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Neuromuscular junctions (NMJs) are a special type of chemical synapse that transmits electrical stimuli from motor neurons (MNs) to their innervating skeletal muscle to induce a motor response. They are an ideal model for the study of synapses, given their manageable size and easy accessibility. Alterations in their morphology or function lead to neuromuscular disorders, such as the congenital myasthenic syndromes, which are caused by mutations in proteins located in the NMJ. In this review, we highlight novel potential candidate genes that may cause or modify NMJs-related pathologies in humans by exploring the phenotypes of hundreds of mouse models available in the literature. We also underscore the fact that NMJs may differ between species, muscles or even sexes. Hence the importance of choosing a good model organism for the study of NMJ-related diseases: only taking into account the specific features of the mammalian NMJ, experimental results would be efficiently translated to the clinic.
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1 INTRODUCTION
Neuromuscular junctions (NMJs) have been the subject of study since the early 19th century and are the ideal model for understanding synapses. Their main function is the transmission of signals between the motor neuron (MN) and the skeletal muscle fiber to induce muscle contraction and movement (Kuhne, 1863; Dale, 1914; Couteaux, 1947; Fatt and Katz, 1951; Fatt and Katz, 1952; Birks et al., 1960).
The position of the NMJ in the muscle fiber, its morphology, or degree of development of the postsynaptic region may vary between muscles or species; but despite these particularities, all NMJs contain these main components: 1) a non-myelinating terminal Schwann cell (tSC) that forms a “cap” over the part of the nerve terminal that does not face the postsynaptic region and that is important for synaptogenesis, synaptic transmission, and NMJ maintenance and repair (Santosa et al., 2018); 2) a nerve terminal filled with neurotransmitter vesicles; 3) the synaptic cleft in between the MN and its innervating muscle; 4) the postsynaptic membrane containing neurotransmitter receptors; and 5) the muscle sarcoplasm that provides structural and metabolic support (Engel, 2008). Acetylcholine (ACh) is the neurotransmitter involved in synaptic transmission in vertebrate NMJs. After ACh is released from the presynaptic nerve terminal into the synaptic cleft, it binds to nicotinic ACh receptors (AChR) in the postsynaptic muscle region triggering a response in the muscle (Engel, 2008).
Mutations in proteins located at the NMJ cause the so-called congenital myasthenic syndromes, inherited neuromuscular disorders characterized by abnormal NMJ morphology and/or signal transmission at the motor endplate (Engel, 2020). In this review we aim at highlighting potential novel candidate genes causative or modifiers of NMJ-related disorders based on data from already-published mouse models. Further, we seek to draw attention on very important factors that need to be taken into account in the diagnosis and treatment of NMJ-related disorders. Indeed, while the mouse is the model organism of choice in the study of human diseases, it may not be the most informative in the case of NMJ-related diseases. Further, only a few muscle types, and normally only in males, are usually analyzed. Thus, caution should be taken when translating to the clinic findings derived from studies that disregard these factors.
2 NOVEL CANDIDATE GENES POTENTIALLY PLAYING A ROLE IN HUMAN NMJ DISORDERS
In 1991, the first printed version of the Gene Table of Neuromuscular Disorders was published (Dubowitz, 1991). It contained a total of 7 nuclear genes and 16 mapped loci, together with their associated neuromuscular disease. This table has been annually updated ever since, and besides de printed version, a computerized online version that allows interactivity is also available at www.musclegenetable.fr. This database currently hosts 641 unique genes and 1,129 diseases grouped into 16 distinctive categories (Cohen et al., 2021). Group 11 contains the congenital myasthenic syndromes, with a total of 42 such syndromes caused by mutations in 34 unique genes; most of them being AChR subunits or genes involved in AChR clustering or ACh metabolism (Engel, 2020). Remarkably, genes associated with other diseases also affect the NMJ, especially genes related with MN diseases, but also with “pure” muscular dystrophies or myopathies. That is the case of STAC3, a component of the excitation-contraction coupling machinery (Polster et al., 2016) whose mutations can be found in patients with Bailey-Block congenital myopathy (Horstick et al., 2013; Online Mendelian Inheritance in Man, OMIM®. Johns Hopkins University, Baltimore, MD. MIM Number: 255995: 10/03/2023. World Wide Web URL: https://omim.org/). Also known as Native American myopathy because it was first described in the Lumbee Indian tribe in North Carolina (Bailey and Bloch, 1987). This autosomal recessive disorder is characterized by congenital weakness, arthrogryposis and myopathic facies, among multiple other symptoms. KO mice for the gene show perinatal lethality due to their inability to breathe, as well as a wide array of muscular defects (Nelson et al., 2013; Reinholt et al., 2013). While the NMJs of these mutants are correctly formed, they occupy a broader space, presenting an increase in the frequency of miniature endplate potentials, likely as a secondary consequence of the muscle defects (Nelson et al., 2013), but underscoring the interdependence of MN and muscle development for correct morphology and synaptic transmission at the NMJ. However, only in a few neuromuscular disorders, potential phenotypes of the NMJ have been directly addressed in humans. This can be probably explained by the limited availability of samples, the difficulty in accurately assessing NMJ function in humans or simply due to the fact that the multitude of other neural or muscle-specific phenotypes are of higher priority because of prevalence or clinical significance. In any case, there exists the possibility that genes involved in already-described diseases, also alter the NMJ, potentially impacting on the pathophysiological mechanisms or disease treatments.
This observation prompted us to review the literature in search of mouse gene models that have already shown any abnormality related with NMJ morphology or function. All these genes could be potential modifiers of some diseases or even the cause of the few for which the gene has not been mapped yet, as is the case of autosomal recessive distal spinal muscular atrophy motor neuron disease (Online Mendelian Inheritance in Man, OMIM®. Johns Hopkins University, Baltimore, MD. MIM Number: 607088: 16/08/2019. World Wide Web URL: https://omim.org/).
The Mouse Genome Informatics MGI database (http://www.informatics.jax.org) currently harbors 258 single or multigenic mouse models in different genetic backgrounds, with annotations associated with abnormal NMJ structure or function. Specifically, the terms used to retrieve these results were: “abnormal neuromuscular synapse morphology”, “failure of neuromuscular synapse presynaptic differentiation”, “failure of neuromuscular synapse postsynaptic differentiation”, “abnormal endplate potential” and “abnormal miniature endplate potential”. These 258 models (Supplementary Table S1) are composed of 132 unique loci, 64 of which have not been associated with any human neuromuscular disease registered at the full gene table database (Supplementary Table S2), even if some of them are well-known players in NMJ formation, maintenance and function (Tables 1–9 and Supplementary Table S3). Possible explanations include the fact that most of these models are constitutive knock-outs (cKOs) that lead to embryonic or early postnatal lethality, usually related with the impossibility of inflating the lungs due to a lack of neural input to the diaphragm muscle (Tables 1–9 and Supplementary Table S3). Deficiencies in these genes would probably cause abortions or still-births in humans as well. However, they can still be candidates to take into account for potential single nucleotide polymorphisms (SNPs) as causative or modifiers of specific diseases.
TABLE 1 | Novel candidate genes for NMJ-related diseases in humans associated with motor neuron identity, function and survival. All models are constitutive unless otherwise stated. Lethal phenotypes can have complete or incomplete penetrance. cKO, constitutive KO; MN, motor neuron; NMJ, neuromuscular junction; PM, point-mutation.
[image: Table 1]TABLE 2 | Novel candidate genes for NMJ-related diseases in humans associated with channels. All models are constitutive unless otherwise stated. Lethal phenotypes can have complete or incomplete penetrance. cKO, constitutive KO.
[image: Table 2]TABLE 3 | Novel candidate genes for NMJ-related diseases in humans associated with the regulation of gene expression, as well as with the processes of proteostasis and autophagy. All models are constitutive unless otherwise stated. Lethal phenotypes can have complete or incomplete penetrance. cKO, constitutive KO; MN, motor neuron; PM, point-mutation.
[image: Table 3]TABLE 4 | Novel candidate genes for NMJ-related diseases in humans associated with cytoskeleton dynamics. All models are constitutive unless otherwise stated. Lethal phenotypes can have complete or incomplete penetrance. cKO, constitutive KO; MN, motor neuron; PM, point-mutation.
[image: Table 4]TABLE 5 | Novel candidate genes for NMJ-related diseases in humans associated with defective signalling and synaptic transmission. All models are constitutive unless otherwise stated. Lethal phenotypes can have complete or incomplete penetrance. cKO, constitutive KO; PM, point-mutation.
