NMJs. Tibialis anterior muscles were injected with either PBS or 6OHD for 2 weeks every other day. Then, specimens were harvested, sectioned, and stained with anti-p62 antibody, BGT, and DAPI for p62, AChR, and nuclei, respectively. (A) Panels depict representative confocal images of fluorescence signals as indicated. In merged panels, p62, NMJs, and nuclei are shown in green, red, and blue, respectively. Detail pictures with representative NMJ regions, indicated with dashed lines in “overview” picture columns, are shown in “Zoom” columns. Scale bars, 50 μm. Graphs show quantitative analysis of average p62 signal intensity at (B) NMJs and (C) muscle fibers (MF). Depicted is mean ± SEM (*p < 0.05, n = 5 muscles).
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FIGURE 8. Upon sympathectomy, Cdk5 intensity is unaltered in muscle fibers and at NMJs. Tibialis anterior muscles were injected with either PBS or 6OHD for 2 weeks every other day. Then, specimens were harvested, sectioned, and stained with anti-Cdk5 antibody, BGT, and DAPI for Cdk5, AChR, and nuclei, respectively. (A) Panels depict representative confocal images of fluorescence signals as indicated. In merged panels, Cdk5, NMJs, and nuclei are shown in green, red, and blue, respectively. Detail pictures with representative NMJ regions, indicated with dashed lines in “overview” picture columns, are shown in “Zoom” columns. Scale bars, 50 μm. Graphs show quantitative analysis of average Cdk5 signal intensity at (B) NMJs and (C) muscle fibers (MF), mean ± SEM (n = 5 muscles). Not significantly different.





DISCUSSION

Recent work has revealed innervation of NMJs by sympathetic neurons (Khan et al., 2016; Rodrigues et al., 2018, 2019; Straka et al., 2018; Snyder-Warwick et al., 2018). This is important for morphological and functional maintenance of NMJs (Khan et al., 2016; Rodrigues et al., 2018, 2019) and has served as a plausible explanation for the beneficial effect of sympathicomimetics in the treatment of several forms of myasthenic syndromes (Lee et al., 2018; Finsterer, 2019; Thompson et al., 2019). Here, we investigated whether sympathetic innervation might act on endo/lysosomal trafficking at the NMJ by means of in vivo confocal microscopy, proteomic, Western blot, and immunofluorescence analyses of muscles treated with or without chemical sympathectomy. Our studies revealed an increase in AChR turnover and upregulation of endo/lysosomal AChR vesicles as well as autophagic marker proteins in sympathectomized samples, suggesting a regulatory function of sympathetic input on these pathways.

Endo/lysosomal trafficking of AChR-containing vesicles requires a highly orchestrated interaction of various proteins and cAMP-signaling, which can be induced by sympathetic stimuli (Rudolf and Straka, 2019). Recent transcriptome analysis (Rodrigues et al., 2018) and the data presented here reveal an altered abundance of a variety of proteins that are linked to endo/lysosomal trafficking and autophagy. As for the first, Western blot analysis confirmed upregulation of Rab 5 and Rab 7a. With all warranted caution with respect to quantitative immunofluorescence analysis, this suggested enhanced Rab 7a levels both at the NMJs and also in the cytosol. Thus, it appears that the increase upon sympathectomy of Rab 7a was not NMJ specific, but might have affected the entire muscle fiber. For Rab 5, immunofluorescence signals were not specific enough to permit such conclusions (data not shown). Previous work on in vivo imaging of Rab 5-transfected muscles demonstrated colocalization of AChR-containing vesicles with Rab 5 fluorescence and transfection of a constantly active Rab 5Q79L mutant led to a strong increase in endocytic BGT-positive endosomes (Wild et al., 2016). With respect to autophagy markers, Western blot or proteomic analysis showed that Rab 1b, p62, Beclin1, and LAMP1/2 were enhanced upon sympathectomy. Among these markers, p62 was also studied by immunofluorescence. Similar to Rab 7a, this suggested the upregulation of p62 signals both within the sarcomeric region of muscle fibers as well as at NMJs. This might indicate that sympathetic neuronal signaling plays a crucial role in autophagic degradation of muscle tissue, and it is consistent with a role in the decay of AChR, as shown previously (Khan et al., 2014).

