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Editorial on the Research Topic

MolecularMechanismsUnderlying Assembly andMaintenance of the Neuromuscular Junction

The Frontiers Research Topic “Molecular mechanisms underlying assembly and maintenance of the
neuromuscular junction” highlights recent progress in the field of neuromuscular development
and maintenance in health and disease. Every voluntary movement such as breathing, walking
and eating relies on the appropriate function of the neuromuscular junction (NMJ), therefore
much of our behavior, well-being, and productivity are governed by this specialized synapse.
NMJ dysfunction occurs in many different diseases affecting the neuromuscular system, including
motor neuron diseases, muscular dystrophies, autoimmune diseases, and congenital myasthenic
syndromes (Li et al., 2018). Most of these disorders are difficult to treat and can be life threatening.
Moreover, NMJ maintenance plays a key role in weakened muscle function during aging (Hunter
et al., 2016). It is therefore of central importance to understand the mechanisms of NMJ
development, maintenance, and function under healthy and pathological conditions to develop
new therapeutic strategies for patients and an aging society. In this special issue, we combined
comprehensive reviews of new emerging concepts together with original articles investigating the
complex molecular mechanisms that govern the formation, maintenance, and integrity of the NMJ
to its dysfunction in aging and diseases.

The NMJ is a complex structure, formed by a highly organized interplay between motoneuron,
muscle endplate, and perisynaptic Schwann cells (Sanes and Lichtman, 2001; Li et al., 2018).
Its development and functional maturation as well as physiological adaptation throughout life
require a coordinated sequence of molecular mechanisms. Cruz et al. provide a comprehensive
review about the complexity of NMJ development covering mechanisms involved in synapse
formation andmaintenance as well as in disease and aging. The muscle-type nicotinic acetylcholine
receptor (AChR) is the key component at the post-synaptic muscle membrane that is activated
upon presynaptic neurotransmitter release and controls muscle response. High concentration and
localized AChR expression are prerequisites for efficient neurotransmission. Subunit composition
changes during development and influences properties of the AChR. Cetin et al. summarize the
structural and functional differences between the fetal and adult AChR isoforms and their distinct
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roles during NMJ formation and function. The study by
Rudell et al. characterized the MX-helix in the β and δ

subunits of the AChR to show their role in receptor assembly
and surface expression, thereby explaining the functional
consequences of mutations found in congenital myasthenic
syndromes. Synaptic nuclei closely associated with the post-
synaptic membrane express specific genes and contribute to
the development and function of the NMJ. Huang et al.
used the RiboTag techniques to perform a large-scale gene
expression profiling of transcripts present at NMJs in fast-
twitch muscle. The authors found an enrichment of known
and novel genes that are part of different networks such as
diacylglycerol and phosphatidylinositol signaling or extracellular
matrix components, thus expanding the group of molecular
players involved in NMJ development.

NMJmaturation andmaintenance are essential for precise and
refined muscle contraction. The size of the NMJ increases, its
morphology andmolecular composition changes and high AChR
density has to be maintained. The molecular mechanisms that
regulate maturation and maintenance remain largely unresolved.
Bernadzki et al. identified the guanine nucleotide factor Arhgef5
as binding partner of α-Dystrobrevin, which is part of the
dystrophin-associated glycoprotein complex and important for
NMJ maintenance. Mice lacking Arhgef5 expression in the
muscle show a loss of NMJ structural integrity and a reduction
of active RhoA and Cdc42 pointing to the importance of actin
dynamics for NMJ maintenance. Eiber et al. found in a knock-
out mouse model for the intermediate filament protein desmin
that NMJs are structurally and functionally impaired. These
findings support previous reports of patients with myasthenic
syndrome in addition to the classical occurrence of myopathy
and cardiomyopathy caused by mutation in desmin. NMJ
perturbations have been critically linked to age-related loss of
muscle mass and function. The mechanisms responsible for
NMJ destabilization during aging remain elusive but the TOR
(Target of Rapamycin) pathway has drawn attention due to
its crucial role in proteostasis. Castets et al. discuss the recent
insights on TOR and its role in NMJ stability and function.
Badawi and Nishimune focus on age-dependent functional and
morphological decline of human NMJs. Aging processes in
mouse models of accelerated aging are compared to human
phenotypes and potential intervention approaches to attenuate
age-dependent NMJ dysfunction and sarcopenia are discussed.

Neuromuscular disorders are a large group of heterogeneous
disorders that can affect the function of skeletal muscles,
peripheral nerves or different components of the NMJ, resulting
in skeletal muscle weakness, myoclonus, muscle stiffness, or
myalgia. They are a diverse group of diseases with greatly
varying parameters such as age of onset, affected muscle
groups, pathogenic mechanisms, disease severity, co-morbidities,
and treatment options. Unraveling the underlying molecular
mechanisms of NMJ development and function is key to our
understanding of pathogenic mechanisms and essential for the
development of novel diagnostic/prognostic assays and therapies.

Three original reports highlight the importance of genetic
defects in neuromuscular transmission disorders, so-called
congenital myasthenic syndromes (CMS). Della Marina et al.

report on 32 patients with defects in 8 different CMS-genes,
who were followed for a median time of 12.8 years at a
single clinical center in Germany. Karmouch et al. provide new
insights into the signaling pathways that are regulated by ColQ-
deficiency and highlight a role for HuR and p38 in mRNA
stability in a mouse model of CMS. Finally, Spendiff et al.
treated CMS model mice with a genetic defect in the AGRN
gene using a small agrin compound, which restored post-synaptic
structure and improved muscle strength through normalization
of muscle fiber composition and the prevention of atrophy.
Pathogenic autoantibodies against neuromuscular proteins
interfere with NMJ structure and function in myasthenia gravis
(MG). Takamori reviews the known intra- and extracellular
autoantibodies in MG and how they affect AChR clustering,
trans-synaptic homeostasis and synaptic stability, while Cao et al.
provide an in-depth state-of the art of the clinical features,
pathophysiology, and treatment of MG with autoantibodies
against MuSK. A subgroup of MG with autoantibodies to the
AChR is also strongly associated with the presence of thymoma
(TAMG), which may play a role in the immunopathogenesis, as
the thymus is essential to uphold central tolerance mechanisms
and remove autoreactive T-cells that could initiate an immune
reaction against NMJ proteins (Marx et al., 2013). Recent studies
suggest that thymomas in TAMG may be of a distinct molecular
subtype of thymic epithelial tumors, but little is known about
the epigenetic modifications of thymomas in TAMG. Coppedè
et al. investigated blood and thymoma tissues from 69 TAMG
patients and studied the methylation pattern of tumor suppressor
and DNA repair genes but did not observe any differences
in the methylation between thymoma tissue and unaffected
thymus tissue or any correlation between clinic, methylation
and histopathology.

Treatment of neuromuscular disorders remains challenging
and the development of stem cell-based therapies represents
a promising alternative to current treatment options. Rigon
et al. tested adipose-derived stromal cells for their potential
to support NMJ and muscle regeneration. The authors find
a short-term beneficial effect on NMJ regeneration but also
observed late phase muscle necrosis and fibrosis induced
by an inflammatory response. Myasthenic weakness may
be exacerbated by a range of drugs that can interfere with
NMJ function, pre- or post-synaptically, including antibiotics,
cardiovascular drugs, volatile anesthetics, corticosteroids,
lithium, magnesium and other drugs, and a range of drugs
and treatments are under suspicion to precipitate de novo
myasthenic syndromes, such as chloroquine, D-penicillamine, or
immune checkpoint inhibitors. Krenn et al. provide an overview
over drugs and treatments that influence or possibly induce
myasthenic weakness, thereby increasing awareness of adverse
treatment effects.

Within this special issue, articles discuss NMJ physiology and
highlight some of the complex coordinated events critical for
synaptic formation and homeostasis as well as the pathogenic
mechanisms underlying NMJ dysfunction. We therefore believe
that this special issue provides an excellent overview on
current knowledge and future challenges in the field of the
neuromuscular system.
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DEDICATED TO WES THOMPSON

The research community lost Wesley J. Thompson, one of the
pioneers of neuromuscular research in 2019. He contributed
seminal work on the role of nerve activity and Schwann cells
during NMJ development discussed in detail by Lee and Rimer.
Wes was a passionate scientist, a great mentor and wonderful
person. He is deeply missed and we would like to honor his loss
by dedicating this special issue to our dear friend and colleague
Wes Thompson.
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Nicotinic acetylcholine receptors (AChRs) are pentameric channels that mediate fast
transmission at the neuromuscular junction (NMJ) and defects in receptor expression
underlie neuromuscular disorders such as myasthenia gravis and congenital myasthenic
syndrome (CMS). Nicotinic receptor expression at the NMJ is tightly regulated and we
previously identified novel Golgi-retention signals in the β and δ subunit cytoplasmic
loops that regulate trafficking of the receptor to the cell surface. Here, we show that
the Golgi retention motifs are localized in the MX-helix, a juxta-membrane alpha-helix
present in the proximal cytoplasmic loop of receptor subunits, which was defined
in recent crystal structures of cys-loop receptor family members. First, mutational
analysis of CD4-MX-helix chimeric proteins showed that the Golgi retention signal was
dependent on both the amphipathic nature of the MX-helix and on specific lysine
residues (βK353 and δK351). Moreover, retention was associated with ubiquitination of
the lysines, and βK353R and δK351R mutations reduced ubiquitination and increased
surface expression of CD4-β and δ MX-helix chimeric proteins. Second, mutation of
these lysines in intact β and δ subunits perturbed Golgi-based glycosylation and surface
trafficking of the AChR. Notably, combined βK353R and δK351R mutations increased
the amount of surface AChR with immature forms of glycosylation, consistent with
decreased Golgi retention and processing. Third, we found that previously identified
CMS mutations in the ε subunit MX-helix decreased receptor assembly and surface
levels, as did an analogous mutation introduced into the β subunit MX-helix. Together,
these findings indicate that the subunit MX-helix contributes to receptor assembly and
is required for normal expression of the AChR and function of the NMJ. In addition,
specific determinants in the β and δ subunit MX-helix contribute to quality control of
AChR expression by intracellular retention and ubiquitination of unassembled subunits,
and by facilitating the appropriate glycosylation of assembled surface AChR.

Keywords: nicotinic acetylcholine receptor, protein motif, trafficking, neuromuscular junction, congenital
myasthenic syndrome
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INTRODUCTION

The muscle nicotinic acetylcholine receptor (AChR) is a ligand-
gated ion channel belonging to the cys-loop superfamily of
receptors that includes the neuronal ACh, GABAA, glycine and
5HT3 receptors. The muscle AChR mediates fast transmission
at the neuromuscular junction (NMJ) and is a pentamer
composed of four subunits with the stoichiometry α2βεδ (adult
form). All of the receptor subunits are homologous and have
a large extracellular N-terminal domain, 4 transmembrane
domains and a large cytoplasmic loop between transmembrane
domains 3 and 4 (Unwin, 2005; Sine, 2012). High resolution
structures have recently been obtained for several members
of the cys-loop family and reveal a conserved architecture of
the channel and constituent subunits, as well as providing
new insights into the structural basis of transmitter binding
and channel gating (Unwin, 2005; Hassaine et al., 2014; Miller
and Aricescu, 2014; Huang et al., 2015; Wu et al., 2015;
Morales-Perez et al., 2016). One region that is only partially
resolved in these structures, however, is the subunit large
cytoplasmic loop domain, which contains critical determinants
for trafficking and targeting of the receptor (Millar and
Harkness, 2008; Albuquerque et al., 2009). This region begins
with the short MX helix located just after TM3 and ends
with the long MA helix that is continuous with TM4,
but no structure is available for the intervening sequence
(Wu et al., 2015).

Synaptic transmission at the NMJ is rapid and reliable
due in part to the high density of AChRs in the postsynaptic
membrane, and defects in AChR expression in genetic and
autoimmune diseases impair transmission and result in
myasthenia (Verschuuren et al., 2016; Engel, 2018). The
expression of AChR at the NMJ is tightly regulated and depends
on the appropriate assembly, trafficking and localization of
receptors in the postsynaptic membrane (Millar and Harkness,
2008). This slow and complex process begins with the synthesis
and assembly of receptor subunits in the ER. Assembled receptor
is then exported from the endoplasmic reticulum (ER) and
trafficked to the Golgi apparatus for further processing, which
includes modification of N-linked oligosaccharides on the
γ and δ subunit to more complex forms (Gu et al., 1989; St
John, 2009). Finally, the mature AChR is sorted, trafficked
to the plasma membrane, and localized in the postsynaptic
membrane. Each step in this process is thought to be directed by
specific molecular signals in the receptor subunits that function
in distinct cellular compartments. Moreover, as the process
is relatively inefficient with only 10–30% of the synthesized
subunits being incorporated into surface nAChR (Merlie and
Lindstrom, 1983; Wanamaker et al., 2003), quality control
mechanisms play an important role in ensuring that only
correctly assembled, functional channels are expressed on the
cell surface (Fu et al., 2016).

The molecular basis for the initial steps in AChR biogenesis
are relatively well understood, with several signals being defined
on the receptor subunits that govern receptor assembly and
ER quality control (Millar and Harkness, 2008; Colombo et al.,
2013). For example, determinants in the subunit extracellular

domains direct the ordered assembly of receptor subunits,
helping ensure the correct stoichiometry of receptor. Other
determinants in the subunit first transmembrane domain
and major cytoplasmic loop permit the export of pentameric
receptor from the ER, but retain unassembled or partially
assembled subunits (Keller et al., 2001; Wang et al., 2002;
Ren et al., 2005), where they are then ubiquitinated and
degraded by the ER-associated degradation machinery
(Christianson and Green, 2004). In contrast, little is known
about the molecular signals that regulate subsequent steps
in AChR trafficking. Golgi trafficking is likely regulated, as a
genetic screen in Caenorhabditis elegans identified the Golgi-
resident protein, unc-50, as being required for trafficking
of one subtype of nAChR to the NMJ (Eimer et al., 2007).
Moreover, it likely provides an additional quality control
checkpoint, as mutations in the α subunit loop that allow ER
export result in the unassembled subunit being retained in
the Golgi by an unknown mechanism (Keller et al., 2001).
To define the molecular determinants that regulate these
later trafficking steps we performed an unbiased screen
for post-ER trafficking signals in the AChR subunit major
cytoplasmic loop. We identified novel motifs in the β and
δ subunit loops that mediate Golgi retention, and mutation
of this motif permits surface expression of unassembled
subunit loops and increases surface levels of assembled
AChR (Rudell et al., 2014). Here, we show that the Golgi
retention signal is localized in the MX-alpha helix and is
centered on key lysine residues. We find that the motif
contributes to quality control both through ubiquitination
and intracellular retention of unassembled subunits, and
by facilitating the appropriate Golgi-based glycosylation
of assembled receptor. In addition, we identify distinct
determinants in the MX helix that contribute to receptor
assembly, and CMS-linked mutations in this region impair
subunit assembly and AChR expression. Thus, the MX-helix
of receptor subunits contain important molecular signals that
regulate the assembly, trafficking and expression of muscle
AChR at the NMJ.

