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ABSTRACT 
 

Alongside playing structural roles, the extracellular matrix (ECM) acts as an interaction platform 

for cellular homeostasis, organ development, and maintenance. The necessity of the ECM is 

highlighted by the diverse, sometimes very serious diseases that stem from defects in its 

components. The neuromuscular junction (NMJ) is a large peripheral motor synapse differing 

from its central counterparts through the ECM included at the synaptic cleft. Such synaptic basal 

lamina (BL) is specialized to support NMJ establishment, differentiation, maturation, 

stabilization, and function and diverges in molecular composition from the extrasynaptic ECM. 

Mutations, toxins, and autoantibodies may compromise NMJ integrity and function, thereby 

leading to congenital myasthenic syndromes (CMSs), poisoning, and autoimmune diseases, 

respectively, and all these conditions may involve synaptic ECM molecules. With 

neurotransmission degraded or blocked, muscle function is impaired or even prevented. At worst, 

this can be fatal. The paper reviews the synaptic BL composition required for assembly and 

function of the NMJ molecular machinery through the lens of studies primarily with mouse 

models but also with human patients. In-depth focus is given to collagen XIII, a postsynaptic-

membrane-spanning but also shed ECM protein that in recent years has been revealed to be a 

significant component for the NMJ. Its deficiency in humans causes CMS, and autoantibodies 

against it have been recognized in autoimmune myasthenia gravis (MG). Mouse models have 

exposed numerous details that appear to recapitulate human NMJ phenotypes relatively faithfully 

 



 

and thereby can be readily used to generate information necessary for understanding and 

ultimately treating human diseases. 

 

 

 

INTRODUCTION 

Synaptic connections between neurons and between nerve and other cell types enable fast, 

reliable responses to internal and external stimuli. The neuromuscular junction (NMJ) is a 

cholinergic synapse of the peripheral nervous system between the efferent motoneuron, wrapped 

by terminal Schwann cells, and a skeletal muscle fiber (Hall and Sanes, 1993, Sanes and 

Lichtman, 1999). Recent studies have revealed it to feature another cell type, a fibroblast-like 

one that is poorly characterized at present. This is the kranocyte, which forms a loose cover over 

the NMJ (Court et al., 2008). At the NMJ, a presynaptic electrical signal originating from the 

central nervous system (CNS) elicits exocytosis of the neurotransmitter acetylcholine (ACh) 

from the presynaptic vesicles at active zones. ACh diffuses rapidly through the basal lamina (BL), 

the extracellular matrix (ECM) of the synaptic cleft, to bind its postsynaptic receptors (AChRs), 

triggering a cascade of molecular events that leads to contraction of the muscle fiber. Thereupon, 

ACh signaling is terminated by hydrolysis mediated by ACh esterase (AChE) at the synaptic 

cleft (Fig. 1A) (Hall and Sanes, 1993, Massoulie and Millard, 2009, Sanes and Lichtman, 1999). 

Within the synaptic cleft between the motoneuron terminal and the muscle fiber, a gap 

approximately 50–80 nm wide, are many synaptic molecules and basement membrane (BM) 

 



 

components (Hall and Sanes, 1993, Sanes and Lichtman, 1999). At the synaptic cleft, only the 

sheet-like BL of the muscle BM, composed of non-fibrillar collagens, non-collagenous 

glycoproteins, and proteoglycans, passes between the nerve and muscle fiber; the BL further 

extends into postsynaptic junctional folds (Fig. 1A) (Patton, 2003, Sanes, 2003). The basic core 

of the BL is composed of collagen IV and laminin networks, interconnected by heparan sulfate 

proteoglycans and nidogens. Some components of the BL either run throughout the muscle BM 

(e.g., perlecan, fibronectin, and collagen VI) or display parallel synaptic and extrasynaptic 

isoforms (type IV collagens, laminins, nidogens, and agrin), while the others (collagen XIII, 

ColQ, and AChE) exist only synaptically (Bezakova and Ruegg, 2003, M. A. Fox et al., 2007, M. 

A. Fox et al., 2008, Latvanlehto et al., 2010, Patton et al., 1997, Patton, 2003, Sanes et al., 1990, 

Sanes, 2003, Singhal and Martin, 2011). Through their presynaptic and postsynaptic cellular 

receptors, the BL components serve to attach the nerve terminal and muscle fiber at the NMJ, 

and errors in operation at any point may lead to misalignment, occupation of the synapse by 

inappropriate cell types, or (in extreme cases) axon retraction, thereby also compromising 

postsynaptic integrity. Most synaptic BL components have been further demonstrated to have 

roles in the biology of the NMJ and to influence its development, maintenance, structure, and 

function (Massoulie and Millard, 2009, Patton, 2003, Singhal and Martin, 2011). In comparison 

to CNS synapses, the vertebrate neuromuscular synapses are about 1,000 times larger and are 

simpler in patterning. They are also easier to access. For these reasons, they are often used in 

studies of synaptogenesis and synaptic physiology (Desaki and Uehara, 1981, Sanes and 

 



 

Lichtman, 2001, Singhal and Martin, 2011). However, study of the motor synapses is highly 

important in its own right; proper development, maturation, dynamic homeostasis, and 

functioning of the motor synapse are crucial for many vital processes, among them breathing and 

voluntary muscle movements. Deficits in NMJ function arising from compromised or lost 

signaling between the CNS and the skeletal muscle result in myasthenia, with outcomes ranging 

from mild muscle weakness to lethality due to respiratory failure (Engel et al., 2015, Maselli, 

Arredondo et al., 2012, Wu et al., 2010). 