In contrast to Rab 1b, Rab 5, Rab 7a, p62, Beclin1, and LAMP1/2, the increase in Rab 11 and Cdk5 as observed upon proteomics and Western blot was less expected. To start with Rab 11, this is well-known for its role in regulating vesicle recycling (Lock and Stow, 2005; Takahashi et al., 2012; Welz et al., 2014; Redpath et al., 2020) and was shown to be important also for AChR recycling (Wild et al., 2019). Therefore, its upregulation upon sympathectomy is intriguing. An explanation for this observation might be based on the additional roles of Rab 11 in orchestrating multivesicular bodies, autophagy (Longatti et al., 2012; Fader et al., 2008; Szatmári et al., 2014), and autophagosome biogenesis (Puri et al., 2018). Furthermore, studies in a hepatocarcinoma cell line suggests requirement of cAMP for Rab 11 activity (Won Park et al., 2014). Whether reduced cAMP signaling by sympathectomy causes accumulation of Rab 11-positive vesicles due to reduced Rab 11 activity needs further investigation. Next, for Cdk5, we previously showed that transfection with a dominant-negative Cdk5 blunted the typical denervation-induced increase in AChR-containing vesicles (Wild et al., 2016). Therefore, it was speculated whether a block of Cdk5 activity correlated with increased endocytic processing of AChR. While the enhanced total level of Cdk5 upon sympathectomy observed here does not accord with this assumption, our immunofluorescence analysis in 6OHD-treated cryosections revealed no specific increase in Cdk5 signal, neither in the sarcomeric regions nor at the NMJ. However, Cdk5 immunofluorescence was apparently enhanced in the sarcolemma adjacent to NMJs and also in the space in between muscle fibers. Given the well-known function of Cdk5 in fast adaptation of the cytoskeleton in neurons (Shah and Rossie, 2018), a general increase in Cdk5 in the sarcolemma might be a response to the described atrophy in sympathectomized muscles (Khan et al., 2016). In addition, Cdk5 is known to be upregulated in activated immune cells (Shupp et al., 2017) and upon neurodegeneration and regeneration (Hwang and Namgung, 2020). In combination with our proteomics and DAPI staining data, which showed an increase in markers related to immune cells and in density of nuclei upon sympathectomy, the increased Cdk5 levels might have been partly due to the immune and de/regeneration processes going on after 6OHD treatment. Furthermore, the sheer presence of Cdk5 does not necessarily correlate to its activity, which additionally requires its association with a regulatory subunit, p35 (Patrick et al., 1999). On another note, higher levels of Cdk5 were reflected by an upregulation upon sympathectomy of Cdc42 in proteomics. Indeed, Cdk5 indirectly activates Cdc42 via TrkB phosphorylation (Cheung et al., 2007). Cdc42 is a small GTPase of the Rho family that mediates agrin-induced AChR clustering together with Rac1 (Weston et al., 2000) and might serve as a regulator in clathrin-independent endocytosis together with endophilins (Sabharanjak et al., 2002; Howes et al., 2010; Sandvig et al., 2018; Redpath et al., 2020). Rac1 (not regulated, Supplementary Table 1), another small GTPase of the Rac family, is, besides its role in AChR clustering (Weston et al., 2000), known to be inhibited by RCC2 (upregulated, Supplementary Table 1; Tilley et al., 2015) and to interact with coronin 1C (upregulated, Supplementary Table 1). Generally, coronins are actin-associated proteins involved in remodeling of the cytoskeleton (De Hostos et al., 1991; De Hostos, 1999; Tilley et al., 2015). So far, three types of coronins, all altered here in abundance upon sympathectomy (Supplementary Table 1), have been classified based on sequence homology: type I includes coronins 1 A–C as well as coronin 6, type II is represented by coronins 2A and B, and finally, coronin 7 belongs to type III (Chen et al., 2014). Association of coronins with the actin-related protein 2/3 (Arp2/3) complex (Arpc2, Arpc3, both upregulated, Supplementary Table 1) was suggested based on experiments in yeast (Humphries et al., 2002). Further analysis showed regulation of coronin 1B (upregulated, Supplementary Table 1) and the Arp2/3 complex via protein kinase C (Cai et al., 2005). Coronin 6 (downregulated, Supplementary Table 1) and coronin 1C are the main isoforms expressed in healthy skeletal muscle, and destabilization of AChR was found in vivo upon reduction of coronin 6 (Chen et al., 2014). Potentially, this was due to disturbances in interaction of AChR and actin (Chen et al., 2014). Whether the sympathectomy-induced regulation of markers acting on the actin cytoskeleton observed in the proteomics analysis is specific to NMJs has still to be determined. Since cytoskeletal rearrangements are also needed for vesicle trafficking, the observation of increased endo/lysosomal trafficking, which also affects AChR turnover, might be correlated with this.

Changes in AChR turnover are a hallmark of aging (Gonzalez-Freire et al., 2014; Rudolf et al., 2014; Taetzsch and Valdez, 2018). Interestingly, enhanced presence of TH staining at the NMJs of a mouse model with brain-specific overexpression of Sirt1 (Satoh et al., 2013) correlated with slowed aging and “healthier-looking” NMJs compared with age-matched wild types (Snyder-Warwick et al., 2018). Along these lines, a Troponin T (cardiac)-promoted switch between PKA regulatory subunit type Iα (RIα) and PKA-RIIα/RIIβ at the NMJ was previously reported upon aging (Xu et al., 2017). In the present study, we found an increase in AChR turnover upon sympathectomy that was accompanied by enhanced PKA-RIα levels together with a reduction in PKA-RIIα, similar to that described by Rodrigues et al. (2018). This suggests that lowered sympathetic input might induce a switch of PKA regulatory subunits. Although only PKA-RIα, but not PKA RIIα/RIIβ, was found to be associated with AChRs (Röder et al., 2010), this might change in old age or upon sympathectomy.

In addition to the effects of sympathectomy on skeletal muscle, recent work (Rodrigues et al., 2018) using surgical sympathectomy described also motoneuronal neurofilament dephosphorylation and a reduced presynaptic synaptophysin staining (Rodrigues et al., 2018). That study used microsurgical bilateral excision of the second and third lumbar (L2-L3) ganglia of the paravertebral sympathetic chain and sample harvest 7 days later (Rodrigues et al., 2018). This procedure yielded an upregulation of transcripts related to denervation such as chrng and myogenin (Rodrigues et al., 2018), but no increase in NCAM mRNA, although this is considered as a solid sign for denervation (Covault and Sanes, 1985; Rodrigues et al., 2018). Conversely, we found upregulation of NCAM protein levels, both, in the proteomics and the Western blot analyses. This discrepancy might be explained by a finding of Lang et al., where a denervation-mediated rise of NCAM protein levels was not due to increased NCAM protein synthesis but rather enhanced NCAM protein stability (Lang et al., 2017).

To sum up, the present data are consistent with a previously suggested model where sympathetic neurons not only innervate blood vessels but also motoneurons, muscle fibers, and NMJs (Khan et al., 2016). It appears that sympathectomy has a major impact on metabolism and protein trafficking. In particular, while mitochondrial markers were massively turned down, endo/lysosomal, and autophagic pathways were enhanced.
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FOOTNOTES

1https://maxquant.net/perseus/

2https://imagej.nih.gov/ij/


REFERENCES

Akaaboune, M., Culican, S. M., Turney, S. G., and Lichtman, J. W. (1999). Rapid and reversible effects of activity on acetylcholine receptor density at the neuromuscular junction in vivo. Science 286, 503–507.

Amaya, C., Fader, C. M., and Colombo, M. I. (2015). Autophagy and proteins involved in vesicular trafficking. FEBS Lett. 589, 3343–3353. doi: 10.1016/j.febslet.2015.09.021

Ashburner, M., Ball, C. A., Blake, J. A., Botstein, D., Butler, H., Cherry, J. M., et al. (2000). Gene ontology: tool for the unification of biology. Nat. Genet. 25, 25–29. doi: 10.1038/75556

Bestue-Cardiel, M., de Cabezon-Alvarez, A. S., Capablo-Liesa, J. L., Lopez-Pison, J., Pena-Segura, J. L., Martin-Martinez, J., et al. (2005). Congenital endplate acetylcholinesterase deficiency responsive to ephedrine. Neurology 65, 144–146. doi: 10.1212/01.wnl.0000167132.35865.31

Bruneau, E., Sutter, D., Hume, R. I., and Akaaboune, M. (2005). Identification of nicotinic acetylcholine receptor recycling and its role in maintaining receptor density at the neuromuscular junction in vivo. J. Neurosci. 25, 9949–9959.