MATERIALS AND METHODS

Rosetta Molecular Modeling
Homology modeling of human AChR beta and delta subunits
was performed using Rosetta structural modeling software (Rohl
et al., 2004; Song et al., 2013; Bender et al., 2016; Alford
et al., 2017) based Robetta server (Park et al., 2018) and
x-ray structure of the human alpha4beta2 nicotinic receptor
(Morales-Perez et al., 2016) as a template. Human AChR
beta subunit was modeled based on human alpha4beta2
nicotinic receptor beta 2 subunit (PDB ID: 5KXI chain C)
(Morales-Perez et al., 2016). Human AChR delta subunit was
modeled based on human alpha4beta2 nicotinic receptor beta
2 subunit (PDB ID: 5KXI chain B) (Morales-Perez et al.,
2016). 1,000 models were generated for each subunit and
clustered (Bonneau et al., 2002) to identify top 5 models.
We then superimposed a representative model from one of
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the top human AChR beta subunit models onto human
alpha4beta2 nicotinic receptor beta 2 subunit (PDB ID: 5KXI
chain C) and a representative model from one of the top
human AChR delta subunit models onto human alpha4beta2
nicotinic receptor beta 2 subunit (PDB ID: 5KXI chain
B) in the complete structure of the human alpha4beta2
nicotinic receptor (Morales-Perez et al., 2016). All structural
figures were generated using the UCSF Chimera package
(Pettersen et al., 2004).

CD4-Subunit Loop Constructs
Chimeric constructs consisting of mouse CD4 extracellular and
transmembrane domains fused with the major cytoplasmic loop
of each mouse nAChR subunit were generated and described
previously (Borges et al., 2008; Rudell et al., 2014). Mutations in
the intracellular loops were introduced using the QuikChange
Lightning site-directed mutagenesis kit (Agilent Tech.) and
confirmed by sequencing.

Cell Culture and Transfection
HEK cells were maintained in growth media (DMEM
supplemented with 10% fetal bovine serum, 2 mM L-glutamine
and 200 U/ml penicillin-streptomycin) at 37◦C and 5%
CO2. They were transfected at ∼70% confluence using
calcium phosphate (for large 10 cm dishes) or Lipofectamine
3000 (Invitrogen).

C2 mouse muscle cells were maintained in growth media
(DMEM supplemented with 20% fetal bovine serum, 0.5% chick
embryo extract, 2 mM L-glutamine and 200 U/ml penicillin-
streptomycin) at 37◦C and 8% CO2. Myoblasts were transfected
at ∼60–70% confluence using Fugene (Roche) or Lipofectamine
3000 (Invitrogen). Upon reaching confluence the cells were
incubated with fusion medium (DMEM supplemented with 5%
horse serum and 2 mM L-glutamine) and allowed to differentiate
into myotubes for 3–4 days prior to analysis (Borges et al., 2008).

Surface Expression of CD4 Chimeras
and AChR
For on cell western assays, C2 muscle cells were grown on
8-well chamber slides and duplicate wells were transfected
with each CD4-subunit loop chimera. After 3–4 days for
expression the cells were fixed and one of the two wells
was permeabilized with 0.5% Triton X-100. The slides were
then incubated with anti-CD4 antibody to assay surface
levels of CD4-chimera in non-permeabilized cells (first well),
compared to total levels (surface + intracellular) of the
same CD4-chimera in permeabilized cells (second well).
Bound antibodies were detected using IRDye-conjugated anti-
rat secondary antibodies and an Odyssey Imaging System
(LiCor). Total signal intensity was measured for each well
and the percentage of surface (non-permeabilized) versus total
(permeabilized) expression calculated for each CD4-subunit loop
chimera. Data was collected from 4–6 independent experiments
for each construct.

To assay levels of surface AChR, HEK cells were grown on
6-well plates and transfected with mouse AChR subunits. After

1 d for expression, the cells were labeled with 10 nM I125-
labeled-α-BuTx (Perkin Elmer) for 45 min. Non-specific binding
was determined by treating myotubes with 1 µM of cold α-
BuTx for 30 min prior to incubation with I125-α-BuTx. Cells
were then washed three times with growth media to remove
unbound I125-α-BuTx, solubilized in 0.1N NaOH and the I125-
α-BuTx bound to surface AChR was measured with a Packard
gamma counter. Background counts were subtracted from the
experimental counts and values are reported as a percentage of
the total surface counts for cells transfected with wild type AChR.

Isolation and Immunoblotting of
CD4-Chimeras and AChR
To assay ubiquitination of CD4 subunit loop chimeras by
western blotting, transfected C2 muscle cells were washed,
scraped off and pelleted in ice cold PBS. They were then re-
suspended in extraction buffer (0.5% Triton X-100, 25 mM Tris,
25 mM glycine, 150 mM NaCl, 5 mM EDTA, and protease
inhibitors) and incubated for 10 min on ice, after which the
insoluble proteins were pelleted by centrifugation at 13,000 rpm
for 5 min. The CD4 chimeras were immunoprecipitated
from the soluble fraction with monoclonal antibody GK1.5
(BD Biosciences-Pharmingen, San Jose, CA) chemically cross-
linked to protein G-agarose (Invitrogen, Carlsbad, CA). The
isolates were separated on 10% polyacrylamide gels and
immunoblotted with anti-ubiquitin antibody P4D1 (Santa Cruz
Biotech.). The bound antibodies were then detected using IRDye-
conjugated secondary antibody, imaged with an Odyssey Imaging
System, and band intensities quantified using ImageStudio
(Li-Cor). Immunoblots were re-probed with rmCD4 antibody
(R&D Systems) to confirm levels of the different CD4
subunit loop chimeras.

To assay AChR glycosylation, heterologous HEK cells were
transfected with wild type or mutant AChR subunits. Epitope
tagged (142) delta subunits were used to allow unambiguous
identification of delta, and G1G2 delta variants had T78A and
S145A mutations to eliminate the two N-linked glycosylation
sites (Ramanathan and Hall, 1999). After 1 day for expression,
the cells were incubated live with biotinylated α-bungarotoxin
(α-BuTx) for 45 min to label surface AChR, and then washed,
collected and extracted in buffer containing 0.5% Triton
X-100, 25 mM Tris, 25 mM glycine, 150 mM NaCl, 5 mM
EDTA and Halt protease inhibitor cocktail (ThermoScientific).
First, biotin-α-BuTx-labeled surface receptor was isolated
from the extracts using streptavidin-beads (Invitrogen).
Then, unlabeled intracellular AChR was isolated from the
remaining supernatant by re-incubation with biotin-α-BuTX
and pulldown on streptavidin beads. The samples were separated
on large format 10% polyacrylamide gels (14 × 14 cm) and
immuno-blotted with anti-β (mAb148) and anti-δ (mAb142)
subunit antibodies (Santa Cruz Biotech.). Bound antibodies
were detected using IRDye-conjugated anti-rat secondary
antibody, imaged with an Odyssey Imaging System, and
band intensities quantified using ImageStudio (Li-Cor). In
experiments to assay AChR assembly, unassembled β subunit
was isolated from cell extracts after isolation of assembled
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AChR, using mAb148 chemically cross-linked to protein
G-agarose.

RESULTS

Molecular Structure and Determinants of
MX-Helix Retention Motifs
In previous work we identified Golgi retention motifs in the β

and δ subunit proximal cytoplasmic loops (Rudell et al., 2014).
Interestingly, this region corresponds to the MX-helix, which is

a juxta-membrane amphipathic α-helix defined in recent crystal
structures of cys-loop receptor family members (Hassaine et al.,
2014; Morales-Perez et al., 2016). As this region is not resolved
in the lower resolution structures of the muscle AChR (Unwin,
2005), we used Rosetta software to model the MX-helices using
the neuronal α4β2 AChR crystal structure (Morales-Perez et al.,
2016). As shown in Figures 1A–C, the structure and position
of the MX-helix is similar in all subunits, although differences
exist in the distribution of charged residues. In the case of
the β and δ subunits, the Golgi retention motifs consist of a
short loop following TM3 and the laterally positioned MX-helix

FIGURE 1 | Golgi retention motifs are localized in the MX-helix. (A) Sequence alignment of the neuronal beta 2 and muscle beta and delta subunits, depicting the
initial portion of the large cytoplasmic (TM3-TM4) loop. The MX-helix region is shown by the gray box, and the Golgi retention signals in β and δ are both centered on
lysine residues (βK353 and δK351; denoted by red boxes). Sequence identity and conservation are represented by * and : symbols. (B) General architecture of the
nicotinic acetylcholine receptor, based on the α4β2 crystal structure, showing the extracellular (EC), transmembrane (TM), and intracellular (IC) domains. Alpha
subunits are in light gray, beta subunit in green, delta subunit in blue and epsilon subunit in light blue. The arrow marks the δ subunit MX-alpha helix, which is
positioned laterally just below the membrane. Note that the rest of the intracellular domain is missing from the structure. (C) View perpendicular to the membrane
looking from the intracellular side. Asterisks mark the MX-helix in each subunit. (D) The muscle beta and delta subunits were modeled using Rosetta structural
modeling software. The initial portion of the TM3-TM4 cytoplasmic segment consists of a short loop following TM3 (arrowhead) followed by the laterally positioned
MX-helix (residues shown with sidechains). The MX-helix contains the critical determinants for the Golgi retention signal, which are centered around K353 in the beta
subunit and K351 in the delta subunit (red arrows mark key lysine residues, which are shown in space filling representation).
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(Figure 1D). The key sequence determinants for retention
identified in our earlier study lie within the MX-helix and
include an ordered sequence of hydrophobic and hydrophilic
residues related to the partially amphipathic structure of the
helix. Moreover, the critical lysine residues identified in the β

and δ motifs (βK353 and δK351) are both surface-exposed in
the model and potentially accessible, although the sidechains of
βK353 are positioned close to the plasma membrane (Figure 1D).
This MX helix structure provides a straightforward molecular
basis for the functional effects described in our earlier mutational
analysis (Rudell et al., 2014). For example, βK353L and δK351L
mutations would locally alter the surface charge on the MX-helix,
and other single amino-acid insertions or deletions that abolished
retention (e.g., βQ348del, βL353ins, and δK354ins) would shift
the rotational axis of the helix and also alter the relative
position of the charged and hydrophobic residues. Together, this
structural and functional analysis indicates that β and δ subunit
trafficking motifs depend on the alpha-helical MX structure and
its distribution of charged and hydrophobic residues.

Although all receptor subunits possess an MX-helix one
feature of the β and δ subunits is the surface-exposed lysine
residues (βK353 and δK351). To further probe their role in
the retention signal, we compared the effects of mutating the
lysine residues to either leucine or arginine. Substitution to
leucine preserves the MX α-helical structure but replaces the
positively charged lysine residue with a neutral amino acid,
whereas substitution to arginine maintains the positively charged
residue and thus the alignment of charged amino acids on the
helix. For this, we expressed CD4-subunit loop chimeric proteins
in C2 mouse muscle cells and used an on-cell western assay
to quantify surface versus total expression for each chimera
(Supplementary Figure 1). As shown in Figure 2A, the chimeras
consist of the CD4 extracellular and transmembrane domains
fused to the β or δ cytoplasmic loops, or to the minimal β or
δ retention signals encompassing the MX-helix. As reported in
our earlier study, a large fraction of CD4-β and δ loop chimeras
were retained intracellularly, but mutating the key lysine residue
in each motif to leucine (βK353L or δK351L) was sufficient to
increase their surface expression several-fold (Rudell et al., 2014).
Surprisingly, we found that lysine to arginine mutations also
significantly increased their surface expression (Figure 2B), with
surface levels approaching those of CD4-loop chimeras with K-L
mutations. Indeed, β K353L and K353R mutations increased
surface levels of CD4-β loop by 5.9 and 3.6-fold, and CD4-
β333-369 by 3.2 and 2.5-fold, respectively. Similarly, δ K351L
and K351R mutations increased surface levels of CD4-δ loop by
98 and 77-fold, and CD4-δ337-370 by 2.2 and 2.9-fold. These
experiments indicate that the β and δ retention signals depend
not only on the amphipathic nature of the MX-helix, but also on
specific lysine residues (βK353 and δ K351).

Role of the MX-Helix Retention Motifs in
Quality Control
Lysine residues are notable in that they are targets for several
types of post-translational modification. The most common is
ubiquitination, which plays an important role in the regulation of

trafficking, degradation and quality control of many membrane
proteins (Mukhopadhyay and Riezman, 2007; MacGurn et al.,
2012; Foot et al., 2017). Consequently, we tested whether MX-
helix lysine residues are ubiquitinated and if ubiquitination
contributes to retention. For this, we expressed CD4-subunit
loops in HEK cells as the low expression levels of some chimeras
in muscle cells was prohibitive for biochemical experiments.
The CD4-subunit loop chimeras were then immunoprecipitated
from cell extracts using anti-CD4 antibody and immunoblotted
with anti-ubiquitin antibody. Notably, we detected significant
ubiquitination of CD4-β and δ loops but low or undetectable
ubiquitination of CD4 or CD4-ε loops (Figure 3A). The
ubiquitination of CD4-β and δ loops was evident as a higher
molecular weight ladder beginning around 9 kD above the major
CD4-β and δ bands detected with anti-CD4 antibody, consistent
with the addition of one or more ubiquitin molecules. Thus,
ubiquitination occurs on CD4-β and δ loops which are retained
intracellularly, but not on CD4 and CD4-ε loop, which are
trafficked efficiently to the cell surface.

To then define the determinants for ubiquitination, we
expressed CD4-β and δ proximal loop fragments with mutations
of βK353 and δK351 or of neighboring residues. We detected
robust ubiquitination of CD4-β333-369, which was significantly
reduced by mutation of K353 to either L or R (Figure 3B).
Similarly, ubiquitination of CD4-δ337-370 was largely abolished
by mutation of K351 to L or R and comparable to CD4 control
(Figures 3B,C). In addition, we tested whether other mutations
previously found to impair retention of CD4-β333-369 also
reduced ubiquitination. Indeed, insertion of a leucine in the MX
helix (L353ins) or substitution of L354 for lysine both greatly
decreased ubiquitination, despite the presence of K353 or even
an additional lysine. Finally, by immunoblotting with anti-CD4
antibody we confirmed that the differing levels of ubiquitination
were unrelated to total expression of CD4-β333-369 and δ337-
370, and also that only a small proportion of each occurred in
the higher molecular weight, ubiquitinated form. Together, these
findings suggest that ubiquitination occurs largely on βK353
and δK351 and is dependent on a specific recognition sequence
that encompasses these lysines in the MX-helix. Ubiquitination
correlates closely with intracellular retention of the CD4-β and
δ loop chimeras, and likely regulates either their retention in
the Golgi apparatus and/or their subsequent degradation. Thus,
ubiquitination of the MX-helix motifs contributes to Golgi-based
quality control of receptor trafficking.