[image: Table 5]TABLE 6 | Novel candidate genes for NMJ-related diseases in humans associated with endocytosis, synaptic vesicle formation and neurotransmitter release. All models are constitutive unless otherwise stated. Lethal phenotypes can have complete or incomplete penetrance. cKO, constitutive KO; SMA, spinal muscle atrophy.
[image: Table 6]TABLE 7 | Novel candidate genes for NMJ-related diseases in humans associated with adhesion. All models are constitutive unless otherwise stated. Lethal phenotypes can have complete or incomplete penetrance. cKO, constitutive KO; MN, motor neuron; SMA, spinal muscle atrophy.
[image: Table 7]TABLE 8 | Novel candidate genes for NMJ-related diseases in humans associated with the DGC complex. All models are constitutive unless otherwise stated. Lethal phenotypes can have complete or incomplete penetrance. cKO, constitutive KO.
[image: Table 8]TABLE 9 | Novel candidate genes for NMJ-related diseases in humans with unknown function. All models are constitutive unless otherwise stated. Lethal phenotypes can have complete or incomplete penetrance. cKO, constitutive KO.
[image: Table 9]We sought to characterize these 64 loci following the same classification used in the congenital myasthenic syndromes, which have been classically subdivided according to the specific location of the mutant protein as presynaptic, synaptic or postsynaptic (Tables 1–9, Supplementary Table S3 and Figure 1). In the next sections, we will briefly discuss the molecular mechanisms affected when these genes are not normally expressed. Of note, even if we originally aimed at finding genes that have a direct impact on NMJ morphology or function, our search has also uncovered genes whose malfunction lead to indirect defects in the NMJ, particularly when they affect motor neuron survival. In any case, the results obtained here help to expand the repertoire of genes to take into consideration when studying human pathologies.
[image: Figure 1]FIGURE 1 | Factors involved in the regulation of NMJ formation, maintenance or function. Novel proteins or miRNAs whose dysfunction disturbs NMJ structure or function as described in this work appear in color. See Tables 1–9, Supplementary Table S3 and text for further details. Additional important factors need for normal NMJ biology are also included in grey. The basic NMJ template was obtained from Motifolio drawing toolkits (Motifolio Inc, Ellicott City, MD, USA). ECM, extracellular matrix; ER, endoplasmic reticulum; DG, dystroglycan; NMJ, neuromuscular junction; PC, priming complex (Munc13, Rab3/27); SG, sarcoglycan; SS, sarcospan; VGSC/VGCC, voltage-gated sodium/calcium channel.
2.1 Motor neuron identity, function and survival
Many of the novel candidates that could be indirectly associated with NMJ diseases are essential for MN development, function or viability (Table 1, Supplementary Table S3 and Figure 1). If MNs fail to reach their target muscles, NMJs obviously fail to form, while if innervation is correctly established but MNs later die, NMJs degenerate. Therefore, defects in the NMJ in the models described in this section are just secondary to defects in MNs. For example, in mice lacking the transcription factor Mnx1, MNs are generated, but their identity is not correctly specified because the interneuron identity program is not efficiently repressed (Arber et al., 1999; Thaler et al., 1999). This causes problems in axon projections and pathfinding, ultimately leading to the lack of innervation, and thus of NMJs, of certain muscles like the diaphragm (Arber et al., 1999). Thus, Mnx1 KO mice are perinatal lethal due to their inability to breath. MNs are also born in Slc6a5/Glyt2 mutant mice (Gomeza et al., 2003; Bogdanik et al., 2012). However, in the absence of this glycine transporter, essential to sustain prolonged glycinergic inhibitory transmission in the spinal cord, MNs exhibit increased excitability, that is, uncoordinated and excessive firing, together with an acceleration in postnatal NMJ maturation (Bogdanik et al., 2012). These molecular events result in a neuromotor deficiency that resembles human hyperekplexia, but unlike in humans, who can compensate the impairment in glycinergic transmission with increased GABAergic inhibition, Slc6a5 mutant mice only survive for 2 weeks (Gomeza et al., 2003; Bogdanik et al., 2012). Glycinergic synaptic activity is also disturbed in Gphn/Geph mutant animals (Feng et al., 1998) given that this tubulin-binding protein anchors all glycine and several GABAA receptor types to the microtubule network in the presynaptic MN. In these animals, MN survival and innervation patterns are affected during development, albeit differentially depending on the target muscle (Banks et al., 2005).
Reduced MN integrity and survival is additionally observed in mutant mice for Adarb1/Adar2, Ret, Clp1 and Pex10 for different reasons. In the absence Adarb1/Adar2, the mRNA editing needed for the expression of the correct isoform of the AMPA receptor subunit GluR2 does not take place, thus disturbing the properties of this channel and, ultimately, MN viability (Hideyama et al., 2010). Similarly, if the GDNF receptor Ret is missing, MNs cannot integrate GDNF inputs, which interferes with the proper organization and maturation of the presynaptic terminals and NMJs during development and regeneration, resulting in increased MN death (Baudet et al., 2008). The exact molecular mechanism is unknown, but it has been hypothesized that GDNF could activate Ret eliciting a signaling cascade within MNs, or it could be incorporated in the MN in a Ret-dependent manner and exert specific actions there (Baudet et al., 2008; Zahavi et al., 2015). In parallel, impaired function of Clp1, a component of the tSEN complex involved in RNA maturation, causes the accumulation of small aberrant RNA species that trigger p53-dependent apoptosis of MNs (Hanada et al., 2013). Finally, when the activity of the peroxisome-associated Pex10 protein is disturbed in SCs, these cells die (Hanson et al., 2014); not only do they accumulate toxic molecules, but they fail to synthesize essential molecules like plasmalogens, which are very abundant in myelin. Eventually, the lack of support from SCs has a negative impact in MN integrity and synaptic transmission (Hanson et al., 2014). Indeed, the role of SCs in NMJ development has proven fundamental. In the absence of SCs, even if axons appear defasciculated, MNs reach the target muscles and NMJs are initially formed. However, nerve terminals eventually retract and NMJs thus fail to be maintained (Lin et al., 2000). Curiously, NMJs can be preserved if muscle activity is blocked (Liu Y et al., 2019). This finding suggests that SCs counteract the presumable destabilizing activity muscle exerts in the developing NMJ, and which causes MN retraction (Liu K et al., 2019).
2.2 Channel-related
Ducky (Snell, 1955) and Stargazer (Noebels et al., 1990) mice are spontaneous mutants for the Cacna2d2 (Barclay et al., 2001) and Cacng2 (Letts et al., 1998) subunits of the voltage-gated calcium channels (VGCCs) required to conduct the presynaptic calcium influx along MN axons necessary for neurotransmitter release at the terminals (Table 2, Supplementary Table S3 and Figure 1). Both are epilepsy models that show spike-wave seizures and ataxia, among other features (Noebels et al., 1990; Barclay et al., 2001). In addition, mutations in these genes cause very mild phenotypes observed at the NMJ level, probably reflecting the existence of redundancy with other accessory channel subunits (Kaja et al., 2007).
The rest of the novel candidate genes causative or modifiers of NMJ-related disorders in this section are associated to various extents to postsynaptic AChRs (Table 2, Supplementary Table S3 and Figure 1). Here, we will briefly describe NMJ formation [recently reviewed in (Rodríguez Cruz et al., 2020)], highlighting the role of the candidate genes found in our search. During NMJ formation, small AChR clusters appear in the center of the muscle fibers in a nerve-independent process but that is mediated by Lrp4/MuSK/Dok7 and rapsyn at the muscle terminal (Lin et al., 2001; Yang et al., 2001; Okada et al., 2006; Weatherbee et al., 2006). Then, MNs innervate some of the prepatterned clusters, that get stabilized via neural-derived agrin signaling on Lrp4/MuSK/Dok7 at the postsynaptic terminal (McMahan, 1990; Glass et al., 1996; Okada et al., 2006; Kim et al., 2008; Zhang et al., 2008). Of note, MNs can organize de novo AChR clusters in the absence of prepatterned clusters (Lin et al., 2008; Liu et al., 2008). After agrin-induced stimulation, a series of events take place before AChR cluster stabilization, including phosphorylation of multiple MuSK residues, which function as docking sites for downstream signaling. Casein kinase II (CK2) holoenzyme is responsible for phosphorylating MuSK at its kinase inert domain (Cheusova et al., 2006). In the absence of the CK2 regulatory subunit Csnk2b, MuSK phosphorylation is disturbed, not only causing a negative impact on AChR cluster stabilization and postsynaptic structure, but also on synaptic transmission (Cheusova et al., 2006), leading to embryonic lethality in constitutive null mice (Buchou et al., 2003). AChR clustering and stability is controlled by phosphorylation of its different subunits as well. In this regard, agrin-induced tyrosine phosphorylation of the AChRβ subunit contributes to rapsyn association and receptor clustering (Borges et al., 2008). In parallel, PKCθ would be involved in the regulation of PKA-mediated phosphorylation of the AChRε subunit, and in the direct phosphorylation of AChRδ, two events that produce opposing effects: AChR stability or loss, respectively (Lanuza et al., 2010). This would explain the delay in postsynaptic maturation present in PKCθ deficient mice (Lanuza et al., 2010), which also show a delay in the early postnatal synapse elimination process to achieve monoinnervation by an unknown mechanism (Li et al., 2004). Whether the absence of PKCθ activity at the presynaptic terminal contributes to any of these two phenotypes cannot be discarded (Lanuza et al., 2010).