 

Formation of the NMJ 

The temporal aspects of NMJ biology can be divided into embryonal development, postnatal 

maturation, maintenance, and aging (Fig 1 B–C). During embryonal development in mice, two 

waves of myogenesis take place, at E9.5–E14.5 and E15–E17, resulting in formation of 

multinucleated myotubes through myoblast fusion. Before innervation, primary myotubes 

already express diffuse clusters of AChRs at their sarcolemma. Such pre-patterning in, for 

example, the mouse diaphragm between E12.5 and E13.5 has been posited to act as a primary 

determinant of the subsequent innervation pattern (Darabid et al., 2014, Lin et al., 2001, Liu et 

al., 2008, Tintignac et al., 2015, Wu et al., 2010). Multipotent progenitor cells differentiate into 

motoneurons in the neural tube and to Schwann cells originating in the neural crest. Guided by 

extracellular cues, motoneurons project their axons toward the developing muscle fibers, with 

Schwann cells migrating alongside, and in the mouse they reach their targets between E12.5 and 

E14.5 (Chal and Pourquie, 2017, Sanes and Lichtman, 1999, Tintignac et al., 2015). Those AChR 

 



 

clusters that become innervated by motoneurons begin growing in size and develop into NMJs, 

while aneural clusters will have disappeared by E18.5 (Lin et al., 2001). Though a myotube may 

initially be innervated by multiple motoneurons, during postnatal maturation muscle fibers 

become monoinnervated, with the excess axons perishing within two weeks after birth (Fig. 1B) 

(Darabid et al., 2014, Lin et al., 2001, Liu et al., 2008, Tintignac et al., 2015, Wu et al., 2010). 

After prepatterning and innervation, molecules secreted by the nerve, muscle, and Schwann 

cells contribute to the assembly of the NMJ. These influence the further maturation and 

functioning of the presynaptic and postsynaptic counterparts. Although NMJs are functional from 

birth, their properties differ from adult-form NMJs’: the maturation required for stable and 

efficient synapses is complete only postnatally. In this process, the postsynaptic endplate grows 

larger and undergoes morphological changes, with a simple ovoid shape giving way to complex 

pretzel-like morphology complemented by junctional folds and gutters. Presynaptically, the 

terminal branches, active zones, and associated proteins increase in number, and synaptic 

vesicles accumulate exclusively at the nerve terminal. In mice, the maturation of NMJs is 

complete approximately one month after birth (Fig. 1C). Over this time, also the motoneuron 

axons become myelinated and more efficient. Additionally, other functionality changes take 

place during maturation of NMJs, such as shifts in channel functions in the presynaptic and 

postsynaptic membranes, further stabilization of AChR clusters, and changes in the composition 

of the synaptic BL (Sanes and Lichtman, 1999, Sanes and Lichtman, 2001, Shi et al., 2012, 

Singhal and Martin, 2011, Wu et al., 2010). Interestingly, even the fully mature NMJs in adults 

 



 

are not rigid structures but exhibit great plasticity. For example, endurance training has been 

shown to increase synapse size and complexity along with the extent of motoneuron terminal 

branching (Deschenes et al., 2006, Deschenes et al., 2016, Nishimune et al., 2014). 

 

Degeneration of the NMJ 

Low levels of physical activity, aging, and disease all impair the morphology of the NMJ, 

manifesting themselves in partial denervation, fragmentation of AChR clusters, and reductions in 

active zone and AChR density (Fig. 1B–C) (Li et al., 2011, Nishimune et al., 2014, Punga and 

Rüegg, 2012, Valdez et al., 2010). In motoneurons affected by degeneration, terminal axons may 

get thinner or express varicosities indicative of neurofilament accumulations. These changes 

represent autophagocytosis frequently observed in dystrophic axons in connection with several 

neurodegenerative diseases (Fig. 1C) (Perrot and Eyer, 2009, Valdez et al., 2010, Yang et al., 

2013). 

