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Terminal Schwann cells (TSCs) help regulate the formation, maintenance, function, and repair of neuromuscular junctions (NMJs) and axon guidance after muscle injury. Premature activation of muscle satellite cells (SCs), induced by isosorbide dinitrate (ISDN) before injury, accelerates myogenic regeneration, disrupts NMJ remodeling and maturation, decreases Sema3A protein-induced neuro-repulsion, and is accompanied by time-dependent changes in S100B protein levels. Here, to study the effects of premature SC activation on TSCs and SCs, both expressing P75 nerve growth-factor receptor, in situ hybridization was used to identify transcripts of S100B and Sema3A, and the number, intensity, and diameter of expression sites were analyzed. The number of sites/fields expressing S100B and Sema3A increased with regeneration time (both p < 0.001). Expression-site intensity (S100B) and diameter (S100B and Sema3A) decreased during regeneration (p = 0.005; p < 0.05, p = 0.006, respectively). P75 protein colocalized with a subset of S100B and Sema3A expression sites. Principal component analyses of gene expression, protein levels, and histological variables (fiber diameter, vascular density) in control and ISDN-pretreated groups explained 83% and 64% of the dataset variance, respectively. A very strong loading coefficient for colocalization of P75 protein with S100B and Sema3A mRNAs (0.91) in control regenerating muscle dropped markedly during regeneration disrupted by premature SC activation (−0.10 in Factor 1 to 0.55 in Factor 3). These findings strongly implicate the triple-expression profile by TSCs and/or SCs as a strong correlate of the important synchrony of muscle and nerve regeneration after muscle tissue injury. The results have the potential to focus future research on the complex interplay of TSCs and SCs in neuromuscular tissue repair and help promote effective function after traumatic muscle injury.
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INTRODUCTION
Terminal Schwann cells (TSCs) mediate axon growth during regeneration in the peripheral nervous system (Son and Thompson, 1995). TSCs, among other cells including neurons, astrocytes, and muscle satellite cells (SCs) associated with myofibers, produce S100B, a calcium-handling protein used to study the location and activity of TSCs (Reynolds and Woolf, 1992; Sorci et al., 2004; Donato et al., 2009; Donato et al., 2013). In contrast, myofibers in skeletal and cardiac muscle primarily produce S100A (Donato et al., 2013). S100B promotes myoblast proliferation and delays differentiation after muscle injury (Riuzzi et al., 2016; Riuzzi et al., 2017). S100B is a potent signaling protein and can act through extracellular and/or intracellular pathways (Donato et al., 2013). Interestingly, when S100B abnormally persists in regenerating muscle, it prolongs myoblast proliferation, promotes macrophage infiltration, and delays the transition of macrophages to the anti-inflammatory phenotype (Riuzzi et al., 2017; Sagheddu et al., 2018). Indeed, S100B is the ligand of RAGE, the receptor for advanced glycation end-products; at high levels, S100B induces muscle atrophy and other hallmarks of cancer cachexia (Chiappalupi et al., 2020). In addition, S100B levels respond to synaptic activity, nerve damage, and neuromuscular junction (NMJ) maturation and play a role in Wallerian degeneration (Donato et al., 2013).
We recently reported that the S100B protein level in muscle tissue increased when SCs were activated for 2 days before cardiotoxin (CTX) injury (Daneshvar et al., 2020). However, since the S100B level did not change after a traumatic muscle-crush (CR) injury, findings suggested that S100B signaling and TSCs are selectively involved in mediating the outcome of myogenic repair after CTX damage to fibers (Daneshvar et al., 2020). While both CR and CTX injuries induce muscle-fiber damage, they are distinguished by the accompanying presence (CR) or absence (CTX) of direct trauma to motor axons. Although NMJs are often restored at their original synaptic sites on regenerated fibers after CTX damage (McMahan et al., 1980), growing evidence suggests that new NMJs are formed by regenerated axons that reach new fibers called myotubes after traumatic muscle CR injury (Grumbles et al., 2012; Kang and Lichtman, 2013).
Both skeletal muscle and peripheral nerve tissues have distinct abilities to regenerate and restore function after injury (Darabid et al., 2014; Domingues-Faria et al., 2016). Muscle tissue regenerates stepwise after injury through SC activation (Anderson, 2000; Tajbakhsh, 2003) and proliferation and myoblast differentiation and fusion to form new fibers (Schmalbruch and Lewis, 2000; Chen et al., 2020). Subsequent maturation and remodeling follow after fibers are innervated and function imposes adaptations (Carlson and Faulkner, 1983; Chargé and Rudnicki, 2004; Anderson, 2006; Tatsumi and Allen, 2008; Egan and Zierath, 2013; Qaisar et al., 2016; Wosczyna and Rando, 2018) that are independent of further precursor fusion (Englund et al., 2020; Englund et al., 2021). Interestingly, SCs are also implicated in regulating the extension of motor neurites toward synaptic regions of regenerating fibers via semaphorin3A (Sema3A) secretion (Tatsumi et al., 2009; Anderson et al., 2017; Tatsumi et al., 2017), although the nature of potential SC interactions with TSCs during NMJ restoration is not known.