Agrin signaling terminates with its removal from the synaptic cleft. Mmp3 is a metalloprotease secreted by muscle that degrades the major components of the extracellular matrix and other proteins including agrin (VanSaun and Werle, 2000). In Mmp3 deficient mice, agrin accumulates at the synaptic basal lamina, and further, it also appears abnormally located outside the central endplate area where AChR should only cluster (VanSaun et al., 2003). As a consequence, the structure of the postsynaptic membrane is greatly disturbed (VanSaun et al., 2003).
Not all prepatterned AChR clusters get stabilized. Those receptors that had integrated in the muscle membrane extrasynaptically do not receive agrin input and are dispersed through a Cdk5-dependent mechanism triggered by ACh (Lin et al., 2005). The intermediate filament protein nestin has been shown to play a role in this process (Mohseni et al., 2011; Yang et al., 2011). The model poses that unphosphorylated nestin and Cdk5 constitutively interact at the postsynaptic terminal. Upon ACh stimulation, p35 is recruited and activates Cdk5, which in turn phosphorylates nestin. This results in destabilization of the intermediate filament network, the release of active Cdk5 and AChR cluster dispersal (Yang et al., 2011). Thus, in nestin KO mice, Cdk5 activity is impaired, hindering extrasynaptic AChR dispersal (Mohseni et al., 2011; Yang et al., 2011), as well as disturbing proliferation in muscle, causing frequent spontaneous regeneration (Lindqvist et al., 2017). Of note, Cdk5 can be activated by a second mechanism that involves rapsyn and calpain (Chen et al., 2007).
Finally, the correct assembly of the AChR complexes at the membrane is undoubtedly essential for proper function. Rer1 is a Golgi-associated protein part of the quality control mechanism that retains unassembled or immature membrane protein complexes in the endoplasmic reticulum, ensuring only proper mature complexes are discharged [e.g., (Kaether et al., 2007)]. When Rer1 activity is compromised, unassembled AChR⍺ subunits -and no other subunit type-escape this quality control mechanism and accumulate in the postsynaptic membrane, or are bound for lysosome-mediated degradation, reducing the number of fully assembled AChRs at the muscle membrane (Valkova et al., 2011).
2.3 Regulation of gene expression at the transcript and protein levels. Proteostasis and autophagy
Dnmt3a is required for de novo DNA methylation, and is essential for the establishment of correct DNA methylation patterns during development. When this gene is removed specifically in the nervous system by means of Nestin-Cre-mediated recombination, NMJs are highly fragmented. Mutant mice exhibit problems in neuromuscular function and motor coordination in the absence of gross anatomical alterations in the cerebellum (Nguyen et al., 2007). The exact molecular mechanism is unknown but probably related with abnormal gene expression in MNs during development through disturbed methylation of specific targets (Nguyen et al., 2007). Indeed, even if spinal cord MNs appear normal in the mutants, in vitro it has been shown that Dnmt3a is required for MN differentiation (Ziller et al., 2018) (Table 3, Supplementary Table S3 and Figure 1). The potential contribution of skeletal muscle, considering nestin is also expressed in this tissue, cannot be discarded [(Mohseni et al., 2011; Yang et al., 2011; Lindqvist et al., 2017), see section 2.10 below].
In mice harboring a skeletal muscle-specific deletion of the chromatin reader Spin1, the expression of bHLH transcription factors involved in myogenesis, and by extension of their target genes, is altered during development and after birth (Greschik et al., 2017). Many of these targets are associated with the NMJ, such as Dok7, AChE, Colq and several AChR subunits. This not only results in severe morphological alterations of the postsynaptic muscle terminal, but also in defects in the presynaptic MN, including a reduced number of synaptic vesicles and the presence of vacuoles (Greschik et al., 2017) (Table 3, Supplementary Table S3 and Figure 1).
At the post-transcriptional regulation level, at least two micro-RNA (miRNA) families are associated with NMJ development (Table 3, Supplementary Table S3 and Figure 1). Being the most abundant MN miRNAs (Amin et al., 2015), the miR-218 family is particularly important. In the absence of the miR-218-1 and miR-218-2 paralogs, hundreds of neuronal enriched genes from multiple molecular pathways are deregulated (Amin et al., 2015). This massive alteration in the transcriptome does not impact on MN development, but rather on MN maintenance and survival, as well as on NMJ formation (Amin et al., 2015). Of note, miR-218 gene variants have recently been associated with amyotrophic lateral sclerosis (ALS) susceptibility (Reichenstein et al., 2019). The second miRNA family, miR-1/206/133, is involved in NMJ formation from the muscle side. The lack of these species alleviates the repression of their target gene CRX, which acts downstream the Lrp4/MuSK/Dok7 cascade and is involved in agrin-induced stabilization of forming AChR clusters (Rodríguez Cruz et al., 2020) through the recruitment of, at least, the Rho GTPase RAC1 (Klockner et al., 2022). Intriguingly, miR-1/206/133 are dispensable for skeletal muscle development since only NMJ formation is altered in the triple KOs (Klockner et al., 2022). In contrast, if only miR-206 is removed, NMJ development remains unperturbed, presumably due to compensation by other members of the family (Williams et al., 2009). Still, its target Hdac4 is overexpressed, causing a negative effect on retrograde FGF signaling from muscle to its innervating neuron, where abnormalities are evident (Williams et al., 2009).
Further, Mbnl1 and Mbnl2 are RNA binding proteins involved in multiple aspects of RNA biology (Nakka et al., 2018). In double Mbnl1−/−/Mbnl2+/− mutants, NMJs are greatly compromised presumably as a secondary effect to the severe defects observed in muscles, which develop a myotonic dystrophy (DM)-like phenotype (Lee et al., 2013). The mechanism by which NMJ deteriorate is probably related with a defect in the processing of one or multiple transcripts involved in NMJ development, maintenance and/or function. In particular, changes in alternative splicing and polyadenylation events are observed in the compound mutants (Lee et al., 2013) (Table 3, Supplementary Table S3 and Figure 1). In this sense, it is important to mention that alternative splicing has been shown to be a crucial layer in the regulation of NMJ development. For example, only neurons produce an alternatively spliced isoform of agrin called Z+ agrin in mammals, which is up to 1,000-fold more potent in AChR clustering than the Z− isoforms (Ferns et al., 1993). Nova1 and Nova2 neuron-specific splicing factors regulate Z+ agrin splicing and thus, double mutant mice show defective morphology and function of the NMJ, and are paralyzed (Ruggiu et al., 2008). Remarkably, rescuing Z+ agrin expression restores some morphological defects, but physiologic MN activity remains impaired (Ruggiu et al., 2008). This would indicate that Nova factors target additional undefined transcripts that are essential for synaptic transmission, highlighting the importance of post-transcriptional regulatory mechanisms during NMJ development and function.
At the protein level, impaired translation in MNs seems to lie at the root of the denervation and neurodegeneration defects observed in Eef1a2 (Shultz et al., 1982; Chambers et al., 1998; Khalyfa et al., 2001; Newbery et al., 2005; Doig et al., 2013) and Nemf (Martin et al., 2020) deficient animals, presumably due to the inability of these cells to maintain proper homeostasis (Table 3, Supplementary Table S3 and Figure 1). Remarkably, the core translation machinery component Eef1a2 is spontaneously mutated in the so-called Wasted mice (Shultz et al., 1982; Chambers et al., 1998), which develop an aggressive, early-onset form of neurodegeneration that can be prevented in constitutive heterozygotes (Griffiths et al., 2012), but not if reintroducing the gene specifically in muscle (Doig et al., 2013). In parallel, a KO and two-point mutation alleles that interfere with protein function have been described for Nemf (Martin et al., 2020). This rescue factor is part of the Ribosome-associated Quality Control RQC complex that resolves stalled ribosomes during translation (Martin et al., 2020). All alleles exhibit marked motor defects, with the KO being the most severe and showing complete preweaning lethality (Martin et al., 2020).