Even though their etiologies differ, all NMJ disorders are characterized by muscle weakness 

and fatigability resulting from degradation of neurotransmission at the motor synapse. In most 

cases, the defects are found predominantly in certain muscle groups, preferentially affecting 

proximal, bulbar, and/or extraocular muscles. Disorders of the NMJ stem from immune-mediated, 

genetic, or toxic factors. Depending on the molecular complex affected, the pathological 

processes may be classified as presynaptic, synaptic, or postsynaptic. The two most common 

NMJ disorders are the autoimmune diseases myasthenia gravis (MG) and Lambert–Eaton 

 



 

myasthenic syndrome (LEMS) (Engel et al., 2015, Liang and Han, 2013, Lorenzoni et al., 2012, 

Souza et al., 2016, Spillane et al., 2010). In the majority of generalized MG cases, the cause is 

AChR autoantibodies that block ACh binding, thereby inhibiting the opening of the ion channels; 

decrease AChR levels; and cause complement-mediated damage to the entire endplate (Ha and 

Richman, 2015). Conversely, most LEMS patients harbor autoantibodies to presynaptic ion 

channels (Hulsbrink and Hashemolhosseini, 2014). 

In addition to the more common diseases, there is a wide and expanding spectrum covering 

numerous congenital myasthenic syndromes (CMSs) that arise from either recessive or dominant 

mutations to genes encoding specific proteins of the NMJ, leading to impaired neuromuscular 

transmission. The most frequent CMS clinical manifestation is early-onset fatigable muscle 

weakness, although this may not be apparent until adolescence or adulthood. Typically, 

decrementing of responses in electromyography (EMG) studies demonstrates the patient’s NMJ 

dysfunction. To date, mutations in more than 25 separate genes have been linked to CMSs, of 

various types (Engel et al., 2015, Hantai et al., 2013, Lee et al., 2018, Rodriguez Cruz et al., 

2014a, Rodriguez Cruz et al., 2014b, Souza et al., 2016). Although all CMSs are rare and the 

diseases’ diversity, clinical variability, and diagnostic challenges render prevalence rates difficult 

to determine with accuracy, the number of confirmed cases among children under 18 years of age 

in the UK is found approaching 10:1,000,000 (Parr et al., 2014). 

Postsynaptic types account for about 75–80% of CMS cases, while 7–8% are presynaptic and 

14–15% are of synaptic origin (Lorenzoni et al., 2012). Similarly to MG, most CMSs are 

 



 

postsynaptic and involve AChR subunits, taking the form of reduction in AChR number and/or 

cluster area or changes in channel kinetics that arise from a shorter or prolonged opening time 

(fast- or slow-channel syndrome, respectively) (Engel et al., 2015, Rodriguez Cruz et al., 2014b, 

Souza et al., 2016). 

Some animal species, among them certain snakes and spiders, produce neurotoxins that 

paralyze muscles via blocking of ion channels or hyperstimulated/impaired ACh release (Liang and 

Han, 2013, Souza et al., 2016, Spillane et al., 2010). Medicine derives great benefits from such 

agents and their modification, but, regrettably, mankind has learned to utilize them as weapons too. 

-bungarotoxin, a snake polypeptide neurotoxin from Bungarus multicinctus 

that binds irreversibly to AChRs with high affinity and hence has become an essential tool in NMJ 

studies, for labeling of postsynaptic endplates (Chang and Lee, 1963, Changeux et al., 1970). On 

top of information gleaned from human patients, research on mouse models, both spontaneous 

and purposefully created, has considerably increased our knowledge of the NMJ and advanced 

the understanding of many human NMJ diseases (Vainzof et al., 2008, Webster, 2018). Owing to 

the varied etiologies, CMS patients respond differently to a given medication; therefore, all 

available information helps clinicians to design therapeutic strategies (Lee et al., 2018). 

 

ECM molecules contributing to the assembly of the NMJ and associated diseases 

The synaptic BL contributes to distinct aspects of NMJ formation, synaptogenesis, and 

maturation. The topography and ultrastructure are influenced by the synaptic ECM too, alongside 

 



 

dynamic homeostasis and transmission. After preliminary alignment of the nerve terminal with 

prepatterned AChRs during the embryonic development, ACh is released into the synaptic cleft 

through newly formed active zones of presynaptic membranes. In addition to muscle contraction, 

binding of ACh to AChRs results in destabilization of aneural AChR clusters (Brandon et al., 

2003, Lin et al., 2001). By innervation, nerve-derived, large heparan sulfate proteoglycan agrin, 

deposited in the synaptic BL counteracts the anticlustering effect of ACh (Bolliger et al., 2010, 

Lin et al., 2001). Agrin promotes AChR clustering through activation of Lrp4, MuSK and its 

downstream proteins (Fig. 2) (B. Zhang et al., 2008, W. Zhang et al., 2011). Formation of the 

NMJ clearly depends on agrin: mice lacking agrin fail to properly establish AChR clusters, they 

show aimless overgrowth of axons, and they do not survive postpartum (Gautam et al., 1996, Lin 

et al., 2001). Agrin is further capable of inducing postnatal maturation and handling stability of 

the NMJ later in life (Samuel et al., 2012). Several distinct mutations have been identified in the 

AGRN gene, causing CMS8 and affecting specific muscle groups with diverse disease 

pathologies, which can be severe (Huze et al., 2009, Karakaya et al., 2017, Y. Zhang et al., 2017). 