Recent experiments showed that myogenic repair was accelerated when SCs were activated before injury (Daneshvar et al., 2020) using isosorbide dinitrate (ISDN) to deliver nitric oxide, a mediator of early activation events (Anderson, 2000). Premature SC activation before injury markedly increased S100B protein levels after CTX injury compared to regenerating muscle in control untreated mice. The results suggested that premature activation may have uncoupled TSC–SC interactions during muscle tissue repair, since motor neurite and NMJ patterning 8–10 days after CTX injury were also disrupted by premature SC activation, as shown by the reduced colocalization of pre- and postsynaptic NMJ features. In addition, the level of Sema3A-65, a less chemorepulsive form of Sema3A, was higher in muscles regenerating after CR injury with premature SC activation compared to controls; that increase may permit the abnormally early ingrowth of neurites toward new myotubes and result in asynchronous maturation of pre- and postsynaptic regions, processes partly enabled by TSCs (Daneshvar et al., 2020).
Neurotrophic factors facilitate survival, neurite outgrowth, differentiation, and functional plasticity in several neuronal populations in the central and peripheral nervous systems. TSCs and SCs both express neurotrophin receptors, including the P75 nerve growth-factor receptor (P75). P75 is a glycoprotein (Baron et al., 1994; Mousavi and Jasmin, 2006) that functions along with tyrosine receptor kinases to mediate bidirectional crosstalk in response to neurotrophins (Yano and Chao, 2000). Nerve growth factor and P75 are both expressed in developing muscle and are upregulated during differentiation in vitro; such upregulation triggers changes involved in myoblast fusion into myotubes (Ip et al., 2001). P75 in muscle is also upregulated during Wallerian degeneration (Kirsch et al., 2009) and pathologies such as muscular dystrophy (Toti et al., 2003) and amyotrophic lateral sclerosis (Küst et al., 2002). Interestingly, P75 expression is mediated by the muscle regulatory factor MyoD (Seidl et al., 1998), expressed by activated muscle SCs and proliferating myoblasts shortly after activation and early in regeneration (Megeney et al., 1996; Cornelison and Wold, 1997; Cooper et al., 1999; Sabourin et al., 1999). P75 expression is therefore associated with both myogenesis and neuronal processes including survival, axon growth, and cell death (Roux and Barker, 2002; Schor, 2005; Deponti et al., 2009).
After denervation, signals released by TSCs serve as a guidance substrate for regenerating motor neurites and can induce the formation of new motor boutons at synapses (Son and Thompson, 1995). Premature SC activation disrupted the normal synchrony of myogenic regeneration and NMJ restoration (Daneshvar et al., 2020) and suggested the involvement of TSCs. This preliminary study of P75-expressing cells at NMJ regions by in situ hybridization (ISH; to specifically identify the source of Sema3A and S100B synthesis, rather than identifying the location of those proteins) and immunostaining (for P75 protein) was used to extend the scope of previous experiments on the same mice. By identifying the population of cells responsive to nerve growth factors and synthesizing Sema3A and S100B in a model that included treatment-induced premature SC activation, the hypothesis that synchrony of TSC and SC activation following muscle damage plays a role in myogenic regeneration and NMJ restoration was tested.
MATERIALS AND METHODS
This study is a preliminary application of ISH and principal component analysis (PCA) on tissues remaining from a previously reported experiment (Daneshvar et al., 2020).
Tissues
Mice (10-week-old C57BL6 mice) were housed and treated according to regulations set by the Canadian Council on Animal Care, approved by the University of Manitoba (protocol F14-015). Half the mice received oral ISDN (66 mg/kg in canola oil at a volume of 2.7 μL/g body weight/day) for 2 days before muscle injury. The left tibialis anterior muscle was injured either by traumatic crush (CR) or percutaneous CTX injection (Sigma-Aldrich, Mississauga, ON, Canada), as reported for the same animals (Daneshvar et al., 2020). Animals (CTX or CR, with or without ISDN pretreatment) were euthanized immediately after injury (day 0) or 4–10 days after injury. A small number of animals contributed data to the present study (n = 1–4 for various time points in different runs of staining); this was due to the need to identify NMJ regions with a previously reported combination of immunostaining, histochemistry, and silver staining and other staining approaches in the earlier report (Daneshvar et al., 2020) and data collected from alkaline phosphatase staining for blood vessels as reported in other studies (Leiter et al., 2012). Consequently, the current findings are considered a preliminary characterization of P75-expressing cells during muscle regeneration. From the original 80 animals previously reported, 1-2 slides (each with 2 sections) were available for 26 mice; this included independent samples from 12 control mice and 14 mice pretreated with ISDN, spread over groups injured by CR (n = 18) and CTX (n = 8).
Immunostaining and In Situ Hybridization
NMJ regions were identified in one set of slides using a combination of silver staining for intramuscular presynaptic neurites and axon terminals, histochemical staining for acetylcholinesterase (AchE) plaques, and direct fluorescent staining for acetylcholine receptors (AchRs) using alpha-bungarotoxin (BTX) (Daneshvar et al., 2020). For staining for localized S100B protein on a subset of the same slides, rabbit polyclonal anti-S100B antibody (orb228251, Biorbyt, 1:3,000), blocking, and goat anti-rabbit IgG DyLight650 (ab96902, Abcam, 1:200) were used to identify TSCs.
ISH experiments were used to detect transcripts of S100B and Sema3A expression in NMJ-containing regions of muscle sections on a second set of slides. The ISH protocol used an RNAScope V2 multiplex fluorescent detection reagent kit (ACD 323100, Advanced Cell Diagnostics, Hayward, CA) and equipment including the HybEZ oven (ACD 310010), HybEZ humidity control tray (ACD 310012), and EZ-Batch slide rack (ACD 310017), according to the manufacturer’s instructions. Sections were counterstained with 4′,6-diamidino-2-phenylindole (DAPI, Sigma, D9542, 1:10,000) to identify cell nuclei. Negative- and positive-control probes provided with the kit allowed sensitivity and specificity of the protocol to be standardized prior to conducting ISH on experimental paraformaldehyde-fixed, frozen sections, according to the manufacturer’s instructions. Sequences of target probes, preamplifier, amplifier, and label probes supplied by ACD are available through open access at http://jmd.amjpathol.org (AMP, 2020). Fluorochromes for fluorescent detection of Sema3A and S100B transcripts were from Molecular Probes (Invitrogen, Eugene, OR). Slides from different treatment groups were processed in groups of 10 on multiple runs of the 2-day ISH protocol. Some sections were lost during multiple washing steps.