Bryan, N. B., Dorfleutner, A., Rojanasakul, Y., and Stehlik, C. (2009). Activation of inflammasomes requires intracellular redistribution of the apoptotic speck-like protein containing a caspase recruitment domain. J. Immunol. 182, 3173–3182. doi: 10.4049/jimmunol.0802367

Bucci, C., Parton, R. G., Mather, I. H., Stunnenberg, H., Simons, K., Hoflack, B., et al. (1992). The small GTPase rab5 functions as a regulatory factor in the early endocytic pathway. Cell 70, 715–728.

Burke, G., Hiscock, A., Klein, A., Niks, E. H., Main, M., Manzur, A. Y., et al. (2013). Salbutamol benefits children with congenital myasthenic syndrome due to DOK7 mutations. Neuromuscul. Disord. 23, 170–175. doi: 10.1016/j.nmd.2012.11.004

Cai, L., Holoweckyj, N., Schaller, M. D., and Bear, J. E. (2005). Phosphorylation of coronin 1B by protein kinase C regulates interaction with Arp2/3 and cell motility. J. Biol. Chem. 280, 31913–31923. doi: 10.1074/jbc.M504146200

Caldieri, G., Malabarba, M. G., Di Fiore, P. P., and Sigismund, S. (2018). EGFR trafficking in physiology and Cancer. Prog. Mol. Subcell. Biol. 57, 235–272. doi: 10.1007/978-3-319-96704-2_9

Carbon, S., Douglass, E., Dunn, N., Good, B., Harris, N. L., Lewis, S. E., et al. (2019). The gene ontology resource: 20 years and still GOing strong. Nucleic Acids Res. 47, D330–D338. doi: 10.1093/nar/gky1055

Chan-Palay, V., Engel, A. G., Wu, J. Y., and Palay, S. L. (1982). Coexistence in human and primate neuromuscular junctions of enzymes synthesizing acetylcholine, catecholamine, taurine, and gamma-aminobutyric acid. Proc. Natl. Acad. Sci. U S A. 79, 7027–7030.

Chavrier, P., Parton, R. G., Hauri, H. P., Simons, K., and Zerial, M. (1990). Localization of low molecular weight GTP binding proteins to exocytic and endocytic compartments. Cell 62, 317–329. doi: 10.1016/0092-8674(90)90369-P

Chen, Y., Ip, F. C. F., Shi, L., Zhang, Z., Tang, H., Ng, Y. P., et al. (2014). Coronin 6 regulates acetylcholine receptor clustering through modulating receptor anchorage to actin cytoskeleton. J. Neurosci. 34, 2413–2421. doi: 10.1523/JNEUROSCI.3226-13.2014

Cheung, Z. H., Chin, W. H., Chen, Y., Ng, Y. P., and Ip, N. Y. (2007). Cdk5 is involved in BDNF-stimulated dendritic growth in hippocampal neurons. PLoS Biol. 5:e63. doi: 10.1371/journal.pbio.0050063

Chevessier, F., Faraut, B., Ravel-Chapuis, A., Richard, P., Gaudon, K., Bauché, S., et al. (2004). MUSK, a new target for mutations causing congenital myasthenic syndrome. Hum. Mol. Genet. 13, 3229–3240. doi: 10.1093/hmg/ddh333

Choi, K.-R. R., Berrera, M., Reischl, M., Strack, S., Albrizio, M., Roder, I. V., et al. (2012). Rapsyn mediates subsynaptic anchoring of PKA type I and stabilisation of acetylcholine receptor in vivo. J. Cell Sci. 125, 714–723. doi: 10.1242/jcs.092361

Clausen, L., Cossins, J., and Beeson, D. (2018). Beta-2 adrenergic receptor agonists enhance AChR clustering in C2C12 myotubes: implications for therapy of myasthenic disorders. J. Neuromuscul. Dis. 5, 231–240. doi: 10.3233/JND-170293

Covault, J., and Sanes, J. R. (1985). Neural cell adhesion molecule (N-CAM) accumulates in denervated and paralyzed skeletal muscles. Proc. Natl. Acad. Sci. U S A. 82, 4544–4548. doi: 10.1073/pnas.82.13.4544

De Duve, C. (1963). The lysosome. Sci. Am. 208, 64–72.

De Hostos, E. L. (1999). The coronin family of actin-associated proteins. Trends Cell Biol. 9, 345–350. doi: 10.1016/S0962-8924(99)01620-1627

De Hostos, E. L., Bradtke, B., Lottspeich, F., Guggenheim, R., and Gerisch, G. (1991). Coronin, an actin binding protein of dictyostelium discoideum localized to cell surface projections, has sequence similarities to G protein beta subunits. EMBO J. 10, 4097–4104. doi: 10.1002/j.1460-2075.1991.tb04986.x

Di Bona, A., Vita, V., Costantini, I., and Zaglia, T. (2019). Towards a clearer view of sympathetic innervation of cardiac and skeletal muscles. Prog. Biophys. Mol. Biol. 154, 80–93. doi: 10.1016/j.pbiomolbio.2019.07.003

Drachman, D. B., Adams, R. N., Stanley, E. F., and Pestronk, A. (1980). Mechanisms of acetylcholine receptor loss in myasthenia gravis. J. Neurol. Neurosurg. Psychiatry 43, 601–610.

Ehlers, M. D. (2000). Reinsertion or degradation of AMPA receptors determined by activity-dependent endocytic sorting. Neuron 28, 511–525.

Estadella, I., Pedrós-Gámez, O., Colomer-Molera, M., Bosch, M., Sorkin, A., and Felipe, A. (2020). Endocytosis: a turnover mechanism controlling ion channel function. Cells 9:1833. doi: 10.3390/cells9081833

Fabregat, A., Jupe, S., Matthews, L., Sidiropoulos, K., Gillespie, M., Garapati, P., et al. (2018). The reactome pathway knowledgebase. Nucleic Acids Res. 46, D649–D655. doi: 10.1093/nar/gkx1132

Fader, C. M., Sánchez, D., Furlán, M., and Colombo, M. I. (2008). Induction of autophagy promotes fusion of multivesicular bodies with autophagic vacuoles in K562 cells. Traffic 9, 230–250. doi: 10.1111/j.1600-0854.2007.00677.x

Fambrough, D. M., Drachman, D. B., and Satyamurti, S. (1973). Neuromuscular junction in myasthenia gravis: decreased acetylcholine receptors. Science 182, 293–295.