Interestingly, one of these mutations has been found to cause serious myasthenic symptoms by 

bringing about molecular characteristics similar to those of non-neural agrin (Maselli, Fernandez 

et al., 2012). Recently, anti-agrin autoantibodies were identified in both seronegative and 

seropositive MG patients with early onset and mild to severe clinical presentation, and whether 

such antibodies are causative remains to be investigated (Cordts et al., 2017). 

 



 

AChE, the enzyme terminating neurotransmission at the synapse by hydrolyzing ACh, is 

primarily embedded in the synaptic BL by a collagenous tail, collagen Q (ColQ; Fig. 2) (Krejci 

et al., 1997, Tintignac et al., 2015). A ColQ homotrimer binds three AChE tetramers to generate 

asymmetric AChE, and further connections through perlecan link this complex to dystroglycan, 

ensuring synaptic localization (Fig. 2) (Kimbell et al., 2004, Krejci et al., 1997, Peng et al., 1999). 

Perlecan is capable of interacting with several BL components, and through its heparin sulfate 

side chains it can also bind extracellular signaling molecules (Peng et al., 1999, Talts et al., 1999). 

In mice, a perlecan deficiency is neonatally lethal, and, interestingly, the NMJs are devoid of 

AChE although embryonic development of perlecan-null NMJs is otherwise normal (Arikawa-

Hirasawa et al., 2002). Surprisingly, AChE-null mice are outwardly normal at birth. Nevertheless, 

retarded growth is visible soon after, though NMJs appear ultrastructurally normal when assessed 

at 12 days postpartum. The NMJs of these mice are extremely sensitive to inhibition of 

butyrylcholinesterase, a second enzyme capable of ACh hydrolysis, and AChE-null mice die 

prematurely, before weaning (Xie et al., 2000). A genetic deletion of ColQ in mice results in 

complete loss of AChE, which extends to globular forms, and butyrylcholinesterase at the NMJ. 

Still, ColQ-deficient mice are viable at least until weaning (Feng et al., 1999), and together these 

results demonstrate that there exist additional, although less effective, means of ACh clearance at 

the NMJ. 

Further stabilization of AChE at the NMJ is achieved by ColQ interplay with the Lrp4-MuSK 

receptor complex, an interaction that contributes also to postsynaptic differentiation (Fig. 2) 

 



 

(Cartaud et al., 2004, Karmouch et al., 2013, Sigoillot et al., 2010). In mice, on account of ColQ 

deficiency AChR clusters increase in density and show reduced size postnatally (Feng et al., 

1999, Sigoillot et al., 2010). In addition, some of the NMJs remain immature or become 

fragmented. Furthermore, subsynaptic cytoplasm exhibits degeneration similar to that found after 

acute inhibition of AChE, and invagination of Schwann cell processes into the synaptic cleft can 

be observed (Feng et al., 1999). Tellingly, a decrease in the level of membrane-bound MuSK and 

an increase in all five AChR subunits leads to a mixture of immature and mature AChR clusters 

(Sigoillot et al., 2010, Sigoillot et al., 2016). Mutations in COLQ cause CMS5, accounting for 

about 13% of CMS cases, and endplate AChE deficiency results (Donger et al., 1998, Engel et al., 

2015, Ohno et al., 1998, Ohno et al., 1999). In turn, this leads to prolonged synaptic currents and 

action potentials, with resultant AChR desensitization and development of a secondary 

myasthenic syndrome (Sigoillot et al., 2016). 

Inhibition of AChE activity is a front-line treatment for NMJ diseases. AChE inhibitors such 

as pyridostigmine extend cholinergic transmission by inhibiting hydrolysis of ACh by AChE. 

This enhances neurotransmission in the synaptic cleft but may also have systemic side effects 

(Lee et al., 2018, Sieb, 2014). It is noteworthy that, in addition to having medical use, inhibition 

of AChE is the mechanism of action of a large group of organophosphate compounds that are 

commonly utilized as pesticides but have also been developed into extremely potent chemical 

weapons, such as nerve agents sarin and XV (Bailey et al., 2014). 

 



 

At the synaptic BL, collagen IV and laminin networks are interconnected by nidogen (Fig. 2) 

(J. W. Fox et al., 1991). Nidogen-1 is ubiquitous in muscle BMs, while nidogen-2 becomes 

exclusively synaptic by the third postnatal week in mice (Chiu and Ko, 1994, M. A. Fox et al., 

2008). Unexpectedly, a nidogen-2 deficiency has no effect on the distribution of other major 

synaptic BL proteins. Since nidogen-2 is confined to the synaptic BL only postnatally, 

concomitant compromising of the postsynaptic architecture occurs no earlier than from P56 

onwards in mice lacking it, at which point it is implied by immature and fragmented AChR 

clusters (M. A. Fox et al., 2008). Interestingly, nidogen-2 was recently found to serve as a target 

for tetanus toxin binding at the NMJ (Bercsenyi et al., 2014). 