ISH was combined with immunostaining for P75 expressed by SCs and TSCs for CR and CTX injury only at day 0 from control and ISDN-treated groups. After the ISH protocol, slides were washed (3 min × 2 min) with Tris-buffered saline containing 0.1% Triton-X100 and prepared for immunostaining for P75 protein. Slides were blocked with unconjugated Fab fragment goat anti-mouse IgG (115-007-003, Jackson ImmunoResearch, 1:200) and unconjugated Fab fragment goat anti-rabbit IgG (11-007-003, Jackson ImmunoResearch, 1:200). P75 protein was detected using a mouse anti-P75 NGFR primary antibody (sc-271708, Santa Cruz, 1:1,500), followed by a secondary goat anti-mouse IgG conjugated with DyLight488 (ab96879, Abcam, 1:200) and mounted in ProLong gold antifade mounting medium (P36987, ThermoFisher Scientific, Waltham, MA). For this subset of slides, the number of sites of P75 protein localization was determined.
Imaging and Expression Analysis
NMJ regions were observed with a ×40 objective on an Olympus I × 71 epifluorescence microscope; 10 non-overlapping fields of one slide/animal were imaged using a PXL37 CCD camera (Photometrics, Tucson, AZ). Fields of damaged fibers or myotubes in NMJ regions displaying one or more expression sites for S100B (red fluorescence) and/or Sema3A (green fluorescence) transcripts, with or without P75 protein (white immunofluorescence), were photographed in all three wavelengths and in some cases, by differential interference contrast (DIC) for orientation. The arrangement of nuclei identified by DAPI counterstaining helped distinguish fibers (peripheral nuclei) from regenerating myotubes (central nuclei). Images for illustration include the use of ×40 and ×100 objectives.
Using a standardized calibration of color and intensity threshold for each channel (Fisher, 2019), the number, intensity (arbitrary units in grayscale), and maximum diameter (in pixels) were measured for each site of S100B and Sema3A mRNA using Celleste Image Analysis Software v5.0 (InVitrogen, ThermoFisher Scientific, Waltham, MA). By overlaying images of fluorescence channels, regions of colocalized expression of P75 protein (by ICC) with S100B and Sema3A transcripts (by ISH) could be outlined and measured for the area (in pixels2) by the software (abbreviated S + S + P75) in the 10 imaged fields.
Statistical Analysis
Data were collected in Microsoft Excel 2016 spreadsheets, decoded, and analyzed by 3-way ANOVAs using Jamovi v1.1.9 open-access software with post hoc Tukey’s test of means, as appropriate, and Pearson’s linear regressions. A probability of p < 0.05 was used to indicate significance.
PCA by XLSTAT software (Addinsoft Inc, New York, NY) was used to reduce the dimensionality of the multivariate dataset and facilitate its graphical illustration. PCA identifies those variables that contribute most to explaining overall variability in the dataset. Those variables are grouped into a small number of new components, called factors (Fs), that maintain correlations among the original variables. Three factors—F1, F2, and F3—were identified in PCA, and loading coefficients were calculated as the strength of correlation between an individual variable and each factor. The correlation circle for PCA helps interpret the numerous correlations among a large number of variables. With each of the principal components (Fs or factors), the larger the value by which a variable “loads” onto a factor (the loading coefficient), the greater the correlation of that variable with that multivariate factor revealed by PCA. Loading coefficients of 0.5 or greater were considered to indicate strong relationships. Significant inter-variable relationships were plotted on a correlation circle in which orthogonal x, y, and z axes, respectively, represent the multivariate factors that best explain overall variance in decreasing importance (F1 > F2 > F3) (Navarro and Foxcroft, 2018). Vectors for each variable represent the linear relationship between that variable and the three factors (axes), according to the loading coefficients with each factor (Mukaka, 2012). Angles between vectors or between a vector and a particular factor can vary from highly acute (<45°) to highly obtuse (>135°), indicating large positive or negative correlations, respectively. Bartlett’s test for sphericity, when significant, was used to reject the null hypothesis that variables are not related.
RESULTS
Localization of NMJ Regions
NMJ regions were identified in sections by the combination of staining for pre- and postsynaptic regions (Figure 1).
[image: Figure 1]FIGURE 1 | Neuromuscular junction (NMJ) regions. NMJ regions were localized in muscle using a combination of silver staining, enzyme histochemistry, direct fluorescence, and immunostaining. Presynaptic regions were identified using silver staining histochemistry for acetylcholinesterase (AchE) enzyme activity and neurites (A) alone, and additionally localized in combination with staining for postsynaptic acetylcholine receptor (AchR) plaques which were identified by green fluorescence after staining with FITC-conjugated α-bungarotoxin (B–D). Terminal Schwann cells (TSCs) localized in some sections by further immunostaining for S100B protein, identified by red fluorescence (D). (A,B), and (D) illustrate NMJ regions in regenerating muscle on day 6 after cardiotoxin injury (A,B) and day 8 after muscle-crush injury (D). (C) Illustrates presynaptic neurites branching toward regions of AchE activity closely juxtaposed to postsynaptic AchR plaques in control muscle without injury. Nuclei are counterstained blue by 4′,6-diamidino-2-phenylindole (A,C,D). Bars indicate ×10 µm.