Finsterer, J. (2019). Congenital myasthenic syndromes. Orphanet J. Rare Dis. 14:57. doi: 10.1186/s13023-019-1025-1025

Forsgren, S., and Söderberg, L. (1987). Immunohistochemical procedures for the demonstration of peptide- and tyrosine hydroxylase-containing nerve fibers in cryostat sections of unfixed rapidly frozen tissue stored for long periods of time. a study on heart tissue. Histochemistry 87, 561–568. doi: 10.1007/BF00492471

Gonzalez-Freire, M., de Cabo, R., Studenski, S. A., and Ferrucci, L. (2014). The neuromuscular junction: aging at the crossroad between nerves and muscle. Front. Aging Neurosci. 6:208. doi: 10.3389/fnagi.2014.00208

Hosokawa, K., Ishimaru, H., Watanabe, T., and Fujimuro, M. (2020). The lysosome pathway degrades CD81 on the cell surface by poly-ubiquitination and clathrin-mediated endocytosis. Biol. Pharm. Bull. 43, 540–545. doi: 10.1248/bpb.b19-01097

Howes, M., Mayor, S., and Parton, R. (2010). Molecules, mechanisms, and cellular roles of clathrin-independent endocytosis. Mol. Mech. Cell 22, 519–527.

Humphries, C. L., Balcer, H. I., D’Agostino, J. L., Winsor, B., Drubin, D. G., Barnes, G., et al. (2002). Direct regulation of Arp2/3 complex activity and function by the actin binding protein coronin. J. Cell Biol. 159, 993–1004. doi: 10.1083/jcb.200206113

Hwang, J., and Namgung, U. (2020). Cdk5 phosphorylation of STAT3 in dorsal root ganglion neurons is involved in promoting axonal regeneration after peripheral nerve injury. Int Neurourol. J. 24, S19–S27. doi: 10.5213/inj.2040158.080

Ishii, S., Matsuura, A., and Itakura, E. (2019). Identification of a factor controlling lysosomal homeostasis using a novel lysosomal trafficking probe. Sci. Rep. 9:11635. doi: 10.1038/s41598-019-48131-48132

Jassal, B., Matthews, L., Viteri, G., Gong, C., Lorente, P., Fabregat, A., et al. (2020). The reactome pathway knowledgebase. Nucleic Acids Res. 48, D498–D503. doi: 10.1093/nar/gkz1031

Khan, M. M., Lustrino, D., Silveira, W. A., Wild, F., Straka, T., Issop, Y., et al. (2016). Sympathetic innervation controls homeostasis of neuromuscular junctions in health and disease. Proc. Natl. Acad. Sci. U S A. 113, 746–750. doi: 10.1073/pnas.1524272113

Khan, M. M., Strack, S., Wild, F., Hanashima, A., Gasch, A., Brohm, K., et al. (2014). Role of autophagy, SQSTM1, SH3GLB1, and TRIM63 in the turnover of nicotinic acetylcholine receptors. Autophagy 10, 123–136. doi: 10.4161/auto.26841

Lang, F., Aravamudhan, S., Nolte, H., Türk, C., Hölper, S., Mü Ller, S., et al. (2017). Dynamic changes in the mouse skeletal muscle proteome during denervation-induced atrophy. DMM Dis. Model. Mech. 10, 881–896. doi: 10.1242/dmm.028910

Lashley, D., Palace, J., Jayawant, S., Robb, S., and Beeson, D. (2010). Ephedrine treatment in congenital myasthenic syndrome due to mutations in DOK7. Neurology 74, 1517–1523.

Laufer, R., and Changeux, J. P. (1987). Calcitonin gene-related peptide elevates cyclic AMP levels in chick skeletal muscle: possible neurotrophic role for a coexisting neuronal messenger. EMBO J. 6, 901–906.

Lee, M., Beeson, D., and Palace, J. (2018). Therapeutic strategies for congenital myasthenic syndromes. Ann. N. Y. Acad. Sci. 1412, 129–136. doi: 10.1111/nyas.13538

Levitt, T. A., Loring, R. H., and Salpeter, M. M. (1980). Neuronal control of acetylcholine receptor turnover rate at a vertebrate neuromuscular junction. Science 210, 550–551. doi: 10.1126/science.7423205

Levitt, T. A., and Salpeter, M. M. (1981). Denervated endplates have a dual population of junctional acetylcholine receptors. Nature 291, 239–241.

Liewluck, T., Selcen, D., and Engel, A. G. (2011). Beneficial effects of albuterol in congenital endplate acetylcholinesterase deficiency and Dok-7 myasthenia. Muscle Nerve 44, 789–794. doi: 10.1002/mus.22176

Lock, J. G., and Stow, J. L. (2005). Rab11 in recycling endosomes regulates the sorting and basolateral transport of E-cadherin. Mol. Biol. Cell 16, 1744–1755. doi: 10.1091/mbc.E04-10-0867

Loesch, A., Unwin, R., Gandhi, V., and Burnstock, G. (2009). Sympathetic nerve varicosities in close apposition to basolateral membranes of collecting duct epithelial cells of rat kidney. Nephron Physiol. 113, 15–21. doi: 10.1159/000235246

Longatti, A., Lamb, C. A., Razi, M., Yoshimura, S. I., Barr, F. A., and Tooze, S. A. (2012). TBC1D14 regulates autophagosome formation via Rab11- and ULK1-positive recycling endosomes. J. Cell Biol. 197, 659–675. doi: 10.1083/jcb.201111079

Lorenzoni, P. J., Scola, R. H., Kay, C. S. K., Filla, L., Miranda, A. P. P., Pinheiro, J. M. R., et al. (2013). Salbutamol therapy in congenital myasthenic syndrome due to DOK7 mutation. J. Neurol. Sci. 331, 155–157. doi: 10.1016/j.jns.2013.05.017