Embedded in the synaptic BL are three distinct muscle-derived heterotrimeric isoforms of 

respectively; Fig. 2) (Aumailley et al., 2005, Patton et al., 1997). The lam

in all synaptic laminins, binds to the extracellular domains of presynaptic voltage-dependent 

calcium channels (VDCCs) required for ACh release (Nishimune et al., 2004). In laminin -

deficient mice, interaction of this type is lost, preventing maturation of the VDCCs toward P/Q-

type (thereby altering calcium-sensitivity) and reducing levels of proteins in the active zone and 

synaptic vesicle-related proteins (Chand et al., 2015, Chen et al., 2011, M. A. Fox et al., 2007, 

Nishimune et al., 2004). Consequently, the number of active zones and proximal synaptic 

vesicles is decreased, resulting in compromised quantal content and a condition resembling 

LEMS. Moreover, loss of synaptic laminins triggers terminal Schwann cells’ invagination into 

 



 

the synaptic cleft while also affecting postsynaptic endplates, by reducing the junctional folds (M. 

A. Fox et al., 2007, Knight et al., 2003, Nishimune et al., 2004, Noakes et al., 1995, Patton et al., 

1998). Synaptic laminins contribute to AChR clustering through interactions with their 

postsynaptic receptors 7 1 integrin and dystroglycan (Burkin et al., 2000, Jacobson et al., 

2001) presynaptic receptor for synaptic 

laminins (Carlson et al., 2010)  integrin subunit 

(null mice die at birth) results in active zone defects as well, along with invagination by Schwann 

cells, aberrant nerve terminals, and axonal varicosities, together facilitating fragmentation of 

postsynaptic receptor clusters (Ross et al., 2017). Synaptic laminin-deficient NMJs are 

comparable to control-group NMJs at birth but display severe defects by the first postnatal week 

(M. A. Fox et al., 2007, Nishimune et al., 2004, Noakes et al., 1995). Laminin -deficient mice 

die in the third week post-birth, through nephrotic deficits, and Pierson syndrome patients 

carrying LAMB2 mutations phenocopy laminin -deficient mice; i.e., they suffer from severe 

CMS in combination with congenital nephrosis (Maselli et al., 2009, Matejas et al., 2010, 

Noakes et al., 1995). 

While total loss of synaptic laminins results in dramatic reduction in active zone number, 

mice specifically lackin

misalignment of active zones and consequent defective neurotransmission in adulthood (Chand 

et al., 2017, Patton et al., 2001). This highlights the role of the molecular network between 

laminin, VDCCs, and active zone proteins in guiding the synaptic vesicle release sites to be 

 



 

directly opposite the crests of the junctional folds and AChRs and in, furthermore, building 

synaptic vesicles in close proximity to the presynaptic membrane. Laminin 421 is important also 

in tackling unavoidable degenerative changes wrought by NMJ aging (Samuel et al., 2012). 

When all synaptic laminins are lacking, Schwann cells can project into the synaptic cleft. 

Specifically, laminin 521 has been found to be required for preventing such activity (Patton et al., 

1998) ly embryogenesis, muscle-specific 

knockout leads to delayed and incomplete postsynaptic maturation, suggestive of compromised 

interaction of laminin 521 with the postsynaptic receptor dystroglycan and a deficit in MuSK-

independent activation of AChR clustering (Miner et al., 1998, Montanaro et al., 1998, 

Nishimune et al., 2008). Recently identified loss-of-function mutations in LAMA5 are associated 

with underdevelopment and dysfunction of nerve terminals, leading to a severe CMS phenotype 

(Maselli et al., 2017, Maselli et al., 2018)

it can be incorporated into extrasynaptic laminin 211 in addition to 

the synaptic laminin 221, and mutations in its gene result in congenital muscular dystrophy both 

in mice and in man (Miyagoe-Suzuki et al., 2000). The disease additionally features NMJ defects 

specifically affecting postsynaptic maturation (Gilbert et al., 1973, Law et al., 1983). 

Collagen IV exists in the synaptic BL as three heterotr 2

2 2

embryonic stages onward and is not specific to motor synapses (Sanes, 2003). Studies with 

muta 2

 



 

vesicles both during the embryonic development and postnatally but becomes dispensable at 

2 ynaptically 

from the third postnatal week onward, after which mice deficiency 

2  are absent develop various 

presynaptic and axonal defects. These include axon retraction from the postsynaptic 

specializations, preterminal ring-like neurofilament aberrations, and axonal expansion. Collagen 

IV of these two varieties is important also for postsynaptic integrity: a (IV) chain 

deficiency results in fragmentation of the AChR-rich endplate (M. A. Fox et al., 2007). 