Next, we tested whether the Golgi retention motifs also
regulate trafficking and quality control of fully assembled AChR.
For this, we focused on glycosylation of the AChR, which
includes a key maturational step that occurs in the Golgi
apparatus. Previous studies have shown all receptor subunits
contain conserved N-linked glycosylation sites mostly with
simple oligosaccharides added during receptor biosynthesis in
the ER (Gehle et al., 1997). In the case of the gamma and delta
subunits, however, the simple oligosaccharides at one of the
glycosylation sites are modified to complex forms in the Golgi
apparatus (Gu and Hall, 1988; Ramanathan and Hall, 1999),
prior to receptor trafficking to the plasma membrane. First,
to confirm the earlier studies, we sequentially isolated surface
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FIGURE 2 | Molecular determinants for retention include specific lysine residues. (A) Schematic showing the CD4-subunit cytoplasmic loop chimeras used to
characterize the retention signal. These consist of CD4 extracellular and transmembrane domains fused to either the full β or δ subunit intracellular loops, or to
proximal loop fragments encompassing the MX-helix. (B) C2 mouse muscle cells were transfected in duplicate with each CD4-subunit loop chimera, and the
percentage of each protein that was expressed on the cell surface was measured in on-cell Western blot assays. The percentage of CD4-β and δ full loops and
CD4-β333-369 and δ337-370 on the cell surface (gray bars) was much lower than for CD4 control (hatched bar). Surface expression of the CD4-β and δ chimeras
was increased significantly, however, by substitution of βK353 or δK351 for either leucine or arginine (**p < 0.01;*p < 0.05; one way ANOVA with Tukey’s multiple
comparisons test; n = 4–6 experiments, error bars = SEM). The effect of K–L mutations tended to be slightly larger than K–R mutations, but this difference was not
statistically significant.

and intracellular AChR from transfected HEK cells (see section
“Methods”), and then immunoblotted for the β and δ subunits
(Figure 4A). To unambiguously identify the δ subunit we utilized
an antibody to a C-terminal epitope tag, as available antibodies
recognize both the γ and δ subunits. We found that the wild
type (WT) δ subunit in surface AChR runs at significantly higher
molecular weight than δ in intracellular AChR (∼68 cf. 62 kD),
confirming that its N-linked oligosaccharides are modified prior
to trafficking to the plasma membrane. Indeed, quantification
of these experiments shows that ∼90% of the delta subunit in
surface AChR has mature glycosylation, compared to only 17%
in intracellular receptor (Figure 4B). To confirm that the shift
in molecular weight was due to changes in glycosylation we
expressed AChR containing delta subunit with mutations of the
glycosylation sites (δG1G2). As expected, deltaG1G2 was evident
as a single band of lower molecular weight and present only
in intracellular receptor (Figure 4A). Similarly, expression of
an incomplete set of receptor subunits (α, β, and δ subunits)
resulted in delta subunit with largely immature glycosylation
and mostly in intracellular receptor. These findings confirm
earlier studies and show that N-linked glycosylation of the delta
subunit is required for efficient subunit assembly and surface
expression of AChR.

We have shown previously that mutation of the retention
motifs increases surface AChR by promoting Golgi to surface

trafficking (Rudell et al., 2014). Consequently, we tested whether
the β/δ retention motifs contribute to delta subunit glycosylation
in the Golgi and if their mutation perturbs the selective
expression of mature AChR on the cell surface. To do this,
we expressed AChR in wild type form or with combined
βK353L and δK351L mutations, and sequentially isolated surface
and intracellular receptor and then immunoblotted for the
β and δ subunits. We found that surface wild type and
mutant AChR contained predominantly the high molecular form
of the delta subunit with mature glycosylation. However, a
significantly higher percentage of low molecular weight delta
subunit was detected in βK353L/δK351L – AChR compared
to wild type AChR (16% cf. 8%, Figures 4C,D). Thus,
mutation of the retention motifs increases surface AChR
with immature glycosylation by twofold, indicating that the
motifs contribute to Golgi trafficking and quality control of
assembled receptor.

Role of MX-Helix in AChR Assembly and
Expression
The MX-helix is present in all receptor subunits and could
regulate additional aspects of AChR assembly or trafficking
that are critical for its expression and function at the NMJ.
Consistent with this, two previously identified human mutations
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FIGURE 3 | Retention is associated with ubiquitination of MX-helix lysine residues. (A,B) CD4 subunit loop chimeras expressed in HEK cells were
immunoprecipitated from cell extracts using anti-CD4 antibody cross-liked to agarose beads. The isolates were immunoblotted with monoclonal anti-ubiquitin
antibody (P4D1), and then re-probed with polyclonal anti-CD4 antibody. We detected ubiquitination of both CD4-β and δ full loops (A) and CD4-β333-369 and
δ337-370 MX-helix chimeras (B). The ubiquitination was evident as a characteristic ladder of high molecular weight forms (bracket) beginning around 9 kD above the
major band detected with anti-CD4 antibody (arrow). In contrast, little or no ubiquitination was evident for CD4 (control), CD4 with a deleted intracellular tail (CD4-T),
or CD4-ε loop. Note that the asterisk marks a non-specific band present in non-transfected samples. (B) High levels of ubiquitination of CD4-β333-369 and
δ337-370 were greatly reduced by mutation of βK353 or δK351 to either leucine (L) or arginine (R). Mutations adjacent to βK353 also reduced ubiquitination
(βL353ins and βL354K). (C) Quantification of the immunoblots shows that ubiquitination of CD4-β333-369 was reduced 57% by K353L/R mutations, and
ubiquitination of CD4-δ337-370 was reduced 92% by K351L/R mutations (***p < 0.001, one way ANOVA with Tukey’s multiple comparison’s test, n = 4–6
independent transfection experiments).

linked to congenital myasthenic syndrome (CMS) localize to the
epsilon subunit MX-helix. The first is a homozygous missense
mutation (CHRNE P351L; Croxen et al., 2001), which reduces
assembly and surface expression of AChR in heterologous
cells, and the second is a homozygous 27 base pair deletion
(CHRNE 1046_1072del27 eliminating amino acids 349-357),
whose functional effects are uncharacterized (Maselli et al.,
2010). Interestingly, these mutations occur near the end of the
MX helix (Figure 5A) and the structural model shows that
these residues contribute to the cytoplasmic interface between
the α and ε subunits (Figure 5B). Indeed, in the molecular

structures of both the α4β2 and 5HT3 receptors, the end of
each subunit MX-helix contacts the short loop following TM3
in the adjacent subunit (Hassaine et al., 2014; Morales-Perez
et al., 2016). These findings suggest that the MX-helix could
play a role in subunit assembly and AChR expression. To test
this, we compared the effects of the CMS-linked mutations
in both the epsilon and beta subunits. For this, wild type
and mutant AChR subunits (α, β, ε, and δ) were expressed
in heterologous HEK cells, and levels of surface receptor
were measured by binding of I125-labeled alpha-bungarotoxin.
Compared to wild type AChR, we found that surface receptor
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FIGURE 4 | Mutation of the Golgi retention motif increases surface AChR with immature glycosylation. (A) HEK cells were transfected with wild type AChR subunits
(α, β, ε, and an epitope-tagged δ subunit), or with AChR containing δ subunit with mutated N-linked glycosylation sites. We then sequentially isolated surface and
intracellular AChR and immunoblotted the isolates for the β and δ subunits. We found that surface AChR contained a higher molecular weight form of δ subunit
compared to intracellular AChR (∼68 cf. 62 kD), which has been shown to be due to modification of N-linked oligosaccharides during transit through the Golgi
complex. Consistent with this, AChR containing δ with mutated glycosylation sites (δG1G2), or only α, β and δ subunits were largely retained in the intracellular
receptor pool and contained only lower molecular weight forms of δ (marked by asterisks in longer exposure image). (B) Quantification shows that surface AChR
contains largely high molecular weight δ subunit with mature glycosylation (89% of total). In contrast, intracellular AChR contains only 17% high molecular weight δ

subunit, with the vast majority (83%) being low molecular weight δ subunit with immature glycosylation (**p < 0.005; paired t test; n = 5 experiments; error
bars = SEM). (C) HEK cells were transfected with wild type AChR or AChR containing combined βK353L and δK351L mutations (K–L), and surface and intracellular
AChR were sequentially isolated and immunoblotted with anti-β and δ subunit antibodies. Compared to wild type AChR, mutant AChR contained significantly more
low molecular weight delta subunit with immature glycosylation (asterisk). (D) Quantification showing the percentage of WT and K–L surface AChR with immature δ

subunit glycosylation, with each pair of data points representing a separate transfection experiment. Combined βK353L/δK351L mutations increased the amount of
surface AChR with immature glycosylation by twofold, from 8 to 16% (**p < 0.005; paired t-test; n = 5 experiments).

levels were decreased 25% for εP351L-AChR and 55% for
εdel349-357-AChR (Figure 5C). An analogous mutation in
the β subunit (βP355L) decreased receptor levels by 50%, but
a βP355A mutation had no discernable effect. In addition,
we found that a targeted mutation of the preceding residue
(βL354K) designed to misposition the MX-helix reduced surface
receptor levels by 85%. In the case of CHRNE P351L, the
decrease in surface receptor results primarily from impaired
assembly of the mutant subunit (Croxen et al., 2001). To
test whether this is also the case for βP355L we sequentially
isolated assembled AChR and then unassembled beta subunit
and immunoblotted to compare the amount of beta subunit
in each pool (Figure 5D). Notably, βP355L subunit assembled
into AChR much less efficiently than wild type β subunit
(Figure 5E). Together, these findings show that CMS mutations

in the epsilon subunit and analogous mutations in the beta
subunit both reduce surface expression of the AChR, in large
part by impairing subunit assembly. Thus, the MX-helix also
contains shared determinants that contribute to subunit assembly
and AChR expression.

DISCUSSION

AChR function at the NMJ depends on its appropriate
assembly, processing and trafficking to the cell surface, with
each step in receptor biogenesis being regulated by specific
molecular determinants in the receptor subunits. Here, we
identify important regulatory signals localized in the MX-helix,
which is a juxta-membrane α-helix present in the proximal,
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FIGURE 5 | CMS-linked mutations in the MX-helix impair AChR assembly and expression. (A) Sequence alignment showing the initial portion of the beta and epsilon
cytoplasmic (TM3-TM4) loops, with the MX-helix shown by the gray box. The two CMS-linked mutations in the epsilon subunit are denoted by the red box (εP351L)
and orange line (εdel349-357), respectively. The analogous proline in the β subunit MX-helix (βP355L) is indicated by the red box. (B) Molecular structure showing the
cytoplasmic interface between the alpha and epsilon subunits. The end of the ε MX helix contacts the short loop connecting TM3 to the MX-helix of the α subunit.
Residues deleted in the εdel mutation are shown in orange and the εP351L mutation is marked by the red arrow. (C) HEK cells were transfected with AChR in wild
type form or with the indicated mutations in the MX-helix, and surface levels of AChR were measured by 125 I-alpha-BuTx binding. Compared to WT AChR, the
CMS-linked mutations in epsilon (εP351L and εdel349-357) decreased surface levels of AChR by 25 and 57%, respectively. The corresponding βP355L mutation
decreased surface AChR by 51% but βP355A mutation had no discernable effect. Beta L354K mutation, which is predicted to misposition the MX helix, decreased
surface AChR by 85% (***p < 0.0001 as compared to WT; one way ANOVA with Dunnett’s multiple comparison’s test; n = 3–8 experiments). (D) HEK cells were
transfected with wild type or βP355L-AChR. We then sequentially isolated surface AChR, intracellular AChR, and unassembled beta subunit, and immunoblotted
with anti-beta subunit antibody to compare the levels in each pool. Significant amounts of wild type β subunit were detected in the pools of surface and intracellular
AChR, as well as in the pool of unassembled subunit. In contrast, βP355L subunit was mostly detected in the unassembled subunit pool, indicating that it
assembled less efficiently into AChR. (E) Quantification shows that a smaller percentage of P355L β subunit (23%) assembled into AChR compared to wild type β

subunit (49%) (*p < 0.05, one way ANOVA with Sidak’s multiple comparison’s test, n = 3 experiments).

major cytoplasmic loop of all subunits. First, specific sequence
determinants in the β and δ subunit MX-helices mediate Golgi
retention and contribute to quality control of AChR expression
by (i) retention of unassembled subunit loops, leading to their
ubiquitination and degradation, and (ii) retention of assembled
AChR, helping ensure appropriate glycosylation occurs in
the Golgi prior to their surface trafficking. Second, shared
determinants in a distinct region of the subunit MX-helices

contribute to subunit assembly, as CMS and targeted mutations
near the end of the MX-helix impair receptor assembly and
surface expression.

Molecular Signals in MX Helix
The Golgi retention motifs that we previously identified in
the β and δ subunits reside in the MX-helix, which was
defined in crystal structures of both the α4β2 neuronal AChR
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and the 5HT3 receptor (Hassaine et al., 2014; Morales-Perez
et al., 2016). This juxta-membrane α-helix is present in all
subunits and is positioned laterally in the proximal TM3-TM4
cytoplasmic loop, placing it in close proximity to the inner
leaflet of the plasma membrane, and ending near the interface
with the adjacent receptor subunit. Using the neuronal α4β2
structure we generated a molecular model of the muscle β

and δ subunit motifs, whose structure readily accounts for
the sequence requirements for Golgi retention identified in
our earlier mutational analysis (Rudell et al., 2014). First, the
requirement for an ordered array of charged and hydrophobic
residues corresponds directly to the amphipathic nature of
the helix, and explains why single amino-acid insertions,
deletions, or substitutions of hydrophilic and hydrophobic
residues all reduced intracellular retention. Second, the critical
lysine residues in β and δ (βK353 and δK351) are both
surface exposed with outward-facing sidechains, whereas lysine
residues are absent at the equivalent positions in the other
subunits (α, γ, and ε). The importance of βK353 and δK351
is further underscored by our finding that even substitution
with another positively charged residue (arginine) significantly
reduced Golgi retention. Together with our earlier findings,
this suggests that the Golgi retention signal consists of a
short, solvent-exposed face of the MX-helix encompassing the
key lysine residue.

The MX-helix structure is conserved in all subunits of both
the α4β2 AChR and 5HT3 receptors, however, consistent with
additional functions in AChR assembly and function (Wu
et al., 2015). Indeed, we found that CMS-linked mutations in
epsilon (εP351L and εdel349-357) that reduce AChR assembly
and levels are located at the end of the MX-helix, and
our structural model shows that these residues contact the
initial portion of the alpha subunit TM3-TM4 loop. An
analogous P355L mutation in the β subunit MX-helix also
impaired subunit receptor assembly and expression (Figure 5),
whereas a P355A mutation had no detectable effect on either.
The reason for this remains unclear, but potentially the
longer sidechains of leucine could disrupt either the folding
and/or inter-subunit interactions of the beta subunit. Notably,
this proline residue is part of a highly conserved (L/I/V)P
sequence pair, which is present in almost all muscle and
neuronal AChR subunits and consequently could contribute
generally to the cytoplasmic interface between subunits and
their assembly. Moreover, we have shown previously that the
LP residues are not required determinants for the β/δ Golgi
retention signals (Rudell et al., 2014). Thus, these findings
define additional molecular determinants in the MX-helix
important for receptor assembly/expression, which map to
the end of the MX-helix and are distinct from the Golgi
retention signals.