Lu, B., Fu, W. M., Greengard, P., and Poo, M. M. (1993). Calcitonin gene-related peptide potentiates synaptic responses at developing neuromuscular junction. Nature 363, 76–79. doi: 10.1038/363076a0

Machado, J., Silveira, W. A., Gonçalves, D. A., Schavinski, A. Z., Khan, M. M., Zanon, N. M., et al. (2019). α−Calcitonin gene-related peptide inhibits autophagy and calpain systems and maintains the stability of neuromuscular junction in denervated muscles. Mol. Metab. 28, 91–106. doi: 10.1016/j.molmet.2019.06.024

Martinez-Pena y Valenzuela, I., Pires-Oliveira, M., and Akaaboune, M. (2013). PKC and PKA regulate AChR dynamics at the neuromuscular junction of living mice. PLoS One 8:e81311. doi: 10.1371/journal.pone.0081311

McArthur, S., Juban, G., Gobbetti, T., Desgeorges, T., Theret, M., Gondin, J., et al. (2020). Annexin A1 drives macrophage skewing to accelerate muscle regeneration through AMPK activation. J. Clin. Invest. 130, 1156–1167. doi: 10.1172/JCI124635

Miles, K., Greengard, P., and Huganir, R. L. (1989). Calcitonin gene-related peptide regulates phosphorylation of the nicotinic acetylcholine receptor in rat myotubes. Neuron 2, 1517–1524.

Mulroy, E., Ghaoui, R., Hutchinson, D., Rodrigues, M., Lek, M., Macarthur, D. G., et al. (2017). A ‘limb-girdle muscular dystrophy’ responsive to asthma therapy. Pract. Neurol. 17, 327–331. doi: 10.1136/practneurol-2017-1598

Ohno, K., Engel, A. G., Shen, X. M., Selcen, D., Brengman, J., Harper, C. M., et al. (2002). Rapsyn mutations in humans cause endplate acetylcholine-receptor deficiency and myasthenic syndrome. Am. J. Hum. Genet. 70, 875–885.

Padmanabha, H., Saini, A. G., Sankhyan, N., and Singhi, P. (2017). COLQ-Related congenital myasthenic syndrome and response to salbutamol therapy. J. Clin. Neuromuscul. Dis. 18, 162–163. doi: 10.1097/CND.0000000000000160

Patrick, G. N., Zukerberg, L., Nikolic, M., De La Monte, S., Dikkes, P., and Tsai, L. H. (1999). Conversion of p35 to p25 deregulates Cdk5 activity and promotes neurodegeneration. Nature 402, 615–622. doi: 10.1038/45159

Poyner, D. R. (1992). Calcitonin gene-related peptide: multiple actions, multiple receptors. Pharmacol. Ther. 56, 23–51.

Puri, C., Vicinanza, M., Ashkenazi, A., Gratian, M. J., Zhang, Q., Bento, C. F., et al. (2018). The RAB11A-Positive compartment is a primary platform for autophagosome assembly mediated by WIPI2 recognition of PI3P-RAB11A. Dev. Cell 45, 114–131.e8. doi: 10.1016/j.devcel.2018.03.008

Redpath, G. M. I., Betzler, V. M., Rossatti, P., and Rossy, J. (2020). Membrane heterogeneity controls cellular endocytic trafficking. Front. Cell Dev. Biol. 8:757. doi: 10.3389/fcell.2020.00757

Renier, N., Wu, Z., Simon, D. J., Yang, J., Ariel, P., and Tessier-Lavigne, M. (2014). iDISCO: a simple, rapid method to immunolabel large tissue samples for volume imaging. Cell 159, 896–910. doi: 10.1016/j.cell.2014.10.010

Röder, I. V., Choi, K.-R. R., Reischl, M., Petersen, Y., Diefenbacher, M. E., Zaccolo, M., et al. (2010). Myosin Va cooperates with PKA RIalpha to mediate maintenance of the endplate in vivo. Proc. Natl. Acad. Sci. U S A. 107, 2031–2036. doi: 10.1073/pnas.0914087107

Röder, I. V., Lissandron, V., Martin, J., Petersen, Y., Di Benedetto, G., Zaccolo, M., et al. (2009). PKA microdomain organisation and cAMP handling in healthy and dystrophic muscle in vivo. Cell. Signal. 21, 819–826.

Röder, I. V., Strack, S., Reischl, M., Dahley, O., Khan, M. M., Kassel, O., et al. (2012). Participation of myosin Va and Pka type I in the regeneration of neuromuscular junctions. PLoS One 7:e40860. doi: 10.1371/journal.pone.0040860

Rodrigues, A. C. Z., Messi, M. L., Wang, Z.-M., Abba, M. C., Pereyra, A., Birbrair, A., et al. (2018). The sympathetic nervous system regulates skeletal muscle motor innervation and acetylcholine receptor stability. Acta Physiol. 225:e13195. doi: 10.1111/apha.13195

Rodrigues, A. Z. C., Wang, Z.-M., Messi, M. L., and Delbono, O. (2019). Sympathomimetics regulate neuromuscular junction transmission through TRPV1, P/Q- and N-type Ca2+ channels. Mol. Cell. Neurosci. 95, 59–70. doi: 10.1016/j.mcn.2019.01.007

Ross, P. L., Huang, Y. N., Marchese, J. N., Williamson, B., Parker, K., Hattan, S., et al. (2004). Multiplexed protein quantitation in Saccharomyces cerevisiae using amine-reactive isobaric tagging reagents. Mol. Cell. Proteom. 3, 1154–1169. doi: 10.1074/mcp.M400129-MCP200

Rudolf, R., Hafner, M., and Mongillo, M. (2012). Investigating second messenger signaling in vivo. Methods Enzymol. 505, 363–382. doi: 10.1016/B978-0-12-388448-0.00027-29

Rudolf, R., Khan, M. M., Labeit, S., and Deschenes, M. R. (2014). Degeneration of neuromuscular junction in age and dystrophy. Front. Aging Neurosci. 6:99. doi: 10.3389/fnagi.2014.00099

Rudolf, R., and Straka, T. (2019). Nicotinic acetylcholine receptor at vertebrate motor endplates: endocytosis, recycling, and degradation. Neurosci. Lett. 711:134434. doi: 10.1016/j.neulet.2019.134434