A number of novel candidates are involved in the degradation and recycling of proteins and organelles in the presynaptic MN terminal, either mediated by the endosomal-lysosomal system or the proteasome (Table 3, Supplementary Table S3 and Figure 1). Some of these genes play a role in the axonal transport of lysosomes and proteasomes through the microtubule network. That is the case of Borcs5 (de Pace et al., 2020; Lüningschrör et al., 2020) and Tmem106b (Lüningschrör et al., 2020), in charge of the anterograde and retrograde transport of lysosomes (or lysosome-like particles), respectively. Mice defective for either gene show a reduction in the number of lysosomes in their axon terminals, causing impaired proteolysis and autophagy, and thus affecting the structure and function of axons (de Pace et al., 2020; Lüningschrör et al., 2020). In this same line, in vitro studies suggest that the absence of the small GTPase Rab18 could be associated with impaired lysosomal trafficking and autophagy in neurons (Nian et al., 2019). This would explain the in vivo phenotypes of Rab18 KO animals, which accumulate neurofilament and microtubule proteins at presynaptic terminals (Carpanini et al., 2014). In parallel, when the adapter protein Psmf1 is absent, the anterograde transport of proteasomes to MN terminals is impaired, eliciting proteotoxic stress followed by axonal degeneration and motor dysfunction (Liu Y et al., 2019; Minis et al., 2019).
When the process of endosomal-lysosomal-mediated degradation itself is altered in the MN terminal, problems in the NMJ arise as well (Table 3, Supplementary Table S3 and Figure 1). For example, the phospholipase A2 activator Plaa contributes to the sorting of ubiquitinated cargos from early to late endosomes or multivesicular bodies for their eventual degradation in lysosomes (Hall et al., 2017). When Plaa function is compromised, waste products accumulate at the NMJs and synaptic vesicle recycling -and neurotransmission by extension-is impaired (Hall et al., 2017). Presumably, Tmem184b would also participate in autophagosomal structure or clearance of cellular debris (Bhattacharya et al., 2016). Therefore, Tmem184b KO animals exhibit neurodegeneration due to the aberrant accumulation of recycled cargos at terminal synapses (Bhattacharya et al., 2016). Interestingly, via the same impaired mechanism, the absence of this protein has a neuroprotective role after injury since axon degeneration is delayed (Bhattacharya et al., 2016).
Ataxia mice or axJ mice, characterized by severe tremor and hindlimb paralysis, arose in 1965 (D’Amato and Hicks, 1965) as a spontaneous mutation in the Usp14 gene (Wilson et al., 2002). Phenotypic analyses of this and other Usp14 mutant models indicate that the lack of this deubiquitinating enzyme causes a defect in ubiquitin homeostasis at the presynaptic terminal with two immediate consequences (Table 3, Supplementary Table S3 and Figure 1). Firstly, proteasomal-mediated degradation of synaptic proteins involved in neurotransmitter release and NMJ shaping during postnatal development is impaired. Secondly, MNs are unable to recycle ubiquitin for additional protein targeting, on the other (Wilson et al., 2002; Chen et al., 2009; Chen et al., 2011; Bhattacharyya et al., 2012; Marshall et al., 2013). Proteasome-independent ubiquitin signaling through JNK (Vaden et al., 2015) is also affected in the mutants. All in all, these molecular malfunctions result in a wide array of phenotypic alterations that depend on the mouse strain and specific mutant allele. In all cases, though, NMJs are damaged.
2.4 Cytoskeleton dynamics
The neuronal RNA binding protein Cpeb4 is involved in mRNA polyadenylation, central in cellular metabolism. Cpeb4 null mice are mostly normal (Shin et al., 2016). However, a truncated version of the protein that only contains an unstructured low complexity domain has a dominant toxic effect in mice, triggering abnormal ribosomal biogenesis and function, as well as elevated levels of stress response genes, including Drr1 (Shin et al., 2016). This gene encodes for an actin-bundling protein that interferes with neurite outgrowth (Schmidt M et al., 2011) and as a consequence, with the proper formation of NMJs due to the disruption of actin organization (Shin et al., 2016) (Table 4, Supplementary Table S3 and Figure 1).
Similarly, the calmodulin binding protein Basp1 would regulate actin dynamics at the presynaptic terminal, presumably by promoting subplasmalemmal actin accumulation (Frey et al., 2000). It would also control tSC-mediated synaptic growth and strength by an unknown mechanism (Frey et al., 2000). In any case, its function is very important for the organism since null mice exhibit a high postnatal mortality rate (Frey et al., 2000) (Table 4, Supplementary Table S3 and Figure 1).
Rnd proteins like Rnd3/RhoE are constitutively active members of the Rho GTPase family, and participate in multiple cellular functions, such as in the control of actin cytoskeleton dynamics (Guasch et al., 1998). In the absence of Rnd3/RhoE, mice display severe growth retardation, abnormal posture, motor impairments, and convulsions among other phenotypes (Mocholí et al., 2011). It has been proposed that Rnd3/RhoE could activate the RhoA/ROCK pathway in MNs, leading to the inactivation of cofilin, involved in actin depolymerization (Bamburg et al., 2021). This would generate MN axon growth or migration problems, as in the case of RhoE-defective hippocampal neurons (Peris et al., 2012). Alternatively, RhoE has been associated with skeletal muscle maturation, so a delay in myogenesis could have a negative impact on MN survival and/or establishment due to the lack of trophic factors (Mocholí et al., 2011) (Table 4, Supplementary Table S3 and Figure 1).
Phr1 is an atypical E3 ubiquitin-protein ligase that mediates ubiquitination of non-lysine residues on target proteins (Mabbitt et al., 2020). Its function is essential to stabilize the microtubule network in developing MNs, which in Phr1 null mice present an abnormal organization with disorganized microtubules not oriented in the direction of axon growth and extending past the actin-rich growth cone at the tips (Lewcock et al., 2007). Molecularly, it has been hypothesized that Phr1 might function via regulation of MAPK signaling (Lewcock et al., 2007) and/or impaired ubiquitination of specific protein targets (Mabbitt et al., 2020), possibly in complex with Fbxo45 (Saiga et al., 2009) (Table 4, Supplementary Table S3 and Figure 1).
The last candidate in this section is Clip3/CLIPR-59, which is specifically expressed in MNs, where it localizes to the trans-Golgi network. When Clip3/CLIPR-59 activity is compromised, mice die perinatally due to altered innervation of the diaphragm, and consequently, to the inability to breath (Couesnon et al., 2013). While different muscle types are differentially affected, in general the number of nerve terminals is reduced in all of them, while no defects in axon guidance are observed in the mutants. This points to a specific role for Clip3/CLIPR-59 in NMJ maintenance and stability, probably related with protein/membrane trafficking or cytoskeleton remodeling (Couesnon et al., 2013). Given that this protein is involved in myoblast fusion in vitro, a potential role of the postsynaptic terminal in NMJ stabilization cannot be discarded (Sun et al., 2015) (Table 4, Supplementary Table S3 and Figure 1).
2.5 Defective signaling among tSCs, pre-, and post-synaptic terminals. Defective synaptic transmission
Throughout development and after birth, multiple signaling pathways are established between the different elements that compose the NMJ to ensure its proper formation, maintenance and function (Rodríguez Cruz et al., 2020) (Table 5, Supplementary Table S3 and Figure 1). One such pathway comprises the MN-secreted neuregulin1/Nrg1 signal, and its Erbb receptors located in skeletal muscle and tSCs (Belotti and Schaeffer, 2020). Not surprisingly, when this pathway is disturbed either under Nrg1 haploinsufficiency (Sandrock et al., 1997) or by muscle-specific deletion of the Erbb2/Erbb4 receptors (Leu et al., 2003; Escher et al., 2005), postsynaptic integrity is compromised. Although controversial (Belotti and Schaeffer, 2020), defective Nrg1/Erbb signaling may affect the expression of subsynaptic genes like some AChR subunits via the GABP⍺ transcription factor, whose role in the process has also been questioned (Jaworski et al., 2007; O’Leary et al., 2007). Other possibilities include the destabilization of AChR clusters through impaired phosphorylation of the dystrophin-associated glycoprotein complex (DGC) component ⍺-dystrobrevin (Schmidt N et al., 2011), and the negative impact that impaired Nrg1/Erbb signaling would have on tSCs survival (Lin et al., 2000; Newbern and Birchmeier, 2010).