Function and Mechanism of MX-Helix
Signals
The retention signals specific to the β/δ subunit MX-helix
regulate Golgi trafficking and we propose that they contribute
to quality control of AChR expression in two ways. First,

our findings suggest that the retention motifs help prevent
surface expression of unassembled or incorrectly assembled
receptor subunits that escape the ER quality control mechanisms.
The presence of an additional quality control checkpoint at
the Golgi complex has been documented in many systems
(Arvan et al., 2002; MacGurn et al., 2012), and some
studies have suggested such a checkpoint exists in AChR
trafficking to the cell surface (Keller et al., 2001; Zhao
et al., 2009; Rezvani et al., 2010; Crespi et al., 2018). The
Golgi-resident protein that binds the β/δ motifs remains
unknown, but is likely distinct from known proteins such
as unc-50 or VILIP which both promote Golgi to surface
trafficking of the receptor (Eimer et al., 2007; Zhao et al.,
2009). It is also unlikely to be the sorting receptor Rer1p,
which recognizes and retains unassembled α subunits (Valkova
et al., 2011), rather than a motif specific to the β and δ

subunits. The mechanism by which Golgi protein binding to
the β/δ motifs discriminates between unassembled subunits
and assembled receptor, and thereby provides quality control
also remains unclear. One possibility is that the motifs are
exposed in unassembled or incorrectly assembled subunits,
leading to binding and retention, but are partially masked or
regulated in correctly assembled receptor, permitting forward
trafficking to the plasma membrane. Masking could occur
through inter-subunit contacts or conformational changes
that reduce the accessibility of the motif. For example, our
molecular model suggests that appropriate assembly of the
β subunit into pentameric receptor would position βK353
close to the inner leaflet of the plasma membrane (see
Figure 1), which could potentially mask the β MX-helix
retention motif.

Additional support for a quality control function comes
from our finding that Golgi retention is associated with
ubiquitination of the β/δ MX-helix motifs. Indeed, we
observed robust and selective ubiquitination of CD4-β and
δ MX-helices, which was largely abolished by mutation
of the key lysine residues in each (βK353 and δK351).
Thus, we propose that these lysines are the predominant
sites of ubiquitination, and consistent with this, βK353
has been found to be ubiquitinated in proteomic studies
(Hornbeck et al., 2015). As point mutations of neighboring
residues also impaired ubiquitination, ubiquitination of
βK353 or δK351 likely involves recognition of a specific
amino-acid sequence by an E3 ubiquitin ligase. Potential
candidates are the E3 ligases PDZRN3, MuRF1, NEDD4,
and TRIM63, which have all been implicated in protein
turnover at the NMJ (Lu et al., 2007; Liu et al., 2009; Rudolf
et al., 2013; Khan et al., 2014). Golgi-based ubiquitination
has previously been shown to sort mis-folded proteins
into degradation pathways (MacGurn et al., 2012), and it
seems likely that ubiquitination of the MX-helix motifs
acts in a similar manner and targets unassembled or
incorrectly assembled subunits for degradation via either
the lysosomal or proteosomal pathways (Foot et al., 2017).
One key question, however, is whether ubiquitination is
the signal for retention, or a consequence of retention
that marks the proteins for degradation. We tend to favor
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the latter idea for several reasons: (i) in immunostaining
experiments we detected significant accumulation of CD4-β/δ
chimeras in the Golgi but no corresponding accumulation of
ubiquitinated protein; (ii) in immunoblotting experiments,
we found that only a small minority of CD4-β/δ chimeras
is ubiquitinated (i.e., evident as higher molecular weight
bands); and (iii) in immunostaining experiments we still
observed some accumulation of CD4-βK353R MX-helix
in the Golgi, despite little or no ubiquitination of this
chimera. Thus, we propose that unassembled or incorrectly
assembled subunits that escape the ER are retained in the
Golgi through recognition of the β/δ motifs by a Golgi-
resident protein and that this leads to their ubiquitination
and degradation.

Second, our findings demonstrate that the β/δ motifs
also contribute to quality control of assembled AChR by
regulating its glycosylation in the Golgi complex. After receptor
subunits are synthesized and assembled in the ER, the AChR
is trafficked to the Golgi complex for further processing,
which includes the modification of N-linked oligosaccharides
on the γ and δ subunits to more complex forms. This
process is normally highly efficient, as almost all surface
receptor contains delta subunit with mature glycosylation.
We found, however, that mutation of the β and δ subunit
retention motifs (with combined βK353L/δK351L mutations)
resulted in a significant 2-fold increase in the proportion
of surface receptor with immature glycosylation. Thus, we
propose that the β/δ motifs help retain the receptor in the
Golgi to allow for modification of the oligosaccharides to
complex forms. This is consistent with our earlier finding
that mutation of the β/δ motifs increased surface levels of
AChR (Rudell et al., 2014). Moreover, it implies that at least
one of the retention motifs remains accessible in assembled
AChR, although it may be regulated to permit Golgi to surface
trafficking. These findings define a second form of quality
control overseeing maturational steps in assembled AChR,
and may have important functional consequences as N-linked
glycosylation significantly affects AChR channel function and
surface expression (Gehle et al., 1997; Ramanathan and Hall,
1999; Nishizaki, 2003; Dellisanti et al., 2007). Interestingly,
a different form of Golgi-based quality control was recently
demonstrated for the neuronal AChR, where receptors with
α3β4α5 stoichiometry were found to be selectively recognized
in the Golgi and recycled, whilst (α3)2(β4)3 receptors were
trafficked to the cell surface (Crespi et al., 2018). Together
with our current findings, this demonstrates that trafficking
of assembled AChR is regulated at the Golgi complex and
that this checkpoint governs additional aspects of AChR
biogenesis and maturation.

Finally, in addition to regulating Golgi trafficking, we
show that the MX-helix plays a role in receptor assembly.
Two CMS-linked mutations in the epsilon subunit MX-
helix (εP351L and εdel349-357) significantly reduced
surface expression of the receptor, which is likely due
to impaired α/ε heterodimer formation (Croxen et al.,
2001). Similarly, we found that the corresponding mutation
introduced into the beta subunit MX-helix (βP355L) also

FIGURE 6 | Model for role of MX-helix in AChR assembly and trafficking. Our
findings identify two molecular signals in the AChR subunit MX-helix that
regulate receptor assembly and trafficking. First, shared determinants near the
end of the MX-helix contribute to receptor assembly in the ER. Second,
specific determinants in the β (green) and δ (blue) subunit MX-helix regulate
Golgi trafficking and quality control by: (i) retention of incorrectly assembled
subunits that escape endoplasmic reticulum associated protein degradation
(ERAD), which leads to their ubiquitination and degradation; and (ii) transient
retention of assembled AChR, which facilitates the modification of N-linked
glycosylation (oligosaccharides depicted in blue). The molecular basis for the
two forms of quality control could stem from the motifs being exposed in
incorrectly assembled receptor (red MX-helix), but being masked or regulated
in assembled receptor (black and orange MX-helices). The identity of the
Golgi-resident protein that binds the motifs (orange L) remains unknown.

reduced AChR levels by inhibiting β subunit assembly,
as did a βL354K mutation predicted to misposition the
MX-helix. Notably, these mutations lie at the end of the
MX-helix, which in the α4β2 crystal structure contacts
the short loop following TM3 in the adjacent subunit.
In addition, the end of the MX-helix may facilitate the
correct folding of the following residues, which were not
resolved in the crystal structure, but could also contribute
to the interface between adjacent subunits. Consequently,
these mutations likely directly disrupt subunit recognition
and assembly, although we cannot discount the possibility
that they perturb subunit folding and indirectly inhibit
subunit assembly. These findings suggest, therefore,
that shared determinants in the subunit MX-helices
contribute to subunit assembly and are important for AChR
surface expression.

In summary, we define roles for the MX-helix in both
AChR subunit assembly and Golgi trafficking and quality
control. These functions are potentially linked as shown
in our working model in Figure 6. We propose that
incorrect or incomplete assembly of receptor subunits
mispositions the MX-helix and exposes the retention signals,
leading to their ubiquitination and sorting into degradative
pathways. In contrast, correct assembly of receptor subunits
positions the MX-helix so that the retention motifs are
partially masked or regulated, and thereby allows forward
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trafficking of the AChR. Together with earlier ER-based quality
control mechanisms, this would ensure that only correctly
assembled – fully functional – AChR is trafficked to the muscle
plasma membrane and localized at the NMJ.
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Myasthenia gravis (MG) is a disease of the postsynaptic neuromuscular junction (NMJ)
where nicotinic acetylcholine (ACh) receptors (AChRs) are targeted by autoantibodies.
Search for other pathogenic antigens has detected the antibodies against muscle-
specific tyrosine kinase (MuSK) and low-density lipoprotein-related protein 4 (Lrp4),
both causing pre- and post-synaptic impairments. Agrin is also suspected as a fourth
pathogen. In a complex NMJ organization centering on MuSK: (1) the Wnt non-canonical
pathway through the Wnt-Lrp4-MuSK cysteine-rich domain (CRD)-Dishevelled (Dvl,
scaffold protein) signaling acts to form AChR prepatterning with axonal guidance; (2) the
neural agrin-Lrp4-MuSK (Ig1/2 domains) signaling acts to form rapsyn-anchored AChR
clusters at the innervated stage of muscle; (3) adaptor protein Dok-7 acts on MuSK
activation for AChR clustering from “inside” and also on cytoskeleton to stabilize AChR
clusters by the downstream effector Sorbs1/2; (4) the trans-synaptic retrograde signaling
contributes to the presynaptic organization via: (i) Wnt-MuSK CRD-Dvl-β catenin-Slit
2 pathway; (ii) Lrp4; and (iii) laminins. The presynaptic Ca2+ homeostasis conditioning
ACh release is modified by autoreceptors such as M1-type muscarinic AChR and
A2A adenosine receptors. The post-synaptic structure is stabilized by: (i) laminin-
network including the muscle-derived agrin; (ii) the extracellular matrix proteins (including
collagen Q/perlecan and biglycan which link to MuSK Ig1 domain and CRD); and
(iii) the dystrophin-associated glycoprotein complex. The study on MuSK ectodomains
(Ig1/2 domains and CRD) recognized by antibodies suggested that the MuSK antibodies
were pathologically heterogeneous due to their binding to multiple functional domains.
Focussing one of the matrix proteins, biglycan which functions in the manner similar to
collagen Q, our antibody assay showed the negative result in MG patients. However, the
synaptic stability may be impaired by antibodies against MuSK ectodomains because of
the linkage of biglycan with MuSK Ig1 domain and CRD. The pathogenic diversity of MG
is discussed based on NMJ signaling molecules.

Keywords: neuromuscular junction, myasthenia gravis, acetylcholine receptor, agrin, wnts, MuSK, Lrp4,
matrix proteins
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Takamori Synaptic Molecules and MG Pathogenesis

INTRODUCTION

The neuromuscular junction (NMJ) functions as acetylcholine
(ACh)-mediated synapse (Gray frame, Figure 1); its signal
transmission depends on coordinated interaction between the
pre-synaptic active zone (Südhof, 2012) and the post-synaptic
nicotinic acetylcholine receptor (AChR; Kummer et al., 2006).
In confirming the synaptic architecture, the trans-synaptic
communications mediated by nerve-secreted or muscle
membrane-bound proteins such as agrin (heparin sulfate
proteoglycan) and Wnts (belonging to the Wingless-type
integration site family of glycoproteins) play the pivotal roles
via interactions with the muscle-specific tyrosine kinase (MuSK)
and the low-density lipoprotein-related protein 4 (Lrp4; Wu
et al., 2010; Shi et al., 2012; Takamori, 2013, 2017a). The review
focusses on: (1) the AChR cluster formation by MuSK activation
from inside (Dok-7 and Wnts) and outside (agrin and Wnts) of
the muscle; (2) the synaptic compensatory mechanisms based on
retrograde signals from muscle to nerve and presynaptic Ca2+

homeostasis by auto-receptors; and (3) the synaptic stabilization
based on cytoskeletal dynamics by extracellular matrix proteins
and dystrophin-associated glycoprotein complex. These have
paved the way to search for the mechanisms underlying
myasthenia gravis (MG) weakness (Burden et al., 2018; Sudres
et al., 2018; Koneczny and Herbst, 2019). MG, an autoimmune
NMJ disease characterized by fatigable weakness of voluntary
muscles, are generally reviewed from the viewpoints of clinical
subgroups and antibody characteristics (Vincent et al., 2018;
Gilhus et al., 2019).

MYASTHENIA GRAVIS (MG) CAUSED BY
ANTIBODIES TARGETING KEY
MOLECULES IN NEUROMUSCULAR
JUNCTION

Anti-AChR Antibodies
MG is the B cell-mediated, T cell-dependent autoimmune disease
including thymic pathologies (Marx et al., 2013; Berrih-Aknin
and Le Panse, 2014; Nemazee, 2017; Behin and Le Panse, 2018;
Villegas et al., 2018; Yi et al., 2018; Koneczny and Herbst,
2019). In typical MG, most (∼85%) patients have AChR (Gray
frame in Figure 1) antibodies (Y1 in Figure 1), the pathogenic
mechanisms of which are classified into (1) removal of AChRs
due to cross-linking and subsequent internalization (antigenic
modulation; Drachman et al., 1978), (2) functional AChR block
(Drachman et al., 1982; Takamori et al., 1988) and (3) activation
of complement with the formation of membrane attack
complexes that cause focal lysis. The main immunogenic region
targeted by MG antibodies is the AChR α-subunit 67–76 (Tzartos
et al., 1982, 1988). The AChR antibodies are predominantly
IgG1 and IgG3 subtypes that bind the complement causing the
post-synaptic disorder in NMJ (Sahashi et al., 1980; Vincent
and Newsom-Davis, 1980; Tüzün and Christadoss, 2013;
Cetin and Vincent, 2018; Howard, 2018); this mechanism is
most pathogenic in patients with refractory MG, who have
efficaciously been treated with C5 inhibitor (eculizumab

and Zilucoplan; Muppidi et al., 2019; Howard et al., 2020).
Experimentally, the investigational RNAi targeting C5 (Kusner
et al., 2019) and the single-chain AChR antibody coupled to
complement decay-accelerating factor (Kusner et al., 2014)
are shown to be efficacious in the models of MG. Promising
therapeutic strategies include the B cell-related therapies
(Rituximab; Tandan et al., 2017; Beecher et al., 2019; Di Stefano
et al., 2020; Huda, 2020; Litchman et al., 2020) and the neonatal
Fc receptor antagonists (Efgartigimod and Rozanolixizumab;
Ulrichts et al., 2018; Howard et al., 2019; Huijbers et al., 2019a;
Zuercher et al., 2019; Gable and Guptill, 2020). Taking into
consideration of the reduced suppressive activity of T regulatory
cells (Treg) in MG (reflecting on elevated inflammatory
cytokines in MG; Thiruppathi et al., 2012; Ha and Richman,
2015; Wen et al., 2016; Molin et al., 2017), the Treg-based therapy
achieved with the use of IL-2/anti-IL-2 monoclonal antibody
complexes could be useful for treating MG as shown by the
experiment in experimental autoimmune MG (Liu et al., 2010;
Danikowski et al., 2017). Thymic abnormalities (hyperplasia
tending to be potential in MG patients before the age of 50)
have long been paid attention as an underlying pathology
of MG and the target for therapy. We have participated in
the MGTX (enrollment at 18–65 years of age; the disease
severity of America classification class II–IV) randomized
trial of thymectomy (with alternative-day prednisone),
resulting in the benefit in non-thymomatous MG patients
(Wolfe et al., 2019).