A very recent study newly identified collagen VI, an abundant muscle BM-associated 

heterotrimeric collagen whose deficiency results in muscular dystrophies, as an important 

component of the NMJ (Fig. 2). A deficiency of collagen VI in null mice and human patients 

leads to defects in the postsynaptic endplate, as well as errors in expression of synaptic 

molecules, and compromised neurotransmission when studied in null mice. In vitro studies of 

C2C12 myotubes found collagen VI to regulate synaptic transcription as well as AChR clustering 

(Cescon et al., 2018). 

Distinct phenotypes, with varying severity, in both mutant mice and human patients highlight 

several unique and indispensable roles of various NMJ proteins. Each piece in the synaptic BL 

structure has a part to play for achieving full assembly and functioning of the neuromuscular 

system. 

 

 



 

 
 

Collagen XIII in focus 

While only a single common ancestor, COL-99, exists in Caenorhabditis elegans, in mammals 

together with closely related collagens XXIII and XXV, collagen XIII share a subfamily of 

membrane-associated collagens with interrupted triple helices (MACITs) (Tu et al., 2015). These 

non-fibrillar collagens are type II transmembrane proteins with a short N-terminal intracellular 

domain, a single membrane-spanning hydrophobic domain, and a large extracellular C-terminal 

domain that can be shed into the pericellular environment through the action of furin-type 

proprotein convertases (Fig. 2) (Banyard et al., 2003, Hägg et al., 1998, Hashimoto et al., 2002, 

Väisänen et al., 2004, Veit et al., 2007).The presence of two distinct molecular forms of these 

collagens points to the possibility of multiple roles as cellular receptors or ECM components and 

soluble signaling molecules. In immunoelectron microscopy of the NMJ, collagen XIII 

associates with the synaptic BL and postsynaptic sarcolemma, and immunofluorescent staining 

shows it is being confined to synaptic expression (in the muscle, a second dedicated location of 

collagen XIII is the myotendinous junction) (Hägg et al., 2001, Härönen et al., 2017, Latvanlehto 

et al., 2010). Neither type XIII nor type XXV collagen is detectable in cultured C2C12 myoblast 

cells, while the expression of both is strongly induced after fusion into myotubes (Latvanlehto et 

al., 2010, Tanaka et al., 2014). At protein level, both the transmembrane form and shed collagen 

XIII wer -

galactosidase activity in Col13a1LacZ mice verified the expression to be muscle-derived 

 



 

(Latvanlehto et al., 2010). Collagen XIII may interact with several BL components, since its 

ectodomain has been shown in vitro to bind with high affinity to heparin, perlecan, nidogen-2, 

and fibronectin and with intermediate affinity to collagen IV and laminin (Fig. 2) (Tu et al., 

2002). 

Animal studies have clarified the roles of MACITs in the peripheral nervous system. COL-99 

mutant worms display an axon pathfinding defect for ventral nerve cord motor nerves (Taylor et 

al., 2018). During worms’ development, COL-99 is expressed in the hypodermis, and in adult 

worms it is expressed in muscle and the NMJ, suggesting a cell non-autonomous paradigm in 

axon guidance (Taylor et al., 2018, Tu et al., 2015). Interestingly, collagen XIII ectodomain 

support was found to enhance neurite outgrowth in cultured rat fetal hippocampal neurons (Sund 

et al., 2001). Moreover, knockout studies have determined collagen XXV to be indispensable to 

embryonal intramuscular innervation in mice. Although motoneuron axons in these studies 

initially projected properly toward the muscle targets, they failed to elongate and branch 

intramuscularly. Axon degeneration resulted, and the insufficient supply of target-derived 

survival factors led to total motoneuron loss by E18.5. Muscle development was compromised, 

and together these defects led to respiratory failure and neonatal lethality (Tanaka et al., 2014). In 

consistent findings, mutations in the COL25A1 gene are associated with human diseases affecting 

innervation of cranial muscles, especially extraocular ones (Khan and Al-Mesfer, 2015, Shinwari 

et al., 2015). The possibility of a link between collagen XXIII and the NMJ or diseases thereof 

awaits confirmation. 