Sabharanjak, S., Sharma, P., Parton, R. G., and Mayor, S. (2002). GPI-anchored proteins are delivered to recycling endosomes via a distinct cdc42-regulated clathrin-independent pinocytic pathway. Dev. Cell 2, 411–423. doi: 10.1016/S1534-5807(02)00145-144

Sadeh, M., Shen, X. M., and Engel, A. G. (2011). Beneficial effect of albuterol in congenital myasthenic syndrome with epsilon-subunit mutations. Muscle Nerve 44, 289–291. doi: 10.1002/mus.22153

Sandvig, K., Kavaliauskiene, S., and Skotland, T. (2018). Clathrin-independent endocytosis: an increasing degree of complexity. Histochem. Cell Biol. 150, 107–118. doi: 10.1007/s00418-018-1678-1675

Sanes, J. R., and Lichtman, J. W. (2001). Induction, assembly, maturation and maintenance of a postsynaptic apparatus. Nat. Rev. Neurosci. 2, 791–805.

Satoh, A., Brace, C. S., Rensing, N., Cliften, P., Wozniak, D. F., Herzog, E. D., et al. (2013). Sirt1 extends life span and delays aging in mice through the regulation of Nk2 homeobox 1 in the DMH and LH. Cell Metab. 18, 416–430. doi: 10.1016/j.cmet.2013.07.013

Schmalbruch, H. (1986). Fiber composition of the rat sciatic nerve. Anat. Rec. 215, 71–81. doi: 10.1002/ar.1092150111

Scott, D. B., Michailidis, I., Mu, Y., Logothetis, D., and Ehlers, M. D. (2004). Endocytosis and degradative sorting of NMDA receptors by conserved membrane-proximal signals. J. Neurosci. 24, 7096–7109. doi: 10.1523/JNEUROSCI.0780-04.2004

Shah, K., and Rossie, S. (2018). Tale of the good and the bad Cdk5: remodeling of the actin cytoskeleton in the Brain. Mol. Neurobiol. 55, 3426–3438. doi: 10.1007/s12035-017-0525-523

Shupp, A., Casimiro, M. C., and Pestell, R. G. (2017). Biological functions of CDK5 and potential CDK5 targeted clinical treatments. Oncotarget 8, 17373–17382. doi: 10.18632/oncotarget.14538

Shyng, S. L., Xu, R., and Salpeter, M. M. (1991). Cyclic AMP stabilizes the degradation of original junctional acetylcholine receptors in denervated muscle. Neuron 6, 469–475.

Snyder-Warwick, A. K., Satoh, A., Santosa, K. B., Imai, S., and Jablonka-Shariff, A. (2018). Hypothalamic Sirt1 protects terminal schwann cells and neuromuscular junctions from age-related morphological changes. Aging Cell 17, e12776. doi: 10.1111/acel.12776

Soldati, T., Rancano, C., Geissler, H., and Pfeffer, S. R. (1995). Rab7 and Rab9 are recruited onto late endosomes by biochemically distinguishable processes. J. Biol. Chem. 270, 25541–25548. doi: 10.1074/jbc.270.43.25541

Stanley, E. F., and Drachman, D. B. (1981). Denervation accelerates the degradation of junctional acetylcholine receptors. Exp. Neurol. 73, 390–396.

Stanley, E. F., and Drachman, D. B. (1987). Stabilization of acetylcholine receptors at neuromuscular junctions: analysis by specific antibodies. Ann. N. Y. Acad. Sci. 505, 121–132.

Strack, S., Khan, M. M., Wild, F., Rall, A., and Rudolf, R. (2015). Turnover of acetylcholine receptors at the endplate revisited: novel insights into nerve-dependent behavior. J. Muscle Res. Cell Motil. 36, 517–524. doi: 10.1007/s10974-015-9418-9410

Strack, S., Petersen, Y., Wagner, A., Röder, I. V., Albrizio, M., Reischl, M., et al. (2011). A novel labeling approach identifies three stability levels of acetylcholine receptors in the mouse neuromuscular junction in vivo. PLoS One 6:e20524. doi: 10.1371/journal.pone.0020524

Straka, T., Vita, V., Prokshi, K., Hörner, S. J., Khan, M. M., Pirazzini, M., et al. (2018). Postnatal development and distribution of sympathetic innervation in mouse skeletal muscle. Int. J. Mol. Sci. 19:1935. doi: 10.3390/ijms19071935

Szatmári, Z., Kis, V., Lippai, M., Hegedus, K., Faragó, T., Lorincz, P., et al. (2014). Rab11 facilitates cross-talk between autophagy and endosomal pathway through regulation of Hook localization. Mol. Biol. Cell 25, 522–531. doi: 10.1091/mbc.E13-10-0574

Taetzsch, T., and Valdez, G. (2018). NMJ maintenance and repair in aging. Curr. Opin. Physiol. 4, 57–64. doi: 10.1016/j.cophys.2018.05.007

Takahashi, S., Kubo, K., Waguri, S., Yabashi, A., Shin, H.-W., Katoh, Y., et al. (2012). Rab11 regulates exocytosis of recycling vesicles at the plasma membrane. J. Cell Sci. 125, 4049–4057.

Thompson, R., Bonne, G., Missier, P., and Lochmüller, H. (2019). Targeted therapies for congenital myasthenic syndromes: systematic review and steps towards a treatabolome. Emerg. Top. Life Sci. 3, 19–37. doi: 10.1042/etls20180100

Tilley, F. C., Williamson, R. C., Race, P. R., Rendall, T. C., and Bass, M. D. (2015). Integration of the Rac1- and actin-binding properties of Coronin-1C. Small GTPases 6, 36–42. doi: 10.4161/21541248.2014.992259

Tsao, C.-Y. (2015). Effective treatment of albuterol in DOK7 congenital myasthenic syndrome in children. Pediatr. Neurol. 54, 85–87. doi: 10.1016/j.pediatrneurol.2015.09.019

Tu, H., Zhang, D., Corrick, R. M., Muelleman, R. L., Wadman, M. C., and Li, Y.-L. (2017). Morphological regeneration and functional recovery of neuromuscular junctions after tourniquet-induced injuries in mouse hindlimb. Front. Physiol. 8:207. doi: 10.3389/fphys.2017.00207

Vannucci, B., Santosa, K. B., Keane, A. M., Jablonka-Shariff, A., Lu, C., Yan, Y., et al. (2019). What is normal? neuromuscular junction reinnervation after nerve injury. Muscle Nerve 60, 604–612. doi: 10.1002/mus.26654

Wargon, I., Richard, P., Kuntzer, T., Sternberg, D., Nafissi, S., Gaudon, K., et al. (2012). Long-term follow-up of patients with congenital myasthenic syndrome caused by COLQ mutations. Neuromuscul. Disord. 22, 318–324. doi: 10.1016/j.nmd.2011.09.002

Webster, R. G. (2018). Animal models of the neuromuscular junction, vitally informative for understanding function and the molecular mechanisms of congenital myasthenic syndromes. Int. J. Mol. Sci. 19:1326. doi: 10.3390/ijms19051326

Welz, T., Wellbourne-Wood, J., and Kerkhoff, E. (2014). Orchestration of cell surface proteins by Rab11. Trends Cell Biol. 24, 407–415. doi: 10.1016/j.tcb.2014.02.004

Weston, C., Yee, B., Hod, E., and Prives, J. (2000). Agrin-induced acetylcholine receptor clustering is mediated by the small guanosine triphosphatases Rac and Cdc42. J. Cell Biol. 150, 205–212. doi: 10.1083/jcb.150.1.205

Wild, F., Khan, M. M., and Rudolf, R. (2019). Evidence for the subsynaptic zone as a preferential site for CHRN recycling at neuromuscular junctions. Small GTPases 10, 395–402. doi: 10.1080/21541248.2017.1324939

Wild, F., Khan, M. M., Straka, T., and Rudolf, R. (2016). Progress of endocytic CHRN to autophagic degradation is regulated by RAB5-GTPase and T145 phosphorylation of SH3GLB1 at mouse neuromuscular junctions in vivo. Autophagy 12, 2300–2310. doi: 10.1080/15548627.2016.1234564

Won Park, S., Schonhoff, C. M., Anwer, M. S., and Webster, C. R. L. (2014). Rab11, but not Rab4, facilitates cyclic AMP- and tauroursodeoxycholate-induced MRP2 translocation to the plasma membrane. Am. J. Physiol. – Gastrointest. Liver Physiol. 307, G863–G870. doi: 10.1152/ajpgi.00457.2013

Wong, A. S. L., Lee, R. H. K., Cheung, A. Y., Yeung, P. K., Chung, S. K., Cheung, Z. H., et al. (2011). Cdk5-mediated phosphorylation of endophilin B1 is required for induced autophagy in models of Parkinson’s disease. Nat. Cell Biol. 13, 568–579. doi: 10.1038/ncb2217

Xu, R., and Salpeter, M. M. (1997). Acetylcholine receptors in innervated muscles of dystrophic mdx mice degrade as after denervation. J. Neurosci. 17, 8194–8200.

Xu, Z., Feng, X., Dong, J., Wang, Z. M., Lee, J., Furdui, C., et al. (2017). Cardiac troponin T and fast skeletal muscle denervation in ageing. J. Cachexia. Sarcopenia Muscle 8, 808–823. doi: 10.1002/jcsm.12204


Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2021 Straka, Schröder, Roos, Kollipara, Sickmann, Williams, Hafner, Khan and Rudolf. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OPS/images/fphys-12-626707-t001.jpg
Name Manufacturer/product number Whole mount Western blot Cryosection

Synaptophysin SySy/1010044 1:100 — —
Neurofilament SySy/171002 1:100 — —
TH Merck/ab152 1:80 - —
CD31 Biotechne/AF3628 1:50 - =
Rab 5 Cell Signaling/3547 - 1:1,000 -
Rab 7a SySy/320 003 — 1:1,000 1:200
Rab 1b Santa Cruz/sc-599 - 1:500 -
Rab 11 Cell Signaling/3539 — 1:1,000 —
Beclin1 Cell Signaling/3495 - 1:1,000 -
NCAM1 Cell Signaling/99746 — 1:1,000 —
Cdk5 Santa Cruz/sc-173 - 1:500 1:200
p62 Progen/GP62-C - 1:500 1:200
GAPDH ThermoFisher/MA5-15738 — 1:10,000 —
Anti-rb 647 + Invitrogen/A32795 1:200 - 1:1,000
Anti-gp 555 Invitrogen/A21435 1:200 - 1:1,000
Anti-gt 546 Invitrogen/A11056 1:200 - =
BGT 488 Invitrogen/B13422 1:200 — —
BGT 555 Invitrogen/B35451 — — 1:1,000
BGT 647 Invitrogen/B35450 1:200 — 1:1,000
Anti-ms HRP Invitrogen/32430 - 1:10,000 -
Anti-rb HRP Dianova/111-035-003 — 1:10,000 —
Anti-gp HRP Thermo Fisher/PA1-28597 - 1:10,000 -
DAPI SIGMA/10236276001 1:100 — 1:1,000

Manufacturer and product number of applied antibodies as well as used dilution (rb, rabbit; gp, guinea pig; gt, goat).





OPS/images/fphys-12-626707-g007.jpg
overview

=
2
>
—
1)
=
o

N

Sdd 03 pazijewJsou
4\ e |eubis zod

N

Sdd 01 pazijewsou
FIAN e [eubis zod






OPS/images/fphys-12-626707-g008.jpg
overview

Sdd 0} pazijewJsou
4\ e euBis GYpD

=
23
>
—
1]
>
o

Sdd 0} pazijew.ou
AN 1e [eubis G4pO






OPS/images/fphys-12-626707-g005.jpg
N

PBS 60HD

*kk

PBS 60HD

normalized to PBS

BGT signal at NMJ
o

o
o
o

MF area [um?]
N
o
o






OPS/images/fphys-12-626707-g006.jpg
overview

Sdd 03 pazijewJsou
4N Je [eubis ezqey

=
Q2
&
—
1]
>
o

Sdd 0} pazijewliou
FINN }e |eubis e/ qey






OPS/images/cross.jpg
3,

i





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Regulatory Function of Sympathetic Innervation on the Endo/Lysosomal Trafficking of Acetylcholine Receptor



		INTRODUCTION



		MATERIALS AND METHODS



		Animals



		Antibodies



		Clearing, Immunostaining, Imaging, and Data Processing of Diaphragms



		Chemical Sympathectomy



		In vivo Visualization and Measurement of Fiber Diameter, Acetylcholine Receptor Turnover Rate, and Vesicle Numbers



		Proteomics



		Western Blot



		Immunostaining, Imaging, and Data Processing of Muscle Cryosections



		Statistical Analysis







		RESULTS



		Sympathetic Innervation in Whole Mount Adult Diaphragm



		Chemical Sympathectomy Increases Acetylcholine Receptor Turnover and Number of Endo/Lysosomal AChR Vesicles



		Proteomic Analysis Corroborates Regulation of Endo/Lysosomal Pathway Upon Sympathectomy



		Western Blot Confirms Upregulation of Endo/Lysosomal and Autophagy Markers Upon Sympathectomy



		Endplate Acetylcholine Receptor-Staining Intensity Is Reduced at Neuromascular Junctions Upon Sympathectomy



		p62 and Rab 7a Intensities Are Increased at Neuromascular Junctions Upon Sympathectomy







		DISCUSSION



		DATA AVAILABILITY STATEMENT



		ETHICS STATEMENT



		AUTHOR CONTRIBUTIONS



		FUNDING



		ACKNOWLEDGMENTS



		SUPPLEMENTARY MATERIAL



		FOOTNOTES



		REFERENCES

















OPS/images/cover.jpg
, frontiers
in Physiology










OPS/images/fphys-12-626707-g003.jpg
A
PBS vs 60HD
8
NADH dehydrogenase
[lfbithin%ne] 1 : 60s ribosomal
:U;Luanﬁu?) complex / protein L14
6 \ -
©
>
©
3
a4 _
89 Nayocinlgh lon skeleta
2 \
0
-3 -2 3
log,(fold change)
C
Functional enrichment analysis
(GO cellular component complete)
Vesicle @
Ribosome ==
Actin cytoskeleton pF=———mm
Sarcomere [

Mitochondrion E—
20 40 60 80 100 120 140

-log,(p-value)

o

Functional enrichment analysis
with focus on “vesicle” (Reactome)

Membrane Trafficking

Signaling by GPCR
Clathrin-mediated endocytosis
Transport of small molecules
Vesicle-mediated transport
COPII-mediated vesicle transport

ER to Golgi anterograde transport
COPI-mediated anterograde transport

0O 2 4 6 8 10 12 14
-log,(p-value)

PBS 60HD

1386 proteins u down

PBS 60HD

PKl a (P63248)_
PKA-RIla (P12367)_
Rab3gap1 (Q80UJ7)_
NEFL (P08551)_

NEFM (P08553)_
ncam1 P13sos) [ T
Lavr2 (P17047) [
Rabankyrin-5 (Q81086) [ I TGN
Rab 5¢ (P35278) [

Rab 7a (P51150)_
Dynamin-2 (P39054)_
PKA-RIa (Q9DBC7)_
Endophilin-A2 (Q62419)_
Endophilin-B1 (Q9JK48)_






OPS/images/fphys-12-626707-g004.jpg
o
= T
g )
© ~
's)
3 s g |
(] = 24
[4s] o
o o
o L (] 0 i < @ N . o et T
s 2 s o
HAdvo 0} pszijewiou (&) < HAdVvo 0} pazijewiou < M
spun Areniqry 9 spun Areniqry ) o
o o
z ?
- 3 5
~ ©
Qo
T ¥ X
o4 o~ i
g
g B
= o
el N -~ o ﬂ i o G o N
Qa m Q W
HAdVO 0} pazijewiou ol z HAdVD 0} pazijewiou o T
(8} sjpun Aremquiy o o (U] sjyun Asenigly %
o o
g g
) 2
©
~ —
o |3 £ |k
g ¢ g "
» 0
& &
N = o
HAdVo 0} pazijewsou 2 a HAdVO o} pazijewou 2 2
sjun Areiqiy © S siun Arenigly 10}
m T8
=}
Z £
® 3
e} Q
o |« o
SR g i
= o4
1%} 1%}
[as] m
o o
) N - o ) T ™ o~ - o a T
8 2 = =)
HAdVo 0} pazijewsou x 2 HAdVO 0} pazijeusou 3 e
syun Alegiquy o spun Alequy o

< w





OPS/images/logo.jpg
, frontiers
in Physiology





OPS/images/fphys-12-626707-g001.jpg





OPS/images/fphys-12-626707-g002.jpg
~
4
(O
LL
< !
—
O
o
o
W =
O
<
ke
@)

new AChR (BGT-AF555)

FINN J8d s8[oIsaA YYDV PIo

N © ©o o
- - O o

dYDV PIO / YOV mau

Joyawelp Jaqly






OPS/images/fphys-12-626707-t002.jpg
UniProt Accession

P63248
pP27573
P12367
P04370
P08551
P08553
Q80UJ7
P39054
P51150
Q9JK48
Q62419
Q9DBC7
P11438
Q9DCDO
P35278
Q810B6
P13595
P17047

Protein

PKl o
MPZ
PKA-RIlo
MBP
NEFL
NEFM
Rab3gap1
Dynamin-2
Rab 7a
Endophilin B1
Endophilin A2
PKA-Rla
LAMP1
PGD
Rab 5¢
Rabankyrin-5
NCAM1
LAMP2

60HD/PBS

0.53
0.56
0.57
0.58
0.66
0.68
0.77
1.13
1.20
1.28
1.32
1.39
1.51
1.54
1.62
1.86
2:18
2.34

t-test

0.01611*
0.00593*
0.00002****
0.00867**
0.01528*
0.01039*
0.02326*
0.04913"
0.00098***
0.04367*
0.00635*
0.00015"**
0.00183*
0.00326**
0.00073***
0.01111*
0.00756**
0.00251*

Muscles were injected with either PBS or 60HD for 2 weeks every other day. Then,
samples were harvested and subjected to proteomic analysis. The table shows the
fold change (60HD/PBS) of selected proteins extracted from proteome analysis
of 60HD and PBS-treated tibialis anterior muscles. Statistical significances were
determined using Student’s t-test p-values (two-tailed distribution, two-sample
assuming unequal variance). *p < 0.05, **p < 0.01, **p < 0.001, ***p < 0.0001.