Anti-striational Antigen Antibodies
The suggestive biomarkers for the presence of thymoma
indicative for thymectomy are the antibodies against muscle
striational antigens such as ryanodine receptor (a foot
protein in the junctional gap between the dihydropyridine
receptor containing T-tubules and the sarcoplasmic reticulum,
functioning as Ca2+ release channel for E-C coupling) and titin
(a protein to keep the thick filaments centered in the sarcomere,
allowing optimum active force development; Mygland et al.,
1992; Skeie et al., 2002; Somnier and Engel, 2002; Takamori et al.,
2004; Romi et al., 2007; Romi, 2011; Choi Decroos et al., 2014;
Stergiou et al., 2016). We electrophysiologically confirmed the
muscular contractile (twitch and tetanus) weakness caused by
anti-ryanodine receptor antibodies in the spontaneous thymoma
rat (Buffalo/Mna strain suppled by Charles River Japan, Inc.;
Iwasa et al., 1998).

Immune Checkpoint Inhibitors for Cancer
Therapy and MG
The therapies by use of immune checkpoint inhibitors (anti-
programmed cell death protein-1 (PD1), anti-programmed death
ligand-1 (PD-L1) and anti-cytotoxic T lymphocyte associated-
4) to manage various cancers are occasionally associated with
immune-related adverse events (due to loss of Treg homeostasis;
Danikowski et al., 2017; Dalakas, 2018; Kumar et al., 2018, 2019;
Möhn et al., 2019; Dubey et al., 2020) including myasthenia
gravis (Becquart et al., 2019; Johansen et al., 2019; Sato
et al., 2019; Choi and Lee, 2020) Reportedly, PD-L1 mRNA is
highly expressed in MG muscle cells (Iwasa et al., 2018); this
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FIGURE 1 | Functional organization for synaptic transmission in neuromuscular junction (NMJ) and antibody-targets. (A) Presentation by staining of cultured rat
myotube with fluorescence-labeled α-bungarotoxin and by the image analyzing using a laser cytometer, indicating acetylcholine receptor (AChR) cluster (red), a
synaptic stabilizing organization including extracellular matrix proteins (gree and light blue). The image is constructed on ACAS 570 (Meridian Instruments Inc.,
Okemos, MI, USA) which provides a graded pseudocolor image on the computer display. (B) Schematic presentation of the post-synaptic structures. Y marks
attached with numbers indicate the antibodies to recognize respective targets of the functional structures. Gray frame indicates the acetylcholine receptor (AChR)
cluster formation. Pink frames indicate AChR clustering by way of two signaling pathways mediated via the muscle-specific tyrosine kinase (MuSK) 1/2 domains
(green-limit in the pink MuSK ectodomain and green line with arrowhead) and MuSK cysteine-rich domain (CRD; red-limit in the pink MuSK ectodomain and red-line
with arrowhead), the signals of which are mediated by Dishevelled (Dvl, adaptor protein). The low-density lipoprotein receptor-related protein 4 (Lrp4) is the receptor
for agrin (partly for Wnts as described in the text). The small GTPases (shown in the pink frame of Kinases) effector PAK1 (p21-activated kinase 1) acts as a bridging
molecule between the Wnt- and agrin-signaling pathways. From “inside” the muscle cell, MuSK is activated by Dok7 (downstream kinase); Dok7 recruits two adaptor
protein, Crk and Crk-L (CT10 regulators of kinase) for rapsyn-anchored AChR cluster formation. The formed AChR clusters are anchored at the endplate membrane
by rapsyn and immobilized by MuSK-linking heat-shock proteins (HSPs): tumorous imaginal disc 1 short form (Tid1s), HSP 70 and HSP 90β. Tid1s is required for the
MuSK-Dok7 signaling during the MuSK activation. The interaction of neuregulin 1 (NRG 1) with ErbB receptor (receptor tyrosine kinase of epidermal growth factor
receptor family) increases the MuSK tyrosine phosphorylation (via Erbin) and thereby modulates the MuSK-dependent AChR clustering. Caveolin 3 binds with the
MuSK kinase domain and thereby driving AChR clustering. Yellow frames indicate the organizations for synaptic stability and maintenance. The synaptic stability of
NMJ including AChR clusters (gray frame), MuSK (pink frame), Lrp4 (pink frame) and acetylcholinesterase (AChE) is modulated by extracellular matrix proteins
(collagen Q, perlecan, biglycan, laminin-network including muscle agrin and laminins and dystroglycan) worked in cooperation with the cytoskeleton. The interaction
of NRG 1 (neuregulin 1) with ErbB receptor (pink frames) contributes to the cytoskeletal organization through α-dystrobrevin phosphorylation on one hand (yellow
frame) and the MuSK activation via Erbin on the other hand (pink frame). The downstream effector of Dok7-recruited Crk-L (Sorbs1/2) acts on the cytoskeleton for
synaptic stability. Collagen Q-Perlecan and Biglycan act on Dystroglycans in cooperation with cytoskeleton for synaptic stability on one hand

(Continued)
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FIGURE 1 | Continued
(yellow frame) and implicate in AChR cluster formation via their interaction
with pink-MuSK ectodomains (Ig1 shown by green limit with a green line and
CRD shown by red limit with red line) on the other hand. The former is
cooperated by linking to dystrophin/utrophin-associated protein complex; the
latter is cooperated by linking with rapsyn to firmly anchor AChR clusters at
the post-synaptic membrane. Cortactin (yellow frame) has the function of
phosphorylation-dependent signaling downstream from Agrin/Lrp4/MuSK
(pink frame) in promoting actin polymerization and also stabilizing AChR
clusters at the postsynaptic membrane. Coronin 6 is the actin-binding protein
contributive to synaptic stability. Targets recognized by antibodies: Y1,
Acetylcholine receptor (AChR); Y2, Muscle-specific tyrosine kinase (MuSK)
1/2 domains; Y3, MuSK cysteine-rich domain (CRD); Y4, Low-density
lipoprotein receptor-related protein 4 (Lrp4); Y5, neural Agrin; Y6, Collagen Q;
Y7, Cortactin.

may suggest the participation of the local immune-mediated
damage in MG muscle by the checkpoint inhibitor effect
which leads to abnormal T-regulatory (Treg) cell function and
altered Treg/Th17 cell axis (Dalakas, 2018). Also, PD-1 and
PD-L1 are expressed in thymic epithelial tumors, suggesting
a poor prognostic factor in thymomas (Bagir et al., 2018;
Song et al., 2019).

Anti-MuSK Antibodies
MuSK (Pink frame, Figure 1), a member of the receptor
tyrosine kinase superfamily, is composed of four ligand-binding
ectodomains (linking with neural agrin <Pink frame, Figure 1>

via first and second immunoglobulin-like domains, Ig1/2 <green
-limit in pink- MuSK, Figure 1>, and with Wnts <Blue frames,
Figure 1> via cysteine-rich domain (CRD), <red- limit in pink-
MuSK, Figure 1>, through Lrp4 <Pink frame, Figure 1>),
a single transmembrane-spanning domain and an intracellular
kinase domain; this receptor tyrosine kinase acts as the key
organizer to form AChR clusters in the post-synaptic membrane
of NMJ (Ghazanfari et al., 2011; Burden et al., 2013; Takamori,
2013; Zong and Jin, 2013; Koneczny et al., 2014; Herbst, 2019;
green and red lines via Dishevelled (Dvl, Pink frame, Figure 1).
Mesdec2 plays a key role in cell-surface expression of Lrp4 and
postsynaptic specialization (Hoshi et al., 2013).

Hoch and colleagues (Hoch et al., 2001) detected the
antibodies against MuSK (as discussed later, two types of
antibodies are determined: Y2 targeting the Ig1/2 domains
and Y3 targeting CRD in Figure 1) in the serum samples of
MG patients without AChR antibodies. In general, the patients
show predominant involvement in the facial, pharyngeal, tongue
(often with muscle atrophy), neck, and shoulder, but extraocular
muscles are rarely involved at onset in contrast to AChR
antibody-positive MG; they are occasionally seized with a
respiratory crisis. The patients respond to immunosuppressant
therapy (Evoli et al., 2008, 2018; Pasnoor et al., 2010; Guptill et al.,
2011; Evoli and Padura, 2013; Koneczny et al., 2014; Morren and
Li, 2018; Li et al., 2019). The B-cell depletion therapy (Rituximab)
provides more benefit to MuSK-MG patients than AChR-MG
patients (Evoli et al., 2008, 2018; Díaz-Manera et al., 2012; Evoli
and Padura, 2013; Tandan et al., 2017; Morren and Li, 2018;
Beecher et al., 2019; Di Stefano et al., 2020; Huda, 2020; Litchman
et al., 2020). In the experimental model of MuSK MG, the

fetal Fc receptor antibodies (Gable and Guptill, 2020), antigen-
specific immunoadsorption (Skriapa et al., 2014; Lazaridis et al.,
2020) and the inhibition of tyrosine phosphatase inhibitor
(SHP2; Huda et al., 2020) alleviate the MuSK antibody-induced
AChR cluster deformation. One must be cautious that the
hypersensitivity and worsening of symptoms to cholinesterase
inhibitors tend to occur (Punga et al., 2006; Evoli and Padura,
2013). In general, thymic abnormalities are not detected and thus
no apparent clinical benefit of thymectomy is obtained (Leite
et al., 2005; Evoli et al., 2008; Evoli and Padura, 2013; Nakata
et al., 2013; Clifford et al., 2019).

Immunologically, MuSK antibodies are mainly IgG4 subclass
(Koneczny, 2018) and known to cause MG by inhibiting
binding between MuSK and Lrp4 independently of complement
activation (Huijbers et al., 2013), but IgG1-3 MuSK antibodies
can disperse preformed agrin-independent AChR clusters
(Koneczny et al., 2013).

Anti-Lrp4 Antibodies
Lrp4 (Pink frame, Figure 1) which plays a pivotal role in
mediating agrin (via green-limit, MuSK lg1/2, Figure 1)—and
Wnt (via red-limit, MuSK CRD, Figure 1)—signalings for AChR
clustering at the postsynaptic membrane and also serves the
retrograde signaling from muscle to nerve (Barik et al., 2014a;
Guarino et al., 2020). The molecular structure of Lrp4 consists
of a large extracellular domain that contains eight low-density
lipoprotein receptor domains class A (LDLa), EGF-like domains
and four β-propeller domains; its N-terminal region (including
the last few LDLa repeats and the first β-propeller domain)
interacts with agrin (Zhang et al., 2011; Zong et al., 2012);
in its third β-propeller domain, the edge part mediates the
MuSK signaling and the central part mediates the Wnt signaling
(Ohkawara et al., 2014). Autoantibodies (complement-activating
IgG1 and IgG2; Y4 in Figure 1) are detected in a proportion of
MG with or without antibodies to AChR and MuSK (Higuchi
et al., 2011; Pevzner et al., 2011; Cossins et al., 2012; Zhang et al.,
2012b; Shen et al., 2013; Zouvelou et al., 2013; Zisimopoulou
et al., 2014; Marino et al., 2015; Li et al., 2017; Rivner et al.,
2018; Yan et al., 2018b; Aoki et al., 2020). The severity
of disease in most patients is mild to moderate, but some
patients have severe symptoms causing the myasthenic crisis.
Most patients respond to anti-acetylcholinesterases, steroids, and
immunosuppressant medications. Thymic pathology is usually
not present but underlies in some patients including thymomas
(Zisimopoulou et al., 2014; Marino et al., 2015; Aoki et al., 2020).
The active immunization of mice with Lrp4 was proved to induce
myasthenia gravis; the pathogenicity of Lrp4 antibodies was
confirmed by the study in animal models that showed both pre-
and post-synaptic impairments and active complements (Mori
et al., 2012, 2017; Shen et al., 2013; Ulusoy et al., 2017).

Anti-agrin Antibodies
Agrin, a proteoglycan expressed in both motor neuron (Pink
frame, Figure 1) and skeletal muscle (Yellow frame, Figure 1),
is essential to form NMJ formation (Burden et al., 2018). The
neural agrin-dependent pathways include the two muscle-bound
transmembrane co-receptors Lrp4 and MuSK (Pink frames,
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Figure 1). In the functional structure of Agrin (Hoch et al.,
1994; Gesemann et al., 1995; Burgess et al., 1999; Bezakova and
Ruegg, 2003; Stetefeld et al., 2004; Scotton et al., 2006; Zong et al.,
2012; Tezuka et al., 2014; Zhang et al., 2015), the N-terminus is
required for agrin-immobilization at the NMJ; the C-terminus
segment contains two of the three laminin-like G domains
(G2 and G3). G2 is essential for binding of muscle agrin (Yellow
frame, Figure 1) to α-dystroglycan which contributes, via β-
dystroglycan, to the stabilization of the post-synaptic apparatus
at the NMJ through the organization of the intracellular
cytoskeleton of muscle (Yellow frames with black linking lines,
Figure 1; muscle agrin: this is >5,000 less active compared
with neural agrin as far as AChR aggregation is concerned).
G3 consists of four amino acid insertion at the A/y splicing site
and 8, 11 or 19 amino acid insertion at the B/z splicing site
(neural agrin: Pink frame, Figure 1) and is essential for the AChR
clustering activity of agrin through Lrp4-MuSK signaling (green
and red lines via pink-framed Dvl).

Anti-agrin antibodies (Y5 in Figure 1) have been detected
in some of MG patients with or without antibodies against
AChR, MuSK, and Lrp4 (Gasperi et al., 2014; Zhang et al., 2014;
Cordts et al., 2017; Yan et al., 2018b). Induction of anti-agrin
antibodies was proved to cause MG in mice by an impairment of
agrin-Lrp4 interaction (Yan et al., 2018a). We must be cautious
of the antigen used for agrin-antibody assay because of the above-
mentioned difference of functional structure between neural
agrin and muscle agrin.

The myasthenic weakness in anti-agrin antibody-positive
patients is mild to severe but tends to be moderate to the
treatment, suggesting that the early detection of anti-agrin
antibodies could help disease management (Cordts et al., 2017). It
is worthy of note as a therapeutic device in future that a fragment
of neural agrin (NT-1654) has the potential to counteract
the symptoms of the diseased NMJ in the sarcopenia-like
phenotype in neurotrypsin-overexpressing mice (Hettwer et al.,
2014; Rudolf et al., 2014). The engineered agrin was reported to
attenuate the severity of experimental autoimmune myasthenia
gravis (Li Z. et al., 2018). The active form of vitamin D (1.25D)
upregulates the agrin-induced AChR clustering in association
with the upregulated expression of rapsyn in C2C12 myotubes
(Arakawa and Wagatsuma, 2020); this pharmacologic effect
could apply to a group of MG, the antibodies of which are
maleficient more to rapsyn-clustered AChR than non-clustered
AChR (Cetin et al., 2020).

Matrix metalloproteinases (MMPs) are membrane-anchored
extracellular proteinases capable of degrading a variety of
proteins including agrin; the function of agrin is regulated by
the site-specific cleavage by MMPs (Patel et al., 2012; Chan et al.,
2020). Additionally shown was that MMP-3 removes agrin from
synaptic basal lamina (Werle and VanSaun, 2003). Reportedly,
the MMP-3 level is high in the serum samples from a proportion
of MG patients (Helgeland et al., 2011; Romi et al., 2012),
suggesting that the NMJ might be affected by the pathogenic
mechanisms as the result of the dysfunction of agrin that is
brought about non-immunologically by high MMP-3 level in
addition to the immune response to agrin (Luckman et al., 2011;
Chan et al., 2020).