 



 

Recently, anti-collagen XIII antibodies were identified in MG patients, although their 

possible involvement in the disease’s emergence remains enigmatic (Tu et al., 2018). Genetically, 

collagen XIII is linked to NMJ disease in that loss-of-function mutations in COL13A1 have been 

proven to cause CMS19. Of 15 CMS patients without a known etiology, Logan and colleagues 

identified three patients harboring two separate mutations in the COL13A1 gene, and additional 

mutations have been reported since, though not yet specified (Beeson et al., 2018, Logan et al., 

2015). Clinically, a collagen XIII deficiency in these homozygous and compound heterozygous 

patients caused weakness of bulbar, axial, and limb muscles especially. Feeding and breathing 

problems emerged soon after birth. Notwithstanding the severely compromised muscle function, 

few signs of regeneration was observed in the muscle morphology in analysis at 6–12 months of age 

– namely, some centrally located nuclei, slightly variable fiber size, and the presence of fetal 

myosin (Logan et al., 2015). Collagen XIII-deficient mice closely phenocopy many of the 

symptoms displayed by CMS19 patients. For example, muscle weakness is obvious in null mice 

in that they are able to hold their body weight for only about one minute while wild-type 

littermate control mice performed successfully in a grid hanging test until the five-minute cutoff 

time (Härönen et al., 2017, Zainul et al., 2018). Furthermore, the muscle pathology of young 

adult null mice shows regeneration alterations identical to those in the patient samples examined. 

Mouse studies reveal also that, specifically, slow muscle fibers are susceptible to regeneration 

changes stemming from lack of collagen XIII, with a shift toward faster fiber types being 

observed in null mice (Härönen et al., 2017). 

 



 

Additional features typical of affected individuals include low-set ears, micrognathia, a high-

arched palate, barrel chest (pectus carinatum), and recurrent chest infections. It is noteworthy in 

this connection that the severe respiratory-muscle weakness and chronic lung disease caused the 

death of one patient at the age of eight years (Logan et al., 2015). In null mice, however, the 

NMJ defects stabilize in adulthood and the myasthenia is not progressive (Zainul et al., 2018). 

Because collagen XIII is not purely NMJ-specific – it has been found to be expressed in nearly 

all tissues studied – it is not so surprising that collagen XIII-deficient mice occasionally 

experience failure in their general condition before senescence, indicating that other organ 

systems may be involved in the disease etiology as well (Hägg et al., 2001, Sund et al., 2001, 

Zainul et al., 2018). This is typical also for many other diseases affecting the NMJ, since 

molecules affected in a given condition may be components of BMs elsewhere in the body too. 

To explore the connection between collagen XIII and CMS19 pathology further, Logan and 

colleagues confirmed loss of the collagen in the NMJ from a patient sample taken at six months 

of age. Additional immunostainings of cryosections have indicated a normal pattern of 

expression of proteins marking synaptic vesicles, terminal Schwann cells, AChE, and AChRs 

(Logan et al., 2015); however, this stands in contrast to what is visible in both young and adult 

null mice – for example, AChR cluster size and complexity are compromised from two weeks of 

age onward (Härönen et al., 2017, Latvanlehto et al., 2010). In vitro studies involving C2C12 

myotubes suggest that the shed collagen XIII ectodomain is capable of inducing AChR cluster 

maturation and, on the other hand, that expression of mutant collagen XIII mimicking the 

 



 

COL13A1 frameshift mutation reduces the number of large AChR clusters while not having an 

effect on average AChR cluster size (Latvanlehto et al., 2010, Logan et al., 2015). These studies 

suggest that collagen XIII conducts some direct autocrine functions in the AChR clustering. In 

addition, postsynaptic defects detected in adult null mice may result in large part from alterations 

in retrograde signaling actions: a collagen XIII deficiency has very strong effects on presynaptic 

alignment, differentiation, complexity, integrity, and function (Härönen et al., 2017, Latvanlehto 

et al., 2010). Mouse samples were stained for synaptic markers in a whole-mount setting, which 

afforded 3D evaluation of the NMJs better than did the patient-sample preparation, from a frozen 

muscle biopsy. Staining revealed that accumulation of synaptic vesicles exclusively at the nerve 

terminal is delayed in young adult null mice; accordingly, vesicles can be erroneously found in 

the terminal axon. Furthermore, innervation is incomplete; the postsynaptic receptors are not 

fully covered by their presynaptic counterparts, and Schwann cells invaginate into the synaptic 

cleft on account of compromised transsynaptic adhesion (Latvanlehto et al., 2010). Terminal 

branching complexity is reduced, retraction of nerve termini and Schwann cells from the synapse 

can be observed, and axons show signs of degeneration (Härönen et al., 2017, Zainul et al., 2018). 

Moreover, a reduction in the number of synaptic vesicles and of active zones consistently leads 

to compromised amplitude of postsynaptic potentials, probabilities of spontaneous release and a 

readily releasable pool of ACh in ex vivo electrophysiological measurements (Latvanlehto et al., 

2010). Mouse studies show additionally that transmembrane collagen XIII is sufficient for 

propagating normal adhesion between synaptic partners, for which 1 1 integrin possibly could 

 



 

serve as a direct receptor on the presynaptic membrane (Härönen et al., 2017, Martin et al., 1996, 

Nykvist et al., 2000). Mice with forced expression of transmembrane collagen XIII and no shed 

form display NMJs that are closer to normal than those of null mice, indicating that it is the 

transmembrane form that has primary responsibility for many of the collagen XIII actions at the 

NMJ, although its shedding into the synaptic BL is also indispensable (Härönen et al., 2017, 

Zainul et al., 2018). 