Additionally, FGF signaling from skeletal muscle to the innervating MN is essential for the formation and maintenance of NMJs (Rodríguez Cruz et al., 2020). For this reason, when the FGF carrier Fgfbp1 is not secreted to the synaptic cleft, NMJs mature slowly and deteriorate fast (Taetzsch et al., 2017). The exact FGF molecule and the presynaptic receptor that mediate in this process are unknown (Taetzsch et al., 2017). There is also the possibility that the lack of Fgfbp1 in mice has an indirect effect by eliciting other cellular changes that ultimately affect NMJ structural integrity (Taetzsch et al., 2017).
Scn8a/Nav1.6 is a voltage-gated sodium channel localized at presynaptic MNs. Several mutants have been described for this gene, with Med (Motor Endplate Disease) mice arising spontaneously in the 60s (Searle, 1962; Duchen et al., 1967; Burgess et al., 1995). These animals are characterized by a fatal form of progressive muscular weakness, and as early as in the 70s, it was already proposed that the disease was caused by progressive failure of neuromuscular transmission leading to muscle denervation (Duchen, 1970; Duchen and Stefani, 1971). Indeed, defective sodium currents in tSCs have been proposed to negatively affect the synthesis of growth factors necessary to support the development and function of NMJs (Musarella et al., 2006; Caillol et al., 2012). Defects in action potential generation in the presynaptic neuron can also contribute to the observed phenotypes, especially in the case of the m10J allele (Morelli et al., 2017). Mice carrying this mutation in heterozygosis do not show NMJ defects. However, they exhibit exacerbation of the phenotypes of Gars heterozygotes (Morelli et al., 2017), which constitute axonal models of the dominant axonal neuropathy Charcot-Marie-Tooth (CMT) disease and display defects in NMJ morphology and synaptic transmission on their own (Seburn et al., 2006; Achilli et al., 2009; Morelli et al., 2017). In these double Gars/Scn8a heterozygotes, reduced axon diameter and impaired sodium currents, presumably causing depolarization problems, synergize to produce more severe reductions in nerve conduction velocity and NMJ defects (Morelli et al., 2017). Similarly, mutants for the cell adhesion molecule Nrcam present normal NMJs, but the phenotypes of either demyelinating (Sh3tc2 KO) or axonal (Gars heterozygotes) models of CMT are also exacerbated, possibly due to impaired generation of sodium currents at the presynaptic terminal (Morelli et al., 2017). It is important to mention that Nrcam binds ankyrins intracellularly, which in turn bind sodium channels like Scn8a, which appears mislocalized and functionally compromised in Nrcam mutants (Morelli et al., 2017).
2.6 Endocytosis, synaptic vesicle formation and neurotransmitter release
The release of ACh at the NMJ involves multiple steps such as ACh production, and synaptic vesicle formation, exocytosis and recycling. Defects in any of these steps could impair neurotransmission and cause motor problems (Table 6, Supplementary Table S3 and Figure 1). For example, the guanine nucleotide exchange factor Madd regulates the recycling between the GDP/GTP-bound forms of Rab3A, implicated in calcium-dependent neurotransmitter release (Tanaka et al., 2001). It is also probably required for the formation and trafficking of synaptic vesicles (Tanaka et al., 2001). Thus, in the absence of Madd, neurotransmission is severely impaired (Tanaka et al., 2001), as in the case of Rims1/2 mutants (Schoch et al., 2006). Of note, these proteins act as scaffolds, interacting with several molecules at the active zone, including Rab3A, being essential for synaptic vesicle exocytosis (Schoch et al., 2002; Schoch et al., 2006). If Rims interact with the same molecules in central synapses and NMJs, then they would participate in the tethering of VGCCs to the active zones, enabling high calcium concentrations in the vicinity of synaptic vesicles to trigger exocytosis (Kiyonaka et al., 2007; Kaeser et al., 2011). Nbea is another scaffolding protein required for vesicle trafficking (Su et al., 2004). While synaptic transmission at the NMJ is blocked in Nbea null mice causing lethal paralysis in newborns (Su et al., 2004), the exact mechanism of action remains unknown: either the action potential that travels along MN axons fails to reach the presynaptic terminal, or it fails to trigger neurotransmitter release (Su et al., 2004). A possible contribution of impaired trafficking of specific proteins to the presynaptic terminal, as observed in neurons in the central nervous system, cannot be discarded (Medrihan et al., 2009). The role of Stxbp5l/Tom2 in NMJ biology is also not clear, especially in comparison with its paralog Stxbp5/Tom1, a well-known vesicle fusion inhibitor (Sakisaka et al., 2008). Due to its similarity, Stxbp5l/Tom2 may contribute to this function as well. In any case, mice deficient for this protein suggest that Stxbp5l/Tom2 may inhibit spontaneous ACh release to favor sustained secretion upon repetitive stimulation (Geerts et al., 2015).
In contrast, multiple studies have explored the function of Dnajc5/CSP-⍺ revealing that this chaperone impinges on many aspects of the neurotransmission process. Mice deficient for Dnajc5/CSP-⍺ develop a progressive sensorimotor disorder with progressive muscle weakness that leads to premature death (Fernández-Chacón et al., 2004). At the molecular level, these animals show an impairment in the maintenance of the synaptic release sites (Rozas et al., 2012), in the recycling process of the different components of the neurotransmitter release machinery (Fernández-Chacón et al., 2004; Rozas et al., 2012; Sharma et al., 2012; Zhang et al., 2012), as well as in the assembly of the SNARE complex (Chandra et al., 2005; Zhang et al., 2012), involved in vesicle release, proving Dnajc5/CSP-⍺ essential to maintain continued synaptic function (Fernández-Chacón et al., 2004; Chandra et al., 2005; Zhang et al., 2012). All these defects eventually cause activity-dependent neurodegeneration of the NMJ and defects in synaptic transmission (Fernández-Chacón et al., 2004; Ruiz et al., 2008). Reduced sensitivity to calcium-mediated neurotransmitter release may also contribute to the observed phenotypes (Ruiz et al., 2008).
Finally, whether the actin-bundling protein Pls3 participates significantly in neurotransmission remains a subject of debate. It was initially proposed that Pls3 overexpression had a significant beneficial effect upon the spinal muscle atrophy (SMA) phenotype (Oprea et al., 2008). However, findings in this regard from different studies are contradictory, surely because they are not homogeneous, the various laboratories using different overexpression models (tagged vs non-tagged Pls3 protein, random genomic insertion vs. targeted insertion at the ROSA26 locus) and mouse backgrounds (different strains; SMA model or not) (Ackermann et al., 2013; McGovern et al., 2015). All in all, it seems that if Pls3 does indeed have any beneficial role, the extent of protection would be related with the severity of the SMA model, with the most severe forms being irrecoverable due to multi-organ deficits (Ackermann et al., 2013). Protection would be through the rescue of endocytic processes that affect synaptic vesicle recycling in these models (Hosseinibarkooie et al., 2016).
2.7 Adhesion
The functions of the amyloid precursor protein APP go beyond its widely recognized association with Alzheimer’s disease. Indeed, the adhesion activities of APP and APP-like protein 2 (Aplp2) ensure the correct apposition between the pre- and postsynaptic terminals of the NMJ in the so-called transsynaptic APP interaction model (Wang et al., 2009). When this complex is disturbed in double App/Aplp2 KO mice, the percentage of apposition is reduced and the presynaptic terminal morphology disturbed (Wang et al., 2005) (Table 7, Supplementary Table S3 and Figure 1). Also, APP regulates the presynaptic expression and activity of the high-affinity choline transporter CHT that mediates choline uptake from the synaptic cleft for ACh synthesis (Wang et al., 2007). These abnormalities are responsible for the defective synaptic transmission observed in the mutants (Wang et al., 2005). Further, the APP-Aplp2 complex interacts with Lrp4, likely to integrate agrin-induced AChR stabilization signals (Choi et al., 2013). The highly conserved APP C-terminal domain is indispensable for these functions (Li et al., 2010).