Expression of mRNA Transcripts and Cell Localization
As the first step in understanding the potential differences in gene expression among different treatments after muscle injury, the expression level of each transcript was assessed by counting the number, overall intensity (areal density), and size (diameter) of expression sites in 10 non-overlapping 40× fields of NMJ regions. A single cell could contain one “dot” or punctum of fluorescence, ranging from a clear although modestly fluorescent spot to an intensely bright fluorescent dot. These dots are termed expression sites, where transcripts of interest are located inside cells, in the following descriptions of results per field. In addition, there was a very wide distribution of brightness as the intensity of the dots of expression ranged widely among and within sections. This variability was related to the histological region that was imaged, the number of NMJs in a particular field, as well as the architecture of NMJs and other cells in the particular field and section. The overall distribution of expression sites in a 40× field was measured as the intensity (meaning areal density) of expression.
The third parameter, the diameter of expression sites, was evaluated since the size of expression sites was observed to expression sites range from small puncta to groups, to much larger areas that could fill entire cells. The size of an expression site is related to the extent of expression by a cell population in a tissue, and the size range can show the evenness (homogeneity vs. heterogeneity) of the level of expression activity by that population. DAPI staining of nuclei helped identify the general density of individual cells and often their alignment or collection (e.g., in myotubes or at NMJ regions) and helped confirm that fibers were regenerated myotubes as they had central nuclei.
ISH staining was examined in those NMJ-containing regions imaged from a second set of sections from the same muscles. ISH signals ranged from modest to intense fluorescence at puncta; the number of sites varied from sparse to many at each expression site, depending on treatment group, the proximity of NMJs, muscle architecture, the plane of section through the muscle and NMJ, and also the state of damage and regeneration within that region of muscle (Figure 2). Transcript expression ranged from single or collected puncta to larger-diameter sites that occasionally seemed to fill entire cells. Sites of colocalized expression for Sema3A and S100B transcripts and P75 protein identified SCs and TSCs collectively but did not distinguish between the two cell types (Figure 3). Sites of colocalized transcripts and P75 protein (S + S + P) were more prominent in CTX-injured muscles than in CR-injured muscles at a comparable time after injury regardless of treatment. Subjectively, those sites also seemed to be more frequent with ongoing regeneration and to be lower in ISDN-treated than in control groups. This was the approach utilized to identify the expression of P75-positive cells expressing Sema3A and S100B transcripts.
[image: Figure 2]FIGURE 2 | Combined in situ hybridization (ISH) experiments and P75 immunostaining. A combination of fluorescent ISH and immunostaining was used to localize the expression of Sema3A (green) and S100B (red) mRNAs and P75 protein (white) in the tibialis anterior muscle at different time points after cardiotoxin (CTX) and muscle-crush (CR) injury, with or without ISDN pretreatment (A). CTX-injured muscle at day 0 (immediately following CTX injection and after 2 days of ISDN pretreatment) showing S100B expression (i, red fluorescence), Sema3A expression (ii, green fluorescence), and S100B and Sema3A mRNA signals merged with the differential interference contrast (DIC) image (iii) (B). Images of ISH signals overlain with corresponding DIC images of the same representative fields of control untreated, uninjured muscles (i, ii) showing S100B (red) and Sema3A (green) ISH signals alone (i) or in combination with P75 immunostaining (white) (ii). (Bii) shows two probable terminal Schwann cells (TSCs) identified at rounded S100B-expressing regions surrounded by P75 protein (arrows). Bars indicate 10 µm (A,Bi) or 5 µm (Bii).
[image: Figure 3]FIGURE 3 | Colocalization of expression. Representative in situ hybridization (ISH) images merged with differential interference contrast (DIC) of the same field, showing Sema3A (green) and S100B (red) mRNA expression after cardiotoxin injury (day 6 (D6)) (i,ii) and after muscle-crush injury (D8, iii,iv, and D10, v,vi) without pretreatment (i,iii,v) and with 2 days of ISDN pretreatment (ii,iv,vi). Areas of Sema3A (green) and S100B (red) mRNA expression colocalized with P75 protein (white fluorescence) in terminal Schwann cells are indicated by white circles. Nuclei are counterstained with 4′,6-diamidino-2-phenylindole (blue) in all fields. Bars indicate 10 µm.
In situ Hybridization Combined With Immunohistochemistry
Photographs of fluorescent mRNA expression sites were analyzed in detail, at 10 NMJ-containing fields and analyzed by Celleste software tools (Figure 4) to compile information on the number of expression sites, and the intensity (areal density) of fluorescence, and the diameter of mRNA or P75 protein expression sites for each fluorochrome. The colocalization tool was used to identify and measure the spatial overlap among Sema3A and S100B transcripts and P75 immunofluorescence, to represent the cytoplasm of P75-positive cells, namely TSCs and SCs, in those regions. Table 1 shows data for measurements of the number, intensity, and diameter of expression sites from available samples.