In addition to the postsynaptic and presynaptic alterations detected in collagen XIII-null mice, 

disturbances in the synaptic AChE pattern were found. AChE does not align precisely with 

AChRs in null mice as it does in control mice; instead, there are receptor-positive areas devoid of 

AChE and vice versa; AChE diffuses from the AChR cluster area. Consistently, ColQ has been 

added to the list of BL components interacting with collagen XIII and thereby stimulating AChE 

fine localization at the NMJ in a collagen XIII-dependent manner (Härönen et al., 2017). 

The results presented above attest that collagen XIII plays an important role in postnatal 

maturation of presynaptic, synaptic, and postsynaptic constituents of the NMJ. The significance 

of collagen XIII has been studied further in the context of regeneration of the NMJ after 

peripheral nerve injury. With collagen XIII-null mice, whole-mount immunofluorescent staining 

and function tests determined that reestablishment of the NMJs is delayed and remains 

incomplete. The muscle morphology meanwhile is unaltered in null mice from before injury to 

the end of the follow-up time, six weeks post-injury. Motor axons display delays in regenerative 

processes, a defected pattern existing before the injury occurred. These elements compromise 

 



 

reestablishment and stabilization of the NMJ and point to a fundamental role of collagen XIII in 

recreation of the motor synapse after peripheral nerve injury. This finding suggests also that 

healing of a nerve injury in a CMS19 patient might stay incomplete (Zainul et al., 2018). 

Studies with mouse models have dramatically increased knowledge of the functions of 

collagen XIII and of the pathological consequences of its altered expression. Furthermore, 3,4-

Diaminopyridine, a substance used for successfully treating one CMS19 patient produced short-

term improvements in the muscle strength of collagen XIII-deficient mice, providing more 

evidence that null mice may have use also as a preclinical model in preliminary evaluation of 

possible treatment options for CMS19 patients (Härönen et al., 2017). 

 

 

SUMMARY 

Molecules specific to the synaptic BL operate alongside more widely distributed fundamental 

muscle BM components to form the indispensable platform that optimal neurotransmission 

demands. The presentation of NMJ disorders varies in response to numerous distinct factors 

behind disease etiologies. For that reason, responses to medication may be unpredictable in cases 

where the causative disease mechanism is not well characterized. Although conditions affecting 

the NMJ are relatively rare, any knowledge that can contribute to improved treatment is of great 

importance for patients. Mouse models have proven reliable and informative in studies of the 

molecular architecture and functionality aspects of the NMJ components. They thereby aid in 

predicting and planning treatment options, and these models can assist us still further, aiding 

 



 

with preclinical testing of such strategies. It is, however, important to keep in mind differences in 

certain features of the NMJ between species when translating findings from mouse to human 

(Jones et al., 2017). Underlying factors in NMJ diseases are being newly identified continuously, 

and the results accumulated add to our understanding of the formation process and functioning of 

the NMJ. All such research results facilitate recognition and diagnosis of NMJ disorders, of 

whatever sort, and contribute to treatment that can ameliorate the suffering of human patients. 
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FIGURE LEGENDS 

 
Figure 1. Structure and temporal aspects of the neuromuscular system in mice. A) The motor 

nerve terminal, capped by terminal Schwann cells covered by a kranocyte and with the axon 

myelinated by Schwann cells, encloses cytoskeletal structures, mitochondria, synaptic vesicles, 

active zones, and other components. AChE resides in the synaptic cleft, embedded in the sheet-

like BL. The postsynaptic muscle sarcolemma forms secondary junctional folds from the primary 

synaptic cleft. Preterminally released ACh diffuses through that cleft and is bound by AChRs 

clustered on the crest of secondary folds opposite active zones, resulting in contraction of cross-

striated myofibrils. B–C) Embryonally (E), ECM cues guide motoneuron axons associated with 

Schwann cells toward prepatterned AChR clusters, some of which become innervated by 

 



 

multiple axons while others remain without innervation. The latter disappear before birth, 

whereas innervated clusters postnatally (P) become singly innervated and myelinated, achieving 

mature, pretzel-like shape by P28. Several muscle fibers with shared metabolic and function 

properties (slow- and fast-twitch fibers, in red and green) are innervated by a single motor nerve, 

thereby jointly forming a motor unit. Among the indicators of eroding NMJ integrity in aging 

and disease are preterminal retraction, sprouting, and swallowing and postsynaptic rarefying, 

dispersion, and fragmentation of AChR clusters. 

 

Figure 2. Molecular assembly of the motor synapse. The agrin-MuSK-Lrp4 complex contributes 

to AChR clustering. Laminins are presented here with their presynaptic and postsynaptic 

receptors. Synaptic interactions of collagens IV, VI, and XIII; nidogen-2; perlecan; and ColQ 

further stabilize the synapse. 

 