Adhesion plays a fundamental role during development as well. It has been shown that when integrin β1 is absent from tSCs, their migration along MN axons to the terminals is affected because this collagen receptor is required for the interaction between both cell types (Pietri et al., 2004) (Table 7, Supplementary Table S3 and Figure 1). Thus, tSC-specific functions during NMJ development are impeded (Pietri et al., 2004). If the expression is abolished in skeletal muscle, the interaction between the pre- and post-synaptic terminals is perturbed, impacting upon presynaptic differentiation and NMJ formation (Schwander et al., 2004). In contrast, no gross defects are observed in MN-specific mutants (Schwander et al., 2004).
Similarly, the concerted action of the protocadherin Fat1 in skeletal muscle, connective tissue and MNs during development, directly or indirectly controls the coordinated collective migration of myogenic precursors, as well as MN axonal growth and specification through gene expression regulation of MN-specific genes (Caruso et al., 2013; Helmbacher, 2018). When Fat1 activity is missing, the coupling of muscular and neuronal morphogenesis is altered, resulting in a wide array of abnormalities such as the misshaping and mispositioning of some muscle groups, poor motor performance, and defects in NMJ integrity (Caruso et al., 2013; Helmbacher, 2018) (Table 7, Supplementary Table S3 and Figure 1).
2.8 The dystrophin-associated glycoprotein complex DGC
The DGC is a multiprotein complex in charge of anchoring the cytoskeleton of muscle fibers to the extracellular matrix, thus being required for muscle stability (Ibraghimov-Beskrovnaya et al., 1992) (Table 8, Supplementary Table S3 and Figure 1). Utrophin (Utrn) and dystrophin (Dmd) are among its main components. While Utrn is located at the crests of the junctional folds where AChRs cluster, Dmd localizes at the base together with VGSCs (Flucher and Daniels, 1989; Sealock et al., 1991; Bewick et al., 1992). Not surprisingly, double Utrn/Dmd KOs present largely disassembled DGCs (Deconinck et al., 1997b; Grady et al., 1997b), unlike single mutants (Deconinck et al., 1997a; Grady et al., 1997a; Grady et al., 1997b) presumably due to the compensation between both proteins. As a consequence, AChR distribution is altered and postsynaptic folding almost inexistent, albeit with minimal effects in neurotransmission (Deconinck et al., 1997b; Grady et al., 1997b). ⍺-dystrobrevin (Dnta) is a soluble DGC component required to establish interactions with other proteins like the AChRs, so its absence in triple Utrn/Dmd/Dnta KOs worsens the phenotype (Grady et al., 1999; Grady et al., 2000). Syntrophins are also adapter proteins for the DGC, so in line with the previous models, single ⍺1-syntrophin (Snta1) (Adams et al., 2000) and, especially, double ⍺1-syntrophin/β2-syntrophin (Snta1/Sntb2) KOs (Adams et al., 2004) exhibit disturbed organization and stability of postsynaptic folds due to the disruption of the DGC. In contrast, single Sntb1 or Sntb2 (Adams et al., 2004) mutants have no overt phenotype, possibly because of compensation by ⍺1-syntrophin.
2.9 Unknown mechanisms
The pathogenic mechanisms that cause NMJ abnormalities in the last set of candidate genes are largely unknown and can only be hypothesized (Table 9, Supplementary Table S3 and Figure 1). For example, it has been shown that aged Gas7-deficient mice have fewer MNs than expected, which, in addition, show reduced terminal sprouting at NMJs (Huang et al., 2012). They also present changes in fiber type composition and size, but only in slow skeletal muscles (Huang et al., 2012). These abnormalities result in motor activity defects. Given its role in actin and tubulin polymerization in vitro (She et al., 2002; Akiyama et al., 2009), the lack of Gas7 could compromise the organization of cytoskeletal network of axon terminals. Alternatively, since it is also expressed in tSCs and skeletal muscle, where it localizes to the sarcomeres, NMJ abnormalities could result from a defect in tSCs supportive role on MNs, and/or to a muscle-autonomous problem in the contraction machinery (Huang et al., 2012).
Kalrn is a Rho GDP/GTP exchange factor that is expressed in multiple tissue-specific isoforms from the same gene, which complicates studies on its function. Null mice for most isoforms show marked abnormalities in the pre- and postsynaptic terminals of the NMJ, concomitant with reduced neuromuscular function (Mandela et al., 2012). These phenotypes are probably mostly related with the functions of the Kalrn9 and Kalrn12 isoforms in skeletal muscle given that defects are more pronounced in constitutive than in neuron-specific mutants (Mandela et al., 2012), where the Kalrn7 isoform is predominant (Penzes et al., 2000). Impaired clustering of receptors, channels and signaling proteins at the NMJ, or impaired sarcomeric formation in the muscle fibers may underlie the observed phenotypes (Mandela et al., 2012). Altered basal secretion of peptides from unspecified tissues could also contribute, while a role for Kalrn7 at the presynaptic terminal can also not be discarded (Mandela et al., 2012).
In one of the earliest publications regarding the function of the transcriptional co-repressor Skor2 in mammals (Wang et al., 2011), the authors mentioned that 90% of Skor2 KO pups “die within 48 h of birth, probably owing to defective NMJ formation and respiration failure” but they did not elaborate further. This and follow-up publications revealed a role for Skor2 in the development of GABAergic neurons in the cerebellum (Wang et al., 2011; Nakatani et al., 2014) and midbrain (Kirjavainen et al., 2022), but the phenotypes in NMJs remain unexplored to date.
In contrast, a metabolic problem could explain the phenotypes of Slc16a3/Mct4 deficient mice. This proton-linked transporter mediates the transport of metabolites like lactate or pyruvate across the plasma membrane. If its activity is disrupted in the presynaptic terminal, the motor unit is destabilized, and NMJs degenerate among other phenotypes (Bisetto et al., 2019). If metabolic pathways responsible for ATP production are disturbed in the absence of Slc16a3/Mct4, there would not be enough energy for neurotransmitter release and NMJ would eventually deteriorate (Bisetto et al., 2019). Surprisingly, even if mutant muscles accumulate high amounts of lactate, they are morphologically and functionally unperturbed (Bisetto et al., 2019).
Finally, the most predominant hallmark of Parkinson’s Disease (PD) is the presence of the so-called Lewy bodies, protein aggregates that contain ⍺-synuclein (Snca), among other proteins, and that accumulate within neurons disturbing cellular homeostasis and eventually causing cell death (Srinivasan et al., 2021). When trying to model PD in mice, several authors have overexpressed mouse Snca (Rieker et al., 2011) or a mutant form of human SNCA described in PD patients (van der Putten et al., 2000). In these models, NMJs degenerate and mice display motor abnormalities, being the human mutant overexpression model the most severe (van der Putten et al., 2000). They also manifest ubiquitin immunopathology, especially when overexpressing the mouse form Rieker et al. (2011). Since Snca has been shown to be involved in the regulation of synaptic vesicle trafficking [e.g., (Burré et al., 2010)], these defects could be related with disturbed recycling of synaptic vesicles and/or with the inhibition of the proteasome catalytic activity due to ubiquitination overload, thus causing a problem in synapse maintenance (van der Putten et al., 2000; Rieker et al., 2011).
2.10 Other considerations
Lgals1 encodes for galectin-1, which binds numerous complex carbohydrates and, among other functions, is involved in the removal of nerve terminals at the NMJ after denervation (Plachta et al., 2007) directly via the Sema3a pathway (Quintá et al., 2014), and indirectly through the recruitment of macrophages (Gaudet et al., 2009). However, Lgals1 constitutive KO mice do not have a defect in NMJ morphology despite having such annotation in the MGI database. Similarly, even if Utp14b, essential for spermatogenesis (Beamer et al., 1988) is associated with “failure in neuromuscular synapse postsynaptic differentiation” at MGI, the referenced paper is unrelated (Beamer et al., 1988), and we failed to find any other relationship with the NMJ in the literature.
Interestingly, Nmf67 mice present increased fragmentation of the postsynaptic terminal and premature death, among other defects in the heart and eyes. However, the gene altered in this chemically induced model is yet to be identified https://www.jax.org/strain/004472.