[image: Figure 4]FIGURE 4 | Analysis of in situ hybridization (ISH) signals and areas of colocalization using Celleste software. After imaging and software calibrations for brightness and magnification, fluorescent regions in each image field were viewed. The program automatically detected, color-outlined, coded, and labeled each fluorescent site with a unique alpha-numeric identifier, before counting sites and measuring each for intensity and maximum diameter. (A,B) show two representative highly magnified fields of muscle to illustrate the labeling and counting feature of the software applied to a single fluorochrome, both at day 0 after muscle-crush injury. Fields display numerous sites outlined for red fluorescence (A), detecting S100B (outlined by red lines), or green fluorescence (B), detecting Sema3A (outlined by green lines), with alpha-numeric labels. Fluorescent sites varied from tiny to large. Each irregularly shaped region of fluorescence is counted as a single expression site, according to specifications of the RNAScope v2 multiplex technology. The intensity (areal density) of each region was measured (not including non-fluorescent pixels inside an outline). The maximum diameter of each fluorescent region was measured in pixels, and data for each site in every imaged field (10 per section) were recorded and compiled in a spreadsheet. (C) Shows three regions of blue fluorescence (a test area of prominent 4′,6-diamidino-2-phenylindole-labeled nuclei) that are outlined in red (one is indicated by the white arrow). Overlapping areas of green fluorescence were identified using the “smart segmentation” tool. (D) Shows the application of the Celleste “colocalization” feature used to identify and measure the spatial overlap (area) between two (or more) different fluorescent color labels. In this example, the colocalization feature identified regions of overlap between blue and green in panel (C) and indicates those as the white regions shown in (D). Regions of colocalization were subsequently counted by the software. (E) Shows a small highly magnified area from a field imaged for ISH signals in a representative muscle section showing three sites that were outlined (dashed red lines) for red fluorescence. One of those sites (white arrow) overlaps and is surrounded by green fluorescence from a second probe (dashed green outline). White circles in (C,E) indicate regions used to measure the background intensity. In each field, background intensity was subtracted from intensity measurements of fluorescence. Bars indicate 1.8 µm (A,B,E) or 3 µm (C,D).
TABLE 1 | Expression analysis of S100B and Sema3A transcripts and P75 protein in regenerating muscle. Muscle-crush (CR)- and cardiotoxin (CTX)-injured muscles in mice without treatment (control) or after 2 days of pretreatment with isosorbide dinitrate (ISDN) from 0 to 10 days after injury (Day). Celleste software measured the expression-site number, the intensity of fluorescence (areal density, arbitrary grayscale units), and the diameter (pixels) against calibration standards. Sample size (n) for each entry appears in brackets; “-” indicates missing data.
[image: Table 1]The number of S100B expression sites/field varied among groups (ANOVA F = 7.8, df = 10, p < 0.001) and increased significantly with regeneration time (F = 14.4, df = 4, p < 0.001). In controls with CR injury, the number of S100B expression sites increased from day 8 to day 10 after CR injury (t-test, p < 0.05). The number of Sema3A expression sites/field also varied among groups (ANOVA F = 4.36, df = 10, p = 0.002) and increased with regeneration time (F = 8.27, df = 4, p < 0.001). The number of S100B expression sites correlated with the number of Sema3A expression sites (R2 = 0.721, p < 0.001, n = 26).
The intensity (areal density) of S100B expression sites decreased with regeneration time (ANOVA F = 7.95, df = 3, p = 0.005). The intensity of Sema3A expression sites did not change with time, type of injury, or ISDN pretreatment.
The diameter of S100B expression sites decreased with regeneration time (ANOVA F = 3.14, df = 4, p < 0.05; linear regression R2 = 0.226, p < 0.02, n = 25), in particular between day 8 and day 10 after CR injury in the ISDN-treated group (t-test, p < 0.05). The diameter of Sema3A expression sites decreased with time after injury (ANOVA F = 5.8, df = 4, p = 0.006; linear regression R2 = 0.281, p < 0.005, n = 26) and tended to be lower after CR than CTX injury (ANOVA F = 3.41, df = 1, p = 0.08).
The number of Sema3A expression sites was lower in CR muscles after ISDN compared with CR-control muscles (p = 0.038) (Figure 5A). The number of S100B expression sites in CR muscles also tended to be lower with pretreatment (p = −0.08). The number of Sema3A expression sites correlated with the number of S100B expression sites (R2 = 0.69, p < 0.001, n = 8) (Figure 5B) and the number of sites stained for P75 protein (R2 = 0.39, p = 0.012, n = 8) (Figure 5C).
[image: Figure 5]FIGURE 5 | Expression at day 0 after injury. Expression sites of S100B and Sema3A transcripts and P75 protein were identified using fluorescent in situ hybridization and immunostaining, respectively, in muscle-crush (CR)- and cardiotoxin-injured muscles from mice either treated with ISDN for 2 days before injury (+ISDN) or controls without treatment (no ISDN). In this staining experiment, n = 2 per group. The number of fluorescent expression sites was identified and counted by Celleste software, which also identified the number of sites with a colocalized expression of S100, Sema3A, and P75 (indicated as S + S + P75) (A). At day 0, the number of Sema3A expression sites was significantly lower after CR injury in ISDN-treated mice than in the control CR group (p = 0.038, t-test, n = 4) (B). The number of sites expressing S100B mRNA was significantly correlated with the number of Sema3A expression sites (linear regression R2 = 0.69, p < 0.001) (C). The number of Sema3A expression sites was also correlated with the number of sites expressing P75 protein (linear regression R2 = 0.39, p < 0.012). *p < 0.05.
The results of studying individual moieties of expression thus suggested that there were diverse changes in the expression levels, related to the number of sites, the average intensity of expression, and the diameter of expression sites for Sema3A and S100B, often with correlation among the expression of S100B and Sema3A and the number of cells that were P75-positive in the same NMJ-containing regions.