AGRIN/WNT-LRP4-MUSK SIGNALINGS IN
NEUROMUSCULAR JUNCTION

Agrin/Dok7 Signaling via Lrp4/MuSK
Contributes to AChR Clustering
In the ligand-binding ectodomains of MuSK, the first and second
immunoglobulin-like domains (Ig1 and Ig2: Ig1/2; green limit
in the pink-MuSK frame, Figure 1) mediate the agrin-Lrp4
signaling (Stiegler et al., 2006) via binding of the Ig1 domain
(green limit in the pink-MuSK frame, Figure 1) with Lrp4 to
form a tetrameric complex (Zhang et al., 2011; Zong et al.,
2012). The MuSK (Pink frame, Figure 1) is stimulated from
‘‘inside’’ the muscle cell by an adaptor protein Dok7 (Pink frame,
Figure 1) which forms a dimeric unit to dimerize and activate
MuSK (Pink frame, Figure 1; Okada et al., 2006; Bergamin et al.,
2010) and also recruits two adaptor proteins, CT10 regulators
of the kinase (Crk and Crk-L) contributive to rapsyn (Pink
frame, Figure 1)—anchored AChR cluster formation (Gray
frame, Figure 1; Hallock et al., 2010). The results from the
experiments to modify the Dok7 functions are such as follows:
in muscles lacking Dok7, agrin failed to stimulate MuSK tyrosine
phosphorylation (Inoue et al., 2009); silencing of Dok7 in rat
muscle increases susceptibility to passive transfer MG (Gomez
et al., 2016); overexpression of Dok7 in rat muscle enhances
neuromuscular transmission with structural alterations of NMJ
(Eguchi et al., 2020).

From ‘‘outside’’ the muscle cell, MuSK is stimulated by neural
agrin (Pink frame, Figure 1) via Lrp4 (Pink frame, Figure 1)
which is the agrin receptor and also activates MuSK without agrin
(Weatherbee et al., 2006; Kim et al., 2008; Zhang et al., 2008, 2011,
2012a; Barik et al., 2014b; Stamatakou and Salinas, 2014).

Rapsyn and Tid1s Stabilize AChR Clusters
at the Membrane
The AChR clusters formed by the agrin-Lrp4-MuSK signaling
are anchored at the end-plate membrane by rapsyn (Pink
frame, Figure 1; Lee et al., 2009; Zuber and Unwin, 2013;
Xing et al., 2020) which is immobilized by the short-form of
tumorous imaginal discs-1 (Tid1s: MuSK- and Dok7-binding
protein belongs to a family of heat-shock protein 40, HSP40)
in cooperation with HSP70 and HSP90β (Pink frames, Figure)
and thereby maintains AChR clusters (Gray frame, Figure 1)
at the end-plate membrane (Linnoila et al., 2008; Luo et al.,
2008; Zong and Jin, 2013). Tid1s (Pink frame, Figure 1) is also
contributive to the MuSK-Dok7 signaling during the activation
of MuSK (Linnoila et al., 2008). The RING domain of rapsyn
contains E3 ligase activity to induce AChR clustering and
NMJ formation, possibly by regulation of AChR neddylation
(Li et al., 2016).

Wnt-Mediating Signal via MuSK
Contributes to AChR Cluster Prepatterning
In addition to the above-mentioned role as the mediator in
agrin-Lrp4-MuSK signaling, MuSK acts as the mediator for Wnts
(Blue frames, Figure 1) which belong to a family of secreted
glycoproteins and released from motor neurons or derived from
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muscle (Wu et al., 2010; Gordon et al., 2012; Koles and Budnik,
2012; Zhang et al., 2012a; Barik et al., 2014b; Stamatakou and
Salinas, 2014). Of 19 different Wnt molecules existing in mice
and humans (Wu et al., 2010), Wnt 11 (Jing et al., 2009; Wu et al.,
2010; Zhang et al., 2012a) and Wnt 3 (Henriquez et al., 2008) are
released from the motor neurons; the neuron-released Wnts are
transferred across the synapse by exosome-like Evi-containing
vesicles (Koles et al., 2012). Wnt 11 (Wu et al., 2010; Zhang et al.,
2012a), Wnt 9a (Zhang et al., 2012a), and Wnt4 (Strochlic et al.,
2012; Zhang et al., 2012a) are derived from muscles. The binding
of the Ig4 domain (CRD) of MuSK (red-limit in pink MuSK,
Figure 1) with Wnts contributes to AChR clustering through
the non-canonical pathway mediated by the Dishevelled protein
(Dvl; Pink frame, Figure 1), leading to the formation of AChR
microclusters at the early non-innervated stage, termed as the
AChR prepatterning (Kummer et al., 2006) which forms the
clusters at the central part of the muscle and guides the incoming
axon (Gray frame, Figure 1; Luo et al., 2002; Jing et al., 2009;
Stiegler et al., 2009; Wu et al., 2010; Gordon et al., 2012; Koles and
Budnik, 2012; Barik et al., 2014b; Burden et al., 2018; Guarino
et al., 2020). The motoneuron-derived Wnt7a and Wnt7b serve
nerve terminal development (Shen et al., 2018).

In the clustering of AChR, Wnt 11 and Wnt 9a require
Lrp4 but not agrin (Zhang et al., 2012a); Wnt 4 requires
neither agrin nor Lrp4 (Strochlic et al., 2012). Wnt 3 promotes
the agrin-Lrp4-MuSK (Ig1/2 domains)-mediated clustering of
AChR (Henriquez et al., 2008; Wnts 11, 9a, 4 and 3: Blue
frames in Figure 1). In contrast to the neuron-released Wnt
3, the muscle-derived Wnt 3a reduces the agrin-mediated
AChR clustering via the canonical Dvl pathway to β-catenin
causing the reduced rapsyn expression (Wang et al., 2008);
this negative regulation maintains balance with the positive
regulator (neuron-released Wnt 3) and thereby helps to sculpt
the mature synaptic architecture (Henriquez and Salinas, 2012;
Koles and Budnik, 2012).

Linking to the intracellular kinase domain of MuSK, the
small GTPases (Rac1 and Rho) effector p21-activated kinase
1 (PAK1; Pink frame, Figure 1) acts as a bridging molecule
between the Wnt- and agrin-signaling pathways required for
AChR clustering (Luo et al., 2002; Wu et al., 2010; Koles
and Budnik, 2012). Wnt activates Rac1 in a more efficient
usage than agrin which preferentially increases Rho activity
(Henriquez and Salinas, 2012).

In the innervated stage of muscle when the agrin-Lrp4-MuSK
(Ig1/2 domains) signaling plays a principal role in AChR cluster
formation, the cyclin-dependent kinase 5 (Cdk5) concentrated at
the postsynaptic NMJ is activated and required for ACh-induced
removal of prepatterning AChR clusters which are not stabilized
by agrin; this is mediated through two molecular mechanisms
(the upregulation of calpain activity and the interaction of
Cdk5 with nestin; Lin et al., 2005; Chen et al., 2007; Mohseni
et al., 2011; Yang et al., 2011; Shi et al., 2012).

Neuregulin 1-ErbB Signaling to MuSK
Activation
The ErbB receptors (receptor tyrosine kinase of EGF, epidermal
growth factor, receptor family) for neuregulin 1 (NRG 1;

Pink frames, Figure 1) link to the MuSK through the
adaptor protein, Erbin (Simeone et al., 2010), suggesting that
this signaling cascade increases the tyrosine phosphorylation
of MuSK and thereby modulates MuSK-dependent AChR
clustering (Ngo et al., 2012). Anti-ErbB antibodies were
not detected in the sera of MG patients; however, the
thymic expression of ErbB receptors was reduced in these
patients (Vrolix et al., 2011).

A Variety of Immunogenicity of MuSK
By immunoblotting against recombinant proteins (expressed
in HEK 293F cells) of MuSK ectodomains, we showed that
the MuSK Ig1/2 antibodies (Y2 in Figure 1) were positive
in the serum samples from 33 of 43 AChR antibody-negative
MG patients; 10 of them (30%) were additionally positive
for MuSK CRD antibodies (Y3 in Figure 1), suggesting an
impairment of both the agrin-Lrp4-MuSK (Ig1/2 domains)
signaling pathway (the green line from the green limit in
pink-MuSK to Kinases via Dvl, Figure 1) and Wnt-Lrp4-
MuSK(CRD) signaling pathway (the red line from the red limit in
pink-MuSK to Kinases via Dvl, Figure 1) in the neuromuscular
transmission; however, none was positive for anti-MuSK CRD
alone in our study (Takamori et al., 2013). Reportedly,
the experiments by the inhibition assay in the presence of
unlabelled competitive proteins (McConville et al., 2004) and the
immunoprecipitation assay using MuSK Ig1 domain and CRD
(Otsuka et al., 2015) suggested the co-existence of antibodies
against MuSK Ig1/2 domains and MuSK CRD in MuSK
antibody-positive MG. The longitudinal epitope mapping study
in 53 MuSK antibody-positive MG patients by the European
group showed that 22.6% of the patients were positive for
MuSK CRD antibodies, although they emphasized the MuSK
Ig 1 domain as the main immunogenic region (Huijbers
et al., 2016). It seems likely that the MuSK antibodies have
pathological heterogeneity based on their binding to functionally
different domains.

To determine the functional significance of MuSK CRD in
neuromuscular transmission, Messéant and associates showed
that the CRD deletion of MuSK in mice caused exuberant
axonal growth bypassing AChR clusters and decreased synaptic
vesicle density (presynaptic impairment), and a drastic deficit
in AChR clustering (postsynaptic impairment; Messéant et al.,
2015). They also suggested an implication of MuSK CRD
in the Wnt-canonical signaling by demonstrating that this
pre- and post-synaptic impairments were rescued by lithium
chloride which acts as an inhibitor of the glycogen synthese
kinase-3β (Gsk3β) and an activator of the Wnt/β-catenin
signaling (Messéant et al., 2015). This study was followed by
the demonstration that MuSK ∆CRD is malfunctioning since
MuSK∆CRD/− embryos present defective pre- and post-synaptic
differentiation (Boëx et al., 2018). In addition to the above-
mentioned Wnt-canonical signaling pathway, they proposed
the β catenin-dependent and vangl 2 (coimmunoprecipitated
with Wnts 4 and 11 in muscle)-dependent Wnt non-canonical
signaling pathway (Messéant et al., 2017). The experiment
in mice suggested that the NMJ pre- and post-synaptic
organizations by β-catenin-dependent or Wnt-dependent

Frontiers in Molecular Neuroscience | www.frontiersin.org 6 May 2020 | Volume 13 | Article 8626

https://www.frontiersin.org/journals/molecular-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/molecular-neuroscience#articles


Takamori Synaptic Molecules and MG Pathogenesis

signaling is regulated by Yes-associated protein (Yap) in the
muscle (Zhao et al., 2017). Reportedly, the inhibition of the
MuSK-Dvl signaling pathway (Wu et al., 2010; Koles and
Budnik, 2012) decreased not only the amplitude of spontaneous
synaptic currents but also their frequency (Luo et al., 2002),
suggesting a defect in ACh-release upregulation to compensate
for the post-synaptic dysfunction (Takamori et al., 1984; Plomp
et al., 1995; Plomp, 2017; Takamori, 2019). This, in turn, may
reflect an impairment in the retrograde Wnt-MuSK (CRD)-Dvl-
Gsk3β inhibition-β catenin-slit 2 signaling at the nerve terminal
(Luo et al., 2002; Salinas, 2005; Li et al., 2008; Budnik and
Salinas, 2011; Koles and Budnik, 2012; Wu et al., 2012a, 2015;
Barik et al., 2014b). Postsynaptically shown in the experiment
is that β catenin regulates agrin-induced AChR clustering
through interaction with rapsyn in a manner dependent on α

catenin-associated cytoskeleton (Zhang et al., 2007). These can
help explain the reports showing both pre- and post-synaptic
defects in MuSK antibody-positive MG patients (Niks et al.,
2010) and animal models (Cole et al., 2008; Klooster et al.,
2012; Mori et al., 2012; Richman et al., 2012; Viegas et al.,
2012). In the study of congenital myasthenic syndrome due to
MuSK mutation, the changes in the presynaptic morphology
were assumed to reflect a disturbance in muscle-derived
retrograde signals resulting from the impairment of agrin- and
Dok7-induced MuSK phosphorylation (Maselli et al., 2010;
Ben Ammar et al., 2013).

We noted the debate by Remédio and associates who
proposed that dependently on species, the prepatterning of
AChR clusters is influenced by an additional presence of
Kringle domain in the MuSK extracellular region (Remédio
et al., 2016; Burden et al., 2018); this is likely to augue
against the participation of MuSK CRD in signaling variety
in MuSK antibody-positive MG patients. In this regard, Legay
and Mei (2017) suggested that the controversial result may
reflect the genotype-phenotype relationships because opposite
phenotypes can be found depending on the genetic background
(Sittig et al., 2016).

In the MuSK antibody-positive MG patients, the recent
research reported that the monovalent MuSK antibodies
abolished agrin-induced MuSK phosphorylation and AChR
clustering, while the divalent monospecific MuSK antibodies
had the opposing effect which leads to partially induced AChR
clustering; this is independent of agrin (Huijbers et al., 2019b). It
is also noticeable that Takata and his associates generated human
MuSK monoclonal autoantibodies (2 IgG4 and 1 IgG3 subclasses
obtained using isolation of MuSK autoantibody-expressing
B cells from MuSK antibody-positive MG patients) and
showed that these antibodies inhibited AChR clustering, but
enhanced MuSK phosphorylation; they suggested an alternative
mechanism for inhibiting AChR clustering (Takata et al., 2019).

Bone-Morphogenic Proteins (BMPs) and
MuSK Activation
The BMPs, which are secreted ligands belonging to the
transforming growth factor β (TGFβ) superfamily of signaling
proteins, have been focused in highlighting insight into
the possibility that BMPs work in vertebrate organisms as

diffusible signals to ensure proper communication between
motor neurons and skeletal muscles (Osses and Henriquez,
2015). In a variety of function and localization of BMPs,
it is an interest to note the reports that the Wnt-MuSK
Ig3 domain interaction acts as a BMP co-receptor which
shapes BMP transcriptional output and cholinergic signaling
to communicate motor neurons and skeletal muscles in the
vertebrate (Henríquez et al., 2011; Yilmaz et al., 2016). The
BMP-4 has been confirmed to be expressed in the skeletal muscle
and localized in close vicinity to postsynaptic densities at the
NMJ (Chou et al., 2013). Further work may provide a clue to the
understanding of BMPs-mediated pathology in MuSK antibody-
positive MG patients.