Caution should be taken when using compound models that involve previously generated mutant alleles even if they had extensively been used in the literature before. For example, the Mnx1-Cre line is a very common resource to drive Cre-mediated recombination in motor neurons (Yang et al., 2001). Mnx1-Cre heterozygotes are fully viable and fertile, but may have reduced endplate and muscle fiber sizes (Ackermann et al., 2013). Thus, Mnx1 happloinsufficiency may have a phenotype on its own that should be taken into account especially if studying NMJs. Further, Cre-mediated recombination in lines driving tissue-specific Cre expression might not be very efficient or even inaccurate, as in the case of the Nes-Cre line used for generating neural-specific Dnmt3a KOs, in which recombination is observed in non-neural tissues as well (Nguyen et al., 2007). Indeed, nestin is also expressed in skeletal muscle where it would participate in the dispersal of extrasynaptic AChRs (Mohseni et al., 2011; Yang et al., 2011; Lindqvist et al., 2017), as mentioned above. In parallel, when random integration is used to generate transgenic animals, only in few occasions the exact genomic location where the transgene has integrated is determined. However, this could be an essential factor since the transgene might have inactivated an endogenous gene influencing the phenotypic outcome of the model, as shown for some of the most highly used transgenic mouse lines (Goodwin et al., 2019). For example, a profilin transgene containing a mutation associated with ALS disrupts the Mdga2 gene, involved in cell-cell interactions, according to The Jackson Laboratory (https://www.jax.org/strain/030568). However, the authors of the model, which leads to abnormal NMJ morphology among other phenotypes, never stated this in the original publication (Fil et al., 2017) and thus, the potential contribution of Mdga2 to the observed phenotypes is currently unknown. Even if homologous recombination is used to target a specific locus, the potential scars or exogenous sequences introduced in the process could have unexpected consequences. For example, the three different mutant models available for the myogenic regulatory factor Mrf4, still harbor the pgk-neomicine resistance cassette that was used for homologous recombination in all cases (Olson et al., 1996). Surprisingly, these models exhibit diverse phenotypes that range from complete viability to lethality at birth. This variability is explained by the fact that the resistance cassette affects the expression of the neighboring Myf5 gene (Vicente-García et al., unpublished results) to various extents, as hypothesized (Olson et al., 1996), making these models compound Mrf4:Myf5 mutants. All in all, the above-mentioned factors should therefore always be taken into account when drawing conclusions from our experiments.
Finally, the list of novel candidate genes for NMJ-associated diseases described here is not exhaustive, as it relies on the manual curation of the MGI database that needs to continuously scan the increasingly vast literature. Also, the fact that we use very specific terms to retrieve models with deficient NMJs could also contribute to some essential genes being overlooked: the approach described here is thus highly selective at the cost of a potential high number of false negatives. For example, key genes known to have a direct impact in NMJ development, maintenance or function, like some genes of the Wnt signaling pathway (e.g., Vangl2: Boëx et al., 2022; Messéant et al., 2017; Wls; Shen et al., 2018), are missing from the search results. Further, null mice for the MuSK binding protein Biglycan present defects in synapse stability, which leads to morphological abnormalities (Amenta et al., 2012). However, this phenotype is still not included in the database. Likewise, while Sam68 KO mice are included in the database, their only phenotypic annotations are associated with the role of this RNA-binding protein in bone marrow mesenchymal cell differentiation (Richard et al., 2005), while its function in maintaining NMJ integrity (de Paola et al., 2020) still awaits incorporation. In any case, our approach has indeed enabled the unveiling of mostly understudied genes in the context of NMJ biology in the expectation that they would be recognized in the field.
3 FACTORS TO CONSIDER IN THE DIAGNOSIS AND TREATMENT OF NMJ-RELATED DISEASES
The mouse is the most commonly used model organism for the study of NMJ-related diseases. However, it must be taken into account that NMJs exhibit species-specific characteristics, with many differences existing between mice and humans. Thus, the mouse may not the most suitable model organism in all cases. Further, differences also exist between muscle types or even sexes, which are factors that need to be considered in the study of NMJ disorders as well.
3.1 Species-specific characteristics of the NMJ
The physiology of NMJs has been extensively studied in vertebrates and invertebrates (e.g., Couteaux, 1955 and reviewed in Clarac and Pearlstein, 2007). Although the invertebrate nervous system is considered “simple”, many of the findings obtained in invertebrates have been extrapolated to vertebrates. For example, studies on the crayfish (Wojtowicz et al., 1994) established the basis and principles for analyses in other invertebrates, such as Drosophila (Lnenicka, 2020), and later, in more complex organisms (Ackermann et al., 2015).
Even if mammalian NMJs have been more deeply characterized, little is known about the differences between the NMJs of different species even if these differences were already apparent in the 1950s (Couteaux, 1955), especially in comparison to humans. To date, the mouse is the main model organism used both for the study of NMJs and for the development of disease models that affect them. However, in many cases, the results obtained in these models have not been successfully translated to humans, as in ALS models (Clerc et al., 2016). This may be due to differences in the morphology or functionality of NMJs between both species. Indeed, human NMJs are much smaller than in the mouse, and they also have much thinner pre-synaptic axons with more rudimentary nerve endings and a different post-synaptic conformation (Jones et al., 2017). In addition, human NMJs vary from those in mice and other species in the so-called safety factor, originally defined as the excess of released ACh to ensure that neuromuscular transmission takes place (Wood and Slater, 2001). Precisely, morphological diversity may underlie differences in the safety factor between species. In general, it seems that the safety factor in humans is lower than in mice (Wood and Slater, 2001). Of note, variation or reduction in the safety factor is associated with different pathological conditions (Wood and Slater, 2001), such as congenital myasthenic syndromes (Engel et al., 2015), or myasthenia gravis (Plomp et al., 2017).
Thus, to better understand the form and function of the NMJ in human health and disease, it is important to identify animal models that more closely resemble human NMJs. Given the clear differences identified between humans and mice (Jones et al., 2017), larger animal models could provide more suitable, albeit probably more impractical, alternatives.
Boehm and others have recently compared the morphology of the NMJs of four different hindlimb muscles in six mammalian species (mouse, cat, dog, pig, sheep, and human) (Boehm et al., 2020). Using the NMJ-morph tool (Jones et al., 2016), they performed a deep qualitative and quantitative characterization. In the qualitative analysis, they observed that mouse NMJs have a characteristic, so-called “pretzel” morphology, while human NMJs were surprisingly small and nummular (coin-shaped) in morphology (Jones et al., 2017). Strikingly, the morphology of pig and sheep NMJs was very similar to each other, and the closest to that of humans.
In the quantitative analysis, a total of 21 pre- and post-synaptic variables were measured, including nerve terminal areas, the number terminal branches, AChR and endplate areas, and the degree of fragmentation of the endplate, among others (Table 10). Most of these variables were significantly larger in mice and dogs compared to humans. In contrast, these parameters attained the lowest values in cats. When considering overall size, cats and humans had strikingly small NMJs, while dogs presented the largest ones. As in the qualitative analysis, sheep and pig NMJs showed the highest similarity to human NMJs, especially sheep, with 19 of the 21 parameters analyzed showing no statistically significant differences (18/21 in the case of pigs) (Boehm et al., 2020).
TABLE 10 | Characteristics of NMJs in different mammalian species taking the human as reference. Key: (−) lower, (+) greater, (++) two times larger, (+++) three or more times larger values than in humans. Significance levels: **p < 0.01, ****p < 0.0001. Original data from (Boehm et al., 2020).
[image: Table 10]This study disproves the theory that NMJ size is inversely correlated with body mass, a theory proposed over 3 decades ago (Balice-Gordon and Lichtman, 1990). Indeed, it was hypothesized that the small size of human NMJs compared to mouse ones was due to the difference in size between both species. However, now according to Boehm et al. (2020), this is not the case, as rats or cats, larger animals than mice, have equal and smaller NMJs relative to humans, respectively.
To date, this is the only study that has carried out in-depth comparative analyses of NMJs in different mammalian species, highlighting the limitations of using the mouse as a model. Its main drawback, though, is that it only considers hindlimb muscles, so it could be possible that for other muscles, the animals with the greatest similarity to humans are not sheep. It would be therefore important to extend this work to more muscle types of diverse developmental origin.
In addition to differences in morphology and size of the pre- and post-synaptic components, differences can also be observed in tSCs (Santosa et al., 2018). In comparison with mice, despite having a similar number of tSCs per NMJ, human tSCs are significantly smaller, covering less AChR synaptic area, but extending extrasynaptically (Alhindi et al., 2021), at least in the peroneus brevis hindlimb muscle. These features, whereas being normal in human tSCs, have been considered as “pathological” in mice, as they have been described in mouse models of ALS and in denervation experiments (Kang et al., 2014; Carrasco et al., 2016). This highlights the importance of understanding the structure and function of all components of the NMJ in each species, in order to be able to efficiently translate scientific findings to humans.