PCA
Multivariate PCA was used to study gene and protein expression (by ISH and immunostaining) in the context of the state of muscle regeneration and protein levels extant in the muscles at the time of sampling. The expression of S100B and Sema3A transcripts and P75 protein after CR and CTX injury in control and ISDN-pretreated mice was analyzed together with previously reported data for the same experiment (Daneshvar et al., 2020) on fiber diameter, blood vessel density, and protein levels of Sema3A-65, S100B, and γAchR (Figure 6). Positive correlations of Sema3A and S100B intensity and diameter loaded strongly on F1 and accounted for 31.55% of the dataset variance (Table 2). For F2, strong loading by the number of expression sites for Sema3A and S100B explained 18.33% of the dataset variance. F1 and F2 together accounted for 49.88% of the dataset variance (Bartlett’s test p < 0.05). The S100B protein level was highly correlated with fiber diameter, and both variables loaded strongly onto F3, explaining 13% of the overall variance (Figure 6; Table 2). Therefore, the combination of all variables for the two models of muscle injury (CR- and CTX-induced damage), and both control and ISDN-treated mice, suggested that PCA found consistent correlations among variables that explained a significant proportion of variability, almost 63%, of findings from the different treatment groups.
[image: Figure 6]FIGURE 6 | Principal component analysis (PCA) correlation circle of the overall dataset. Two factors or principal components (F1, F2) form the x and y axes of the PCA correlation circle, respectively. A third factor (F3) is on the z-axis, which extends upward from the x-y plane. The PCA dataset included variables from analyses of in situ hybridization (ISH), ISH with immunostaining (S100B and Sema3A transcripts and P75 protein), fiber diameter, and Western blotting (WB) assessments of S100B, Sema3A, and γAchR proteins from n = 26 mice including control and ISDN-pretreated groups after muscle-crush and cardiotoxin injury. The direction and length of the vector for each variable represent the respective loading coefficients of that variable with the three factors, F1, F2, and F3, as orthogonal axes. The endpoint position of each vector on the x-y grid represents the loading (or correlation) score of data collected for that variable (here, including all injury and treatment groups) on each of the F1 and F2 in the PCA plot. The factor to which a particular variable loads most strongly is indicated as a black line (to F1), a gray line (to F2), and gray dashes (to F3). Vectors are labeled for each variable as follows: WB for Western blotting data; BV for blood vessel density; and S + S + P75 for the number of overlapping expression sites for all three, Sema3A and S100B mRNAs and P75 protein. Data for fiber diameter, blood vessel number, and Western blotting were reported previously (Daneshvar et al., 2020). Table 2 provides the loading coefficients for each variable in this PCA with each of the three factors.
TABLE 2 | Loading correlations of variables onto 3 factors identified by principal component analysis of the full dataset of muscles (n = 26) regenerating from injury with or without pretreatment by ISDN before injury. WB indicates protein assays by Western blotting, BV = blood vessel, “S + S + P75” indicates the number of regions in which P75 protein (by immunostaining) was colocalized with both S100B and Sema3A transcripts (by in situ hybridization, ISH). # indicates the number of expression sites by ISH. Loading coefficients greater than 0.5 (in bold type) were considered strong correlations.
[image: Table 2]Two further PCAs were run to separate the multivariate relationships of untreated control and ISDN-pretreated groups of regenerating muscle. In controls (Figure 7A; Table 3), combined P75, S100B, and Sema3A expression, fiber diameter, and the intensity and diameter of S100B and Sema3A expression sites were highly loaded on F1, representing 49% of the variance. Protein levels (S100B and Sema3A), the number of expression sites (S100B and Sema3A), and fiber diameter were loaded on F2 and explained 21% of the variance. F3 explained a further 13% of the variance and included blood vessel density and S100B protein level. In muscles regenerating after the ISDN pretreatment that had disrupted NMJ restoration and accelerated myogenic repair, the PCA plot contrasted markedly from the PCA circle for untreated controls. Very different variables contributed to F1 (intensity of S100B expression, number of expression sites for S100B and Sema3A, and γAchR protein level) and explained only 26% of the variance. F2 comprised Sema3A protein level, fiber diameter, blood vessel density, and diameter of Sema3A expression site and explained 21% of the variance. F3 was composed of variables for fiber diameter, the number of Sema3A expression sites, and the number of sites that colocalized Sema3A and S100B transcripts and P75 protein and explained 17.7% of the overall variance (Figure 7B; Table 4). Thus, PCA plots highlighted the overt difference between controls and ISDN-pretreated regenerating muscles; in particular, PCA plots highlighted that more variance is explained during regeneration in control muscle than in ISDN-treated muscle with premature SC activation (83% vs. 64%), and PCA for regenerating muscles with disrupted synchrony of muscle regeneration and NMJ restoration identified colocalized Sema3A and S100B transcripts and P75 protein as an important factor.
[image: Figure 7]FIGURE 7 | Principal component analysis (PCA) correlation circles of control and ISDN-treated groups of regenerating muscle. Factors F1 and F2 form the x and y axes of each PCA correlation circle, respectively. A third factor (F3) is on the z-axis, which extends upward from the x-y plane. PCA datasets included variables from analyses of in situ hybridization (ISH), ISH with immunostaining (S100B and Sema3A transcripts and P75 protein), fiber diameter, and Western blotting (WB) assessments of S100B, Sema3A and γAchR proteins from both muscle-crush (CR)- and cardiotoxin (CTX)-injured groups. The direction and length of the vector for each variable represent the respective loading coefficients of that variable with the three factors, F1, F2, and F3, as orthogonal axes. The endpoint position of each vector on the x-y grid represents the loading (or correlation) score of data collected for that variable (here, including all injury and treatment groups) on each of the F1 and F2 in the PCA plot. The factor to which a particular variable loads most strongly is indicated as a black line (to F1), a gray line (to F2), and gray dashes (to F3). (A) Correlation circle for untreated control muscles regenerating from CR and CTX injury (n = 12). (B) Correlation circle for muscles regenerating from CR and CTX injury after 2 days of pretreatment with ISDN (n = 14). Vectors are labeled for each variable as follows: WB for Western blotting data; BV for blood vessel density; and S + S + P75 for the number of overlapping expression sites for all three, Sema3A and S100B mRNAs and P75 protein. Data for fiber diameter, blood vessel number, and Western blotting were reported previously (Daneshvar et al., 2020). Tables 3 and 4 provide the loading coefficients of each variable in the correlation circles shown in (A,B), respectively.