SYNAPTIC RETROGRADE SIGNALINGS
FROM MUSCLE TO NERVE

Wnt-MuSK, Lrp4, and Laminins
As previously discussed in a variety of immunogenicity of MuSK,
the interaction of Wnt with MuSK CRD leading to Dvl-GSK3β

inhibition-β catenin-Slit 2 signaling (Luo et al., 2002; Salinas,
2005; Li et al., 2008; Budnik and Salinas, 2011; Koles and
Budnik, 2012; Wu et al., 2012a; Barik et al., 2014b; Messéant
et al., 2015) and the muscle Lrp4 (extracellular eight low-density
lipoproteins repeats; Wu et al., 2012b; Yumoto et al., 2012)
contribute to the retrograde signaling and thereby modulate
the pre-synaptic differentiation including synaptic vesicles and
active zone in the nerve terminal. Additional retrograde signaling
in the synapse is mediated by the muscle-derived laminins α4,
α5, and β2 which contribute to the presynaptic organization
acting for ACh release; this includes the action of laminin
β2 which tethers P/Q- and N-types voltage-gated Ca2+ channels
(VGCCs) to the active zone proteins (Nishimune et al., 2008;
Carson et al., 2010; Chen et al., 2011; Nishimune, 2012; Samuel
et al., 2012; Yamada and Sekiguchi, 2015; Zhang et al., 2015;
Rogers and Nishimune, 2017).

Presynaptic Ca2+ Homeostasis and
Autoreceptors
From the standpoint of clinical electrophysiology, the AChR
antibody-positive MG and animal models showed that the
compensatory ACh release upregulation cannot be sustained
at the high frequency of nerve stimulation (Plomp et al.,
2015). This may reflect the impairment of the presynaptic
Ca2+ homeostasis for ACh release (Takamori, 2012) to
compensate for postsynaptic dysfunction. The presynaptic Ca2+

homeostasis is promoted by the activation of G protein-coupled
receptors such as M1-type muscarinic AChR (M1 mAChR)
and A2A adenosine receptor along with the interaction
of brain-derived neurotrophic factor (BDNF) with receptor
tyrosine kinase B (TrkB); these biological mechanisms lead
to P/Q-type VGCC activation by the signaling mediated by
phospholipase C (PLC)-phosphatidylinositol 4,5-bisphosphate
(PIP2)-diacylglycerol (DAG)-protein kinase C (PKC; Amaral
and Pozzo-Miller, 2012; Santafé et al., 2015; Nadal et al.,
2016; Hurtado et al., 2017; Simö et al., 2018; Tomàs et al.,
2018). Also, PLC-generated DAG regulates the presynaptic
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vesicle priming protein (Munc13-1) to recruit ACh-containing
vesicles for the immediately releasable pool (Bauer et al., 2007).
Taking these into consideration, the presynaptic impairments
to compensate postsynaptic dysfunction could, at least in part,
be compatible with the result of our immunological study
that the M1 mAChR antibodies were positive in 7 (28%) of
our 25 post-synaptic nicotinic AChR antibody-positive MG
patients (Takamori et al., 2007; Takamori, 2019); additionally,
the anti-M1 mAChR antibodies were often (76%) positive in
our 25 patients with Lambert-Eaton myasthenic syndrome (an
autoimmune presynaptic disease caused by antibodies against
mainly P/Q-type VGCC and partly synaptotagmin 1; Takamori
et al., 2007; Takamori, 2008a). Of note, the M1 mAChR is
physiologically associated with the non-voltage-gated Ca2+-
dominant influx channel (Transient receptor potential canonical;
Kim and Saffen, 2005), the antibodies against which were
positive in 7 (28%) of our 25 MG patients (Takamori,
2008b). An alternative theory postulated is that the impaired
compensatory mechanism could be referred to the reduction
in homeostatic small reserve pool of synaptic vesicles that
depends on presynaptic adenosine A2A receptor operating Ca2+

influx via L-type VGCC (Oliverira et al., 2004; Ma et al.,
2015; Wang et al., 2016). In a long-tetanic load in muscle, the
complex compensatory mechanisms including the presynaptic
autoreceptors and Ca2+ influx channel(s) may underlie to
compensatory postsynaptic dysfunction.

THERAPEUTIC OPTION OF
β2-ADRENOCEPTOR AGONISTS IN
MYASTHENIAS

Besides the biological signal (compensatory presynaptic Ca2+

homeostasis) triggered by G protein-coupled receptor, it is
worthy to note that BDNF in the synapse is activated
by β2-adrenoceptor agonists and thereby contributes to the
maintenance of the structural and functional integrity of
motor end-plate; this signaling pathway may include the cyclic
adenosine monophosphate (cAMP)/protein kinase A/cAMP-
responsive element-binding protein; Bartus et al., 2015). The
therapeutic pre- and post-synaptic benefits of β2-adrenoceptor
agonists (salbutamol and ephedrine) have been reported in
MuSK MG animal model (Ghazanfari et al., 2014), autoimmune
MG patients (Rodríquez Cruz et al., 2015b; Lipka et al., 2017;
Vanhaesebrouck et al., 2019) and various types of congenital
myasthenic syndromes (Engel et al., 2015; Beeson, 2016)
including the patients with mutations in MuSK (Gallenmller
et al., 2014; Rodríquez Cruz et al., 2020; Vanhaesebrouck
and Beeson, 2019), Lrp4 (Selcen et al., 2015; Beeson, 2016),
Dok7 (Lashley et al., 2010; Liewluck et al., 2011; Burke et al.,
2013; Lorenzoni et al., 2013), agrin (Nicole et al., 2014;
Beeson, 2016; Vanhaesebrouck and Beeson, 2019), collagen
Q (McMacken et al., 2019) and collagen XIII (Beeson, 2016;
Rodríguez Cruz et al., 2018, 2019; Dusl et al., 2019). In
pharmacotherapeutic options, the β2-agonist stimulation could
be chosen as a novel therapeutic strategy in autoimmune and
genetic myasthenias.

CANDIDATES AS THE MOLECULES
IMPLICATING IN PATHOGENICITIES OF
MYASTHENIAS

The studies including clinical researches may suggest the
following molecules as candidates to implicate in the pathogenic
mechanisms of myasthenic diseases: (1) caveolin 3 (Pink
frame, Figure 1; MuSK kinase domain-binding protein which
participates in agrin-induced phosphorylation and activation
of MuSK, thereby driving AChR clustering; Hezel et al., 2010;
Iwasa et al., 2016); (2) doublecortin (expressed in motor neurons
and skeletal muscles to orderly form the pre- and post-synaptic
morphology; Bourgeois et al., 2015); (3) R-spondin 2 (expressed
in motor neurons and reactive with leucine-rich repeat-
containing G-protein-coupled receptor which is expressed in
skeletal muscles and enriched in the NMJ so as to regulate
Wnt-mediated AChR clustering and also acting on an effect for
synaptic vesicle recycling and number of active zones in the nerve
terminal; Vieira et al., 2015; Nakashima et al., 2016); (4) amyloid
precursor protein (APP)/APP-like protein (contributive to
AChR clustering via the Lrp4-MuSK signal in cooperation with
agrin-mediated signal and also to the presynaptic differentiation
of the NMJ, and additionally contributive to the density of
ACh-containing synaptic vesicles which is modulated by glia
cell-derived neurotrophic factor, GDNF, expressed in muscle
cells; Akaaboune et al., 2000; Wang et al., 2009; Caldwell et al.,
2013; Choi et al., 2013; Stanga et al., 2016), and (5) α-neurexins
(contributive to neurotransmission and differentiation of the
synapse by functioning as the trans-synaptic complex with
postsynaptic proteins such as neuroligins (Sons et al., 2006;
Reissner et al., 2013; Plomp, 2017).

SYNAPTIC STABILITY AND
MAINTENANCE BY EXTRACELLULAR
MATRIX AND DYSTROPHIN-ASSOCIATED
GLYCOPROTEIN COMPLEX

To be precisely opposed to the nerve terminal including
the active zone artitecture (Nishimune, 2012; Südhof, 2012;
Harris and Littleton, 2015; Körber and Kuner, 2016), the
postsynaptic structure is stabilized by the extracellular matrix
proteins (including synaptic collagens such as Q, IV and XIII,
perlecan, biglycan, laminins, muscle agrin, nidogens and α-
dystroglycan; Yellow frames, Figure 1), dystrophin-associated
glycoprotein complex (including β-dystroglycan which links
to rapsyn and utrophin; Yellow frames, Figure 1), cortactin
(Yellow frame, Figure 1; cortactin-directing antibodies: Y7 in
Figure 1; acting as not only a synaptic kinase substrate but also
a regulator of actin polymerization), coronin 6 (Yellow frame,
Figure 1; actin-binding protein which plays a role in synaptic
stability), α-dystrobrevin (Yellow frame, Figure 1; contributive
to cytoskeletal organization due to its phosphorylation by
neuregulin 1(NRG 1)-ErbB receptor interaction: Pink frames in
Figure 1) and Sorbs 1/2 (Yellow frame, Figure 1; contributive
to synaptic stabilization by its interaction with Dok7-recruited
Crk-L Nishimune et al., 2008; Madhavan et al., 2009; Hallock
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et al., 2010, 2015; Pilgram et al., 2010; Schmidt et al., 2011;
Singhal and Martin, 2011; Yurchenco, 2011; Amenta et al.,
2012; Maselli et al., 2012; Nastase et al., 2012; Shi et al., 2012;
Hochenester and Yurchenco, 2013; Karmouch et al., 2013; Chen
et al., 2014; Constantin, 2014; Takamori, 2017a,b; Belhasan
and Akaaboune, 2020). The following is the synaptic partners
organizing molecules that regulate synaptic stability.

Collagen Q (Col Q) and Perlecan
Collagen Q (Yellow frame, Figure 1) is one of the muscle
basal lamina proteins (junctional collagens; Singhal and Martin,
2011). Its N-terminus interacts with acetylcholinesterase (AChE);
the two heparin-binding sites of its central collagenic domain
mediate the interaction with perlecan (Yellow frame, Figure 1)
which binds α-dystroglycan (Yellow frame, Figure 1) for linking
the extracellular matrix to the cytoskeleton (Yellow frame,
Figure 1). Its C-terminus binds the Ig1 domain (green limit)
and CRD (red limit) in MuSK (Pink frame, Figure 1); these
links make ColQ (via green and red lines, Figure 1) to modulate
the action of the other ligands of the MuSK/Lrp4 complex for
NMJ formation (Karmouch et al., 2013). The ColQ anchors
AChE in the synaptic basal lamina, and thereby the association
between Col Q and MuSK conforms Col Q/AChE to the synaptic
localization (Cartaud et al., 2004). The MuSK antibodies were
found to block the Col Q-MuSK interaction (Kawakami et al.,
2011). Reportedly, the Col Q and MuSK antibodies competitively
suppress agrin/Lrp4/MuSK signaling (Otsuka et al., 2015). Col
Q antibodies (Y6 in Figure 1) were detected in some MG
patients positive for MuSK and AChR antibodies (Cossins et al.,
2012; Zoltowska Katarzyna et al., 2015). These findings are
compatible with the electrophysiological finding characterized by
slow miniature end-plate potential kinetics and hypersensitivity
to AChE inhibitors in MuSK antibody-positive MG (Shin et al.,
2014) and its animal model (Mori et al., 2012).

Collagen XIII
Collagen XIII is encoded as an extracellular matrix protein
and is known to be crucial for the formation and function
of pre- and post-synaptic organization of the NMJ, including
the synaptic integrity through binding to the Col Q tail of
AChE, AChR clustering, synaptic vesicle accumulation and
axonal neurofilament (Latvanlehto et al., 2010; Logan et al.,
2015; Härönen et al., 2017, 2019; Beeson et al., 2018; Heikkinen
et al., 2019; Rodríquez Cruz et al., 2019). Autoantibodies to the
collagen XIII have recently been reported in MG (Tu et al., 2018),
suggesting the test as to if the Collagen XIII could be a pathogenic
antigen in MG patients.

Biglycan
Biglycan (Yellow frame, Figure 1) is one of the proteoglycans
and is enriched in the postsynaptic membrane and is a
ubiquitous structural component of the extracellular matrix, and
also acts as signaling molecules (Amenta et al., 2012; Nastase
et al., 2012). The glycosaminoglycan-binding form of biglycan
mediates its binding to extracellular α-dystroglycan (Yellow
frame, Figure 1); the transmembrane β-dystroglycan (Yellow
frame, Figure 1) binds to rapsyn (Pink frame, Figure 1) for firmly
anchoring AChR clusters at the postsynaptic membrane (from

Yellow frame to Pink frame, being connected by a black line,
Figure 1) and also binding to the dystrophin/utrophin (Yellow
frame, Figure 1)—associated protein complex contributive to
the organization of cytoskeleton (Yellow frame, Figure 1)
for synaptic stability. The non-glycosylated form of biglycan
(lacking glycosaminoglycan side chain) directly interacts with
two extracellular domains of MuSK: one (green line) is the
agrin/Lrp4-mediating Ig1 domain of MuSK (green limit in pink-
MuSK, Figure 1; Weatherbee et al., 2006; Kim et al., 2008;
Zhang et al., 2008, 2011; Zong et al., 2012; Zong and Jin,
2013) and the other (red line) is the Wnt-mediating MuSK
CRD (red limit in pink-MuSK, Figure 1; Jing et al., 2009;
Koles and Budnik, 2012; Strochlic et al., 2012; Zhang et al.,
2012a). The evidence that the two sites of MuSK ectodomain
bind biglycan suggest possible participation of this matrix
protein in reinforcing a functional bridge between the agrin-
signaling (via Ig1 domain) and Wnt-signaling (via CRD; Barik
et al., 2014b). Since biglycan becomes incapable of linking
to MuSK by mutations of Ig1 domain and CRD (Amenta
et al., 2012), the interaction between MuSK and biglycan (non-
glycanated form) is potentially blocked by MuSK antibodies in
the manner similar to the block of the MuSK-Col Q linkage
by MuSK antibodies (Kawakami et al., 2011). In the serum
samples from MG patients that we previously studied for the
detection of antibodies recognizing MuSK Ig1/2 domains and
CRD (Takamori et al., 2013), we tested if they harbor antibodies
that directly recognize biglycan, but obtained the negative result
(Takamori, 2017b). However, the MuSK antibodies may impair
the synaptic stability by the disturbed MuSK-biglycan linkage. In
addition to the immunological participation, biglycan stimulates
multifunctional proinflammatory signaling linking the innate
to adaptive immune systems when it is in a soluble form;
this is based on that biglycan is capable of clustering several
types of pathogen recognition receptors and orchestrating their
signalings (Bavelova et al., 2009; Moreth et al., 2012; Nastase
et al., 2012; Frey et al., 2013). In MG, biglycan produced in thymic
myoid cells is known to play in generation and maintenance of
the hyperplastic change of MG thymus (Tomoyasu et al., 1998;
Takamori, 2017b).

Cortactin
Cortactin (Yellow frame, Figure 1) is a protein that is a tyrosine
kinase substrate and regulates actin polymerization, and is
co-enriched at AChR clusters; its tyrosine phosphorylation
is enhanced by agrin, suggesting a novel function of
phosphorylation-dependent cortactin signaling downstream
from agrin/MuSK in promoting actin polymerization (through
actin-related proteins 2/3 complex activation) and stabilizing
AChR cluster at the postsynaptic membrane (Madhavan et al.,
2009). Cortactin antibodies (Y7 in Figure 1) were detected
in some of the MG patients (Gallardo et al., 2014; Cortés-
Vicente et al., 2016; Illa et al., 2018), and also found in a patient
with Lambert-Eaton myasthenic syndrome (a presynaptic
autoimmune disease; Gallardo et al., 2014); this may reflect the
fact that cortactin expresses in the presynaptic side (Peng et al.,
1997) and acts as the Wnt signaling-dependent presynaptic
effector molecule (Alicea et al., 2017).
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CONCLUSION AND PERSPECTIVE

We emphasize: (1) the AChR cluster formation based on the
Wnts-Lrp4-MuSK (CRD)-Dvl signaling (pre-innervated stage)
which converges upon the agrin-Lrp4-MuSK (Ig1/2 domains)
pathway (innervated stage); (2) the retrograde signaling (from
muscle to the nerve) for presynaptic differentiation via MuSK
CRD, Lrp4 and Laminins; (3) presynaptic Ca2+ homeostasis by
autoreceptors; and (4) the synaptic stability based on the laminin-
network including the extracellular matrix and the cytoskeleton.
The insight into the NMJ structural mechanisms discussed in this
review will foster further immunological approaches to search for
new antigenic targets (Li L. et al., 2018; Koneczny and Herbst,

2019) and to enhance antibody detection (Vincent et al., 2012,
2018; Rodríguez Cruz et al., 2015a; Huda et al., 2017; Lazaridis
and Tzartos, 2020) in MG, and may thereby help to view clinical
profiles in MG subtypes (Verschuuren et al., 2013; Gilhus et al.,
2019) and to provide potential therapeutic approaches (Losen
et al., 2005; Ghazanfari et al., 2014; Gomez et al., 2014; Dalakas,
2015, 2019; Behin and Le Panse, 2018; Ito and Ohno, 2018;
Morren and Li, 2020).
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Marta Gawor1, Bhola S. Pradhan1, Teresa de Cicco1, Monika Bijata3, Krystian Bijata3,
Jakub Włodarczyk3, Tomasz J. Prószyński1,4* and Paweł Niewiadomski1,5*
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The neuromuscular junctions (NMJs) connect muscle fibers with motor neurons and
enable the coordinated contraction of skeletal muscles. The dystrophin-associated
glycoprotein complex (DGC) is an essential component of the postsynaptic machinery
of the NMJ and is important for the maintenance of NMJ structural integrity. To
identify novel proteins that are important for NMJ organization, we performed a mass
spectrometry-based screen for interactors of α-dystrobrevin 1 (aDB1), one of the
components of the DGC. The guanidine nucleotide exchange factor (GEF) Arhgef5
was found to be one of the aDB1 binding partners that is recruited to Tyr-713 in a
phospho-dependent manner. We show here that Arhgef5 localizes to the NMJ and
that its genetic depletion in the muscle causes the fragmentation of the synapses in
conditional knockout mice. Arhgef5 loss in vivo is associated with a reduction in the
levels of active GTP-bound RhoA and Cdc42 GTPases, highlighting the importance of
actin dynamics regulation for the maintenance of NMJ integrity.

Keywords: neuromuscular junction, dystrophin-glycoprotein complex, Arhgef5, Rho GEFs, Rho-family GTPases,
muscle development, neuromuscular disease

INTRODUCTION

The neuromuscular junction (NMJ) is an essential interface between the central nervous system
and a skeletal muscle fiber. It consists of the presynaptic axonal terminals, terminal Schwann cells
that play a role in its maintenance and regeneration, and the postsynaptic machinery localized on
the surface of the myofiber. The postsynaptic part of the NMJ is composed of an intricate array of
protein complexes that facilitate high concentration of neurotransmitter receptors for acetylcholine
(AChR) and allows for generation of muscle action potential. The postsynaptic machinery is
linked to the extracellular matrix through membrane-embedded receptors. Many components
of the postsynaptic apparatus provide a platform for the recruitment of the intracellular signal
transduction machinery. Others anchor the NMJ to the cytoskeletal scaffold, and particularly to
the F-actin network.

During postnatal development, the postsynaptic part of the NMJ is transformed from a simple
plaque-like form into an elaborate, branched structure that resembles a pretzel. The molecular
basis underlying this transformation is poorly understood. Studies on in vitro models (cultured
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muscle cells) suggested that the remodeling of the postsynaptic
machinery is accomplished through actin-based organelles
known as podosomes (Proszynski et al., 2009; Proszynski
and Sanes, 2013; Bernadzki et al., 2014), which create gaps
between AChR-rich areas. In cultured myotubes, the inhibition
of podosome formation leads to altered distribution of AChR
receptors in postsynaptic clusters (Proszynski et al., 2009).
However, the function of podosomes in NMJ development in vivo
has not been elucidated.

Apart from podosomes, the actin cytoskeleton is important
for the formation and maintenance of postsynaptic AChR
assemblies. AChR are anchored to F-actin (Mitsui et al., 2000)
and actin dynamics drives AChR trafficking and clustering (Dai
et al., 2000; Lee et al., 2009). Specifically, the regulation of actin
cytoskeleton by Rho family GTPases appears to be involved in
postsynaptic AChR clustering (Luo et al., 2002; Weston et al.,
2003; Shi et al., 2010). The mechanisms of recruitment and
regulation of Rho GTPases at the NMJ are poorly understood.

The dystrophin-glycoprotein complex (DGC) is a major
muscle receptor for extracellular laminins and an important
component of the postsynaptic NMJ machinery (Ervasti
and Campbell, 1991; Nishimune et al., 2008; Gawor and
Prószyński, 2018). The core of the DGC complex consist
of dystrophin, syntrophin, α-dystroglycan, β-dystroglycan, the
sarcoglycan complex, sarcospan, and α-dystrobrevin (Nakamori
and Takahashi, 2011; Aittaleb et al., 2017; Belhasan and
Akaaboune, 2020). The dysfunction of the DGC core components
leads to myopathies in humans, including Duchenne muscular
dystrophy, a disease characterized by progressive damage and
impaired regeneration of skeletal muscles (Campbell, 1995).
DGC core components can recruit additional, peripherally
associated proteins. For instance the cytoplasmic protein α-
dystrobrevin 1 (aDB1) is believed to be an adaptor for
recruitment of various signaling molecules (Oh et al., 2012;
Gingras et al., 2016; Gawor and Prószyński, 2018). The loss
of aDB1 in mice results in abnormal NMJ morphology and
impaired maturation of the postsynaptic apparatus (Grady et al.,
2003, 2000, 1999). In humans, aDB1 mutations cause congenital
heart disease with left ventricular non-compaction (Ichida et al.,
2001). The function of aDB1 is dependent at least in part on
its phosphorylation by tyrosine kinases (Grady et al., 2003;
Schmidt et al., 2011; Gingras et al., 2016). To identify the
mechanisms of the regulation of NMJ maturation by aDB1, we
have previously searched for proteins that interact with aDB1
in a phosphorylation-dependent manner using a protein pull-
down assay followed by mass spectrometry (Gingras et al., 2016).
One of the proteins that we thus identified as an aDB1 interactor
was Arhgef5. Arhgef5 is a guanidine nucleotide exchange factor
(GEF) for the small GTPases from the Rho family and is
involved in the regulation of actin dynamics (Xie et al., 2005).
Interestingly, Arhgef5, which also interacts with another aDB1-
binding protein α-catulin (Lyssand et al., 2010; Gingras et al.,
2016) was shown to be pivotal for the Src-dependent formation
of podosomes (Kuroiwa et al., 2011). We therefore hypothesized
that Arhgef5 may cooperate with aDB1 and α-catulin to regulate
the maturation and stability of the NMJ postsynaptic machinery
by altering the dynamics of the actin cytoskeleton via Rho-family

GTPases. Here, we show that Arhgef5 localizes at the NMJ in vivo
and concentrates at the postsynaptic machinery. Loss of Arhgef5
in mouse skeletal muscles results in NMJ defects characterized
by increased fragmentation of the postsynaptic apparatus, an
effect that may be attributed to the abnormal function of the
GTPases RhoA and Cdc42.

RESULTS

Arhgef5 Binds to Phosphorylated aDB1s
Arhgef5 was originally identified in our unbiased mass
spectrometry-based screen for interaction partners of the
phosphorylated form of aDB1. Arhgef5 was one of the top
proteins from myotube extracts that specifically bind the aDB1-
derived phosphopeptide TQPEDGNpYENESVRQ (Y713-P;
corresponding to phosphorylated tyrosine 713 of aDB1) but not
to its unphosphorylated control peptide TQPEDGNYENESVRQ
(Y713) (Figure 1A). Arhgef5 has a typical domain structure of
Rho GEFs: it contains a Dbl homology (DH), a pleckstrin
homology (PH), and a Src homology 3 (SH3) domain
(Figure 1B). Additionally, it contains an N-terminal domain
that has several proline-rich motifs (Kuroiwa et al., 2011). In
humans, in addition to the full-length protein, a shorter isoform
called TIM lacking the N-terminal domain is expressed, but
this isoform has not been identified in mice. Using western
blot, we confirmed that the C-terminal domain of Arhgef5
binds the Y713-P, but not the Y713 peptide (Figure 1C). We
also independently showed that full-length Arhgef5 binds to
full-length aDB1, as evidenced by co-immunoprecipitation of
overexpressed proteins (Figures 1D,E).

Arhgef5 Localizes to AChR-Rich
Domains of the Neuromuscular Junction
α-dystrobrevin 1 and its phosphorylated form pY713-aDB1
concentrate in AChR-rich regions at the NMJ postsynaptic
machinery (Grady et al., 2003; Gingras et al., 2016). We thus
expected that Arhgef5 localizes in the same regions. Indeed,
endogenous Arhgef5 colocalizes with AChR on the tibialis
anterior (TA) muscle cross-sections (Figure 2A). To confirm
independently that Arhgef5 is a novel synaptic protein, we
electroporated muscles with plasmids expressing GFP-tagged
Arhgef5 constructs. Both the longer and the shorter C-terminal
isoform of Arhgef5 were enriched at the muscle postsynaptic
machinery (Figures 2B,C). In contrast, overexpressed GFP (used
as a control) did not concentrate at the NMJ (Figure 2D).

Arhgef5 Loss Does Not Block AChR
Cluster Formation in Cultured Myotubes
Arhgef5 is an important regulator of podosome formation in
MDCK and NIH/3T3 cells (Kuroiwa et al., 2011). Podosomes
contribute to the formation of complex pretzel-like structures
of the postsynaptic machinery in cultured myotubes (Proszynski
et al., 2009), and aDB1-depleted myotubes fail to form complex
AChR clusters (Pawlikowski and Maimone, 2009; Gingras et al.,
2016). Accordingly, we predicted that inhibition of Arhgef5
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FIGURE 1 | Arhgef5 binds to aDB1. (A) Lysates from C2C12 cells were incubated with beads coupled to either the unphosphorylated (713) or the phosphorylated
(713-P) variant of aDB1 peptide containing the Y713 residue. Eluates from the beads were analyzed using mass spectrometry. Number of peptides from Grb2 and
Arhgef5 identified in each eluate and percent peptide coverage of the full-length protein are shown. Data shown is a reanalysis of supplementary information from
Gingras et al. (2016). (B) Domain architecture of Arhgef5 and its shorter C-terminal isoform TIM (only detected in humans). (C) FLAG-Arhgef5 C-terminal isoform was
expressed in HEK293T cells and lysates were incubated with beads coupled to peptide 713 or 713-P. Eluates from the beads were analyzed by immunoblot. (D,E)
FLAG-tagged Arhgef5 and GFP-tagged aDB1 were coexpressed in HEK293T cells, as indicated. (D) GFP-aDB1 was immunoprecipitated from the lysates using
anti-GFP-coupled beads and eluates were analyzed by immunoblot. (E) FLAG-Arhgef5 was immunoprecipitated from the lysates using anti-FLAG- or rabbit
IgG-coupled beads and eluates were analyzed by immunoblot.
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FIGURE 2 | Arhgef5 localizes to AChR-rich regions of the NMJ. (A) Cryostat
sections of TA muscle were analyzed by immunofluorescence. AChRs were
detected using fluorescently labeled BTX. (B–D) TA muscle of P30 mice were
electroporated with GFP-tagged Arhgef5 (B) or Arhgef5-C-term (C) or with
GFP alone (D). After 14 days, the muscle was fixed and stained with
fluorescently labeled BTX. Single fibers were isolated and imaged. Scale bars
are 20 µm.

function would impair complex cluster formation by blocking
podosomes. To test this hypothesis, we knocked down the
expression of Arhgef5 in C2C12 cells using siRNAs. Out of
four siRNAs tested, three efficiently reduced Arhgef5 mRNA
and protein levels (Figures 3A,B). Surprisingly, we found that
Arhgef5 knock-down did not block either the appearance of
pretzel-like postsynaptic machinery clusters in C2C12 cells
cultured on laminin, or the formation of synaptic podosomes
visualized by F-actin stained with phalloidin (Figures 3C–E).
Moreover, Arhgef5 knock-down had no effect on the formation
of simple AChR clusters that appear in C2C12 cells stimulated
with agrin (Figures 3F,G).

Generation of Mice With Muscle-Specific
Arhgef5 Knockdown
The lack of a clear effect of Arhgef5 knock-down on the
postsynaptic machinery in vitro does not preclude the importance
of Arhgef5 for NMJ formation or maintenance in vivo. We
wanted to determine if depletion of Arhgef5 in mouse muscles

would, like that of aDB1, cause abnormal NMJ morphology.
To that end, we crossed Arhgef5 flox/flox (AG5fl/fl) conditional
knockout mice with mice expressing Cre under the control of
the human skeletal actin (HAS or Acta) promoter, which is
specifically activated in differentiated skeletal muscle fibers. We
found that exon 3 of Arhgef5 was excised in AG5fl/fl;Acta-Cre
(Figures 4A,B), as evaluated by genotyping PCR reaction. We
additionally measured the level of Arhgef5 mRNA in muscles of
AG5fl/fl;Acta-Cre and AG5fl/fl mice. The expression of Arhgef5
mRNA containing exon 3 in AG5fl/fl;Acta-Cre muscles was
reduced compared to AG5fl/fl mouse muscles, in which Cre was
not expressed (Figure 4C). The expression went down over time
from around postnatal day 50 (P50) to P500 with more apparent
decline in older animals. The lack of complete elimination of
Arhgef5 expression in the muscles of AG5fl/fl;Acta-Cre mice
could be attributed either to incomplete excision of all Arhgef5
alleles in the multinuclear myotubes or to contamination of
samples with non-muscle cells, such as blood vessels, connective
tissue, fibroblasts, and neurons. The decline of Arhgef5 mRNA
with age could also suggest that muscle fibers are supplemented
with Arhgef5 mRNA coming from muscle satellite cells, which are
less numerous in older animals and in which the Acta promoter
driving Cre expression is inactive. Because we could still detect
residual Arhgef5 in AG5fl/fl;Acta-Cre muscles, we refer to the
genotype of these mice as muscle-specific Arhgef5 knockdown
rather than knockout.

Neuromuscular Junctions Are
Abnormally Fragmented in Arhgef5
Knockdown Muscles
To determine if the muscle-specific knockdown of Arhgef5 affects
NMJ formation and maintenance, we isolated TA muscles from
AG5fl/fl; Acta-Cre and AG5fl/fl (control) mice and imaged their
NMJs using α-bungarotoxin staining to visualize postsynaptic
AChRs. In both types of mice NMJs formed normally with well
aligned postsynaptic specialization (AChR), presynaptic elements
(neurofilament and synaptophysin), and synaptic extracellular
matrix marker (acetylcholinesterase stained with fasciculin
II) (Figure 4D).

Because the DGC is involved in the stability of