Furthermore, the above-mentioned morphological differences among the NMJs of the diverse species are accompanied by distinct functionalities, as exemplified by their differential response to aging. Numerous studies based on work with mice suggest that mammalian NMJs are unstable with age (Valdez et al., 2010; Willadt et al., 2016), but little is known about what happens in humans. Indeed, during aging, mouse NMJs suffer post-synaptic fragmentation, pre-synaptic axon diameter decreases, partially innervated NMJs appear, and a reduction of AChR density takes place (Valdez et al., 2010). In humans, however, it has been shown that these events do not occur: there is only a slight increase in the diameter of pre-synaptic axons, with no signs of remodeling or fragmentation of the NMJs, which remain fairly stable throughout (Jones et al., 2017), in contrast to other mammalian species.
3.2 The impact of muscle properties and sex on NMJ morphology and functionality
For years it has been hypothesized that there was a positive correlation between NMJ size and muscle fiber diameter (Balice-Gordon and Lichtman, 1990). However, a recent study has failed to find any relationship between the morphology of the NMJ and the diameter of the fiber it innervates (Boehm et al., 2020), suggesting that fiber size is not a determining factor in NMJ morphology.
In contrast, fiber type does play a role: in general, NMJs innervating fast type II (a, x, and b) muscle fibers appear to be more elaborate, with a greater number of branches and a larger area than those innervating slow type I fibers (Sieck and Prakash, 1997; Mejia Maza et al., 2021). Further, NMJs innervating type II fibers show less overlap between the pre- and post-synaptic terminals, leading to increased susceptibility to neuromuscular failure and subsequent fatigue, while NMJs innervating type I fibers are more resistant to failure and less prone to fatigue (Sieck and Prakash, 1997). However, in the mouse this is not always the case. For example, in the hindlimb soleus muscle, slow type I fibers have larger NMJs than their fast Ia counterparts. This could be due to the fact that the soleus is a major postural muscle, thus subject to constant physical activity and therefore more neurotransmission, which could lead to the expansion of both pre- and post-synaptic structures. This adaptation would allow the NMJ to store more ACh and express a greater number of receptors, which would help delay the onset of neuromuscular failure and fatigue (Deschenes et al., 2013).
In addition to the differences associated with the type of fiber that make up the muscles, it appears that the physiological state of the muscle may influence the morphology of the NMJ that innervates it. Numerous studies have shown that aging produces morphological changes in NMJs (Deschenes et al., 2013; Willadt et al., 2016; Burke et al., 2021; Dobrowolny et al., 2021). For example, in mouse extensor digitorum longus, gastrocnemius and adductor longus limb muscles, there is an increase in endplate area as well as an increased number of AChR clusters at 34 months of age (Burke et al., 2021). Exercise and caloric restriction are additional factors that produce alterations in NMJs and they can even prevent their deterioration with aging (Valdez et al., 2010).
Furthermore, the function that a muscle performs could also influence NMJ morphology. For example, the splenius capitis cranial muscle in the rat has higher ratios of endplate size to muscle fiber volume than the quadriceps limb muscle, with which it has important functional and structural differences, even if both are considered fast muscles (Pfister and Zenker, 1984). Indeed, cranial muscles perform very different functions to other muscles in the body, such as the laryngeal muscles, which regulate the shape and tension of the vocal cords that mediate the control of phonation, vocalization, breathing, and swallowing. They have a fast shortening speed, high active tension, and resistance to fatigue. Their functional and structural differences with the muscles of the limbs is such that they remain intact or only slightly affected in some degenerative neuromuscular diseases: their specific characteristics may thus confer resistance to certain pathologies (Feng et al., 2012). Feng and others compared the structure and morphology of NMJs of laryngeal muscles with those of hindlimb muscles in rats (Feng et al., 2012). They analyzed 3 laryngeal muscles (laryngeal thyroarytenoid (TA), cricothyroid (CT), and posterior cricoarytenoid (PCA)) and 2 hindlimb muscles (soleus (SOL) and extensor digitorum longus (EDL)) and found significant differences between them. In particular, in laryngeal muscles, NMJs were more fragmented the higher the proportion of fast fibers in the muscle, with the PCA and TA showing the highest degree of fragmentation. This relationship does not occur in hindlimb muscles, which, in contrast, present the largest NMJs (Feng et al., 2012). Furthermore, they confirmed that, as in humans, polyinnervation is also present in rat laryngeal muscles, a finding that had only been previously observed in cranial muscles (Feng et al., 2012).
Given the remarkable differences among the NMJs of diverse muscles within the same organism, it stands to reason that there may also be differences between the NMJs of females and males of the same species. This would not be surprising considering the numerous studies that have shown sex-specific characteristics of skeletal muscle, including differential fiber type composition or size, and contraction strength (Staron et al., 2000; Davegårdh et al., 2019; O’Reilly et al., 2021). However, little is known about the possible morphological differences between NMJs of both sexes, since there are few works that directly addresses this issue, to the best of our knowledge. One such study found that in the case of rat EDL, SOL, and PL hindlimb muscles, there are no significant differences in the NMJs of females and males, although in all three muscles fiber sizes differ, being male fibers larger than those in females (Deschenes et al., 2013). This is in contrast to one of the laryngeal muscles, the TA, in which females have more fragmented NMJs than males (Feng et al., 2012), which might contribute to sexual dimorphism in the voice (Lenell and Johnson, 2017). These variations in NMJs could be the reason why certain muscle diseases affect both sexes differently, as in the case of spasmodic dysphonia, characterized by involuntary movements and inconsistent contraction of the laryngeal muscles, and mainly affecting females (Feng et al., 2012). However, further comparative studies are needed to determine whether differences in the NMJs of other muscles exist, which may allow us to understand the differential involvement of both sexes in some pathologies.
4 CONCLUSION
NMJs are complex structures responsible for the translation of nervous inputs into functional motor outcomes. Malfunction in any of its components -MNs, skeletal muscle or tSCs-result in defects in the development, maintenance, activity and integrity of the NMJ. In humans, 42 NMJ-specific disorders, the congenital myasthenic syndromes, have been described as indicated in the Gene Table of Neuromuscular Disorders (www.musclegenetable.fr), a specialized database that collects all known neuromuscular diseases and their causative genes, if known (Dubowitz, 1991). However, “pure” MN or skeletal muscle dystrophies can also lead to NMJ deficiencies. In addition, the multitude of mouse mutant lines generated by the scientific community has taught us that there are probably many more genes essential for NMJ biology. Several reasons could explain the fact that they have not been associated with a disease in humans. First, their function could be so essential that their absence is incompatible with life and thus, it is not possible to find patients carrying mutations in these genes. Second, the function of these genes may not be as essential in humans due to the existence of redundant or compensatory mechanisms, or simply because their functions in mice and humans have evolved divergently. Therefore, their malfunction would not cause significant phenotypes in humans. Third, many genes are pleiotropic and therefore control several traits even in different organs or at different developmental time points. Deficiencies in one such genes could cause earlier or more serious phenotypes than defects in the NMJ, especially if they do not affect gross motor skills. In this scenario, abnormalities in the NMJ would probably be missed unless specifically addressed. Or fourth, they have not been associated with a human disease to date. In any case, we provide here a list of novel candidate genes that should be considered in the study of the pathophysiological mechanisms of diseases that affect the NMJ and their potential treatments. This list is not exhaustive since it relies on manually curated data available at the MGI database. Thus, attention should be paid in the future for novel annotations and references that could expand the repertoire of potential candidate genes associated with NMJ-related diseases.
The mouse is the most commonly used model for the study of NMJ-related diseases, however, as described in this review, it may not always be the best choice. Numerous studies have shown that there are important differences between mouse and human NMJs, which may explain the failure to translate the results obtained with this animal to the clinic. In addition, we have seen how larger mammalian models, such as sheep or pigs, could provide a better model, closer to humans, for the study of these pathologies. Nevertheless, more studies are needed to gain a detailed understanding of the features of the NMJs of small and large mammals so that we have a model as close as possible to humans. It is also important to bear in mind that muscle properties and even biological sex can influence NMJ morphology and function. For example, it has been shown that the type of fiber that innervates the NMJ affects its size. However, comparative analyses that take into account these factors are very limited, especially in the case of sex-specific differences. Thus, the field would greatly benefit from more studies in this regard in order to develop efficient treatments for NMJ-related diseases in human.
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