TABLE 3 | Loading correlations of variables onto 3 factors identified by principal component analysis of the dataset of untreated muscles regenerating from injury. WB indicates data originated from Western blotting assays, BV = blood vessel; # indicates the number of expression sites (by in situ hybridization, ISH); “S + S + P75” indicates the number of regions in which P75 protein (by immunostaining) was colocalized with S100B and Sema3A transcripts (by ISH). Loading coefficients greater than 0.5 (in bold type) were considered strong correlations.
[image: Table 3]TABLE 4 | Loading correlations of variables onto 3 factors identified by principal component analysis of the dataset from muscles regenerating after pretreatment with ISDN before muscle-crush or cardiotoxin injury. WB indicates protein assays by Western blotting, BV = blood vessel; # indicates the number of expression sites (by in situ hybridization, ISH); “S + S + P75” indicates the number of regions in which P75 protein (by immunostaining) was colocalized with S100B and Sema3A transcripts (by ISH); intensity and diameter refer to measurements of fluorescent regions of S100B or Sema3A mRNA expression (by ISH). Loading coefficients greater than 0.5 (in bold type) were considered strong correlations.
[image: Table 4]DISCUSSION
The histopathological study of muscle tissue in this experiment showed that ISDN-induced premature SC activation before CR or CTX injury accelerated myogenic regeneration while disrupting and delaying the restoration of NMJs. In that study, changes in the S100B protein level implicated TSCs in the perturbation. The current study of the expression of S100B and Sema3A transcripts and P75 protein (by combined ISH/ICC), although preliminary and limited in sample size, quantified and analyzed expression in the broader context of that histopathology. PCA showed that colocalized Sema3A, S100B, and P75, suggesting the involvement of P75-NGFR signaling, is a strong correlate of the disrupted synchrony of myogenic and neurogenic regeneration produced by ISDN-induced premature SC activation prior to muscle damage.
Two-color fluorescent ISH signals were resilient to later immunostaining for P75 protein, and DAPI staining identified the nuclear position in fibers and new myotubes. Comparator slides stained for presynaptic neurites, AchE plaques, and postsynaptic AchRs provided orientation for imaging the pre- and postsynaptic areas of NMJ-containing regions. Samples were analyzed on a cell-by-cell level through histopathology and the expression of transcripts and proteins.
Features of ISH expression sites for S100B and Sema3A (number, intensity, and diameter) changed primarily with regeneration time, with a statistical trend toward significant interaction with the type of injury. The preliminary nature of this study, with a small sample size and an incomplete set of groups, is due to the use of slides remaining after the original larger study (Daneshvar et al., 2020). Nonetheless, these findings offer some insight into the nature of gene expression under different conditions: for both S100B and Sema3A transcripts, the number of expression sites increased with regeneration time while those expression sites decreased in diameter. S100B expression sites also had lower intensity as regeneration proceeded. These findings reflect that the overall gene expression level is regulated by changes in the number of transcripts and the extent of individual transcripts within cells of interest.
The overlay of S100B and Sema3A expression with P75 protein identified a population of cells receptive to NGF. TSCs were identified as sites with a colocalized expression of S100B and Sema3A transcripts plus P75 protein, while cells expressing S100B and Sema3A without P75 were considered to be non-TSCs in the presynaptic area. Nearly all P75-expressing cells also expressed both Sema3A and S100B. Since both muscle SCs and TSCs express P75, further details of their intercellular interactions await the separation of the two cell types at NMJ-containing regions. However, current findings on P75 protein colocalization with S100B and Sema3A transcripts, although only available for day 0 (immediately after CR or CTX injury), indicate that one or both cell types were present at NMJs on damaged fibers and regenerating myotubes. In addition, the extent of colocalization of S100B and Sema3A transcripts and P75, collectively representing TSCs and SCs, very probably had a major impact on the outcome of repair in muscle and NMJs, since the colocalization variable (S + S + P75) loaded very strongly on F1 (a correlation of 0.93) in control muscle and only loaded strongly onto F3 (a correlation of 0.55) in muscle with SCs in the prematurely activated state. That PCA variables explained much more of the data variability in regenerating muscle in control mice than in ISDN-pretreated mice (83% vs. 64%) further suggests that disrupted regeneration is related to changes in the activity of TSCs and SCs and their interactions, imposed by premature SC activation. This highlights the importance of synchronized processes during the effective regeneration of muscle tissue.
The application of PCA allowed further exploration of the relationships between gene expression and previously reported outcome measures for the same regenerating muscles. Data on fiber diameter, vascular density, and Sema3A, S100B, and γAchR protein levels from the previous report plus ISH and colocalization data from the current study were input together. In the overall dataset including both control and ISDN-treated groups of regenerating muscles (Figure 6; Table 2), PCA showed that the intensity and diameter of S100B and Sema3A expression sites as well as the γAchR protein level and vascular density within the muscle were strongly represented as one factor. The number of expression sites and S100B and Sema3A protein levels formed a second factor, while fiber diameter loaded onto a third factor. These findings are challenging to interpret, likely because both pretreated and control muscles were included in the analysis, given the differences between this overall PCA and the two PCAs that analyzed separate datasets for control and pretreated groups.
Probing expression separately for control and ISDN-pretreated groups showed strong support for the idea that P75-expressing cells, identified by colocalization of S100B, Sema3A, and P75, are exceedingly important during muscle tissue regeneration under normal control conditions (Figure 7A; Table 3). This was indicated by the very strong loading coefficient on F1 (0.910) for the colocalization parameter and suggests a potent interplay between TSCs and SCs, their production of S100B, Sema3A, and P75, and new fiber growth. By comparison, the loading coefficient on S + S + P75 was highly negative and much lower (−0.102) in PCA for muscles regenerating after ISDN pretreatment. This marked shift in loading for the variable representing TSCs and SCs together is consistent with a major disruption of the interplay among P75-expressing cells, NMJ restoration (since γAchR protein level is an index of denervation), and myotube growth, given that fiber diameter (along with vascular density and Sema3A protein level and expression-site diameter) loaded most strongly on factor 2 rather than on factor 1. In concert with the previous report stating that premature SC activation delayed and disrupted NMJ restoration during early regeneration (Daneshvar et al., 2020), the present result strongly suggests the need for a synchronized response by SCs and TSCs during NMJ restoration. In muscles regenerating after premature SC activation by ISDN, there was strong loading of S100B and Sema3A expression (number of sites) and S100B and Sema3A diameter and intensity of expression sites and modestly negative loading of S100B protein level (Figure 7B; Table 4). These findings, also noted for PCA of the overall dataset, suggest that premature SC activation alters post-transcriptional and post-translational regulation of S100B and Sema3A expression. The clear angular shift in vectors for each parameter between control and ISDN-treated muscles (comparing PCA circles in 7A vs. 7B) showed that the overall impact of treatment was substantial and illustrates the need to explore P75-expressing cells in skeletal muscle for their individual and combined roles in synapse maintenance and repair during regeneration. Future research to understand the individual and collective contributions of fiber, neurite, and NMJ damage to the regenerative process has the potential to reveal new rehabilitation interventions to promote fiber reinnervation after nerve injury in muscle tissue.
PCA compiled data from many assays of histological variables and Western blotting, P75 protein, and S100B and Sema3A expression to provide a broad context to processes related to P75 expression during NMJ restoration after muscle injury. For example, in control muscles, the number of sites expressing P75 protein and transcripts for Sema3A and S100B increased during regeneration from CR injury. The concurrent increase in S100B expression sites and decrease in Sema3A expression-site diameter, Sema3A-65 protein level, and myotube diameter in control CR muscles after 10 days of regeneration suggested that Wallerian degeneration, mediated by Schwann cells and macrophages, had ended by that time (Daneshvar et al., 2020) and that axon regeneration would then proceed (Menorca et al., 2013; Darabid et al., 2014; Kang et al., 2014).
Sema3A and S100B expression sites correlated with regeneration time. NMJ remodeling is accompanied by increased Sema3A expression in TSCs of type IIb/x fibers that maintain nerve-terminal growth and confine their plasticity by releasing a chemorepulsive protein (Pasterkamp and Verhaagen, 2006). Thus, the current findings suggest that the increase in Sema3A transcripts originates in TSCs. Coordinated synaptic maturation is known to rely on the interplay of synaptogenic factors released from nerve terminals, TSCs, and muscle fibers (Darabid et al., 2014), and Schwann cells are thought to promote postsynaptic differentiation and AchR transcription by expressing neuregulin-2 (Sugiura and Lin, 2011). To distinguish between SCs and TSCs, further colocalization with Pax7 mRNA or protein will be required since both express P75, which means that the relative contribution of TSCs (Darabid et al., 2014) and/or SCs (Tatsumi et al., 2009; Tatsumi et al., 2017) to the regulation of growth-cone extension by neurites in synaptic maturation that occurs during regeneration remains to be determined at the cellular level.
Although statistically derived factors identified through PCA studies are difficult to interpret due to their multivariate nature and the number of samples in this preliminary study was limited, the large explanation of variance by PCA factors in controlling regenerating muscles suggests new possibilities for the role of P75-expressing cells. Schwann cells are known to respond to axonal injury by transiently expressing several developmental genes (Lemke and Chao, 1988; Saika et al., 1991; Lee et al., 2009). P75 upregulation by mature sensory neurons after axonal injury (Hassan et al., 1994) or distal nerve stumps after nerve transection (Toma et al., 1992) was proposed as a time-dependent indicator of the injury response by TSCs and Schwann cells (Roberson et al., 1995). It would be fascinating to find that SCs show a parallel response in their expression of P75 during regeneration and synaptic restoration.
A wealth of genetic and molecular studies describe the niche environments of stem and precursor cells during muscle regeneration (Feige et al., 2018). Recent literature using cellular tracking shows that TSCs, which extend their processes after myofiber denervation and guide the growth of sprouting axons during fiber reinnervation, have a key role in maintaining and remodeling NMJs (Love and Thompson, 1998; Sanes and Lichtman, 1999; Kang et al., 2000; Reddy et al., 2003; Panzer et al., 2006). Research to identify whether Sema3A expression by SCs and/or TSCs is essential for the effective restoration of pre- and postsynaptic NMJ compartments (Buller et al., 1960; Leiter et al., 2012) will further advance our understanding of regenerative processes that promote effective function (Suzuki et al., 2013; Mizunoya et al., 2017; Tatsumi et al., 2017).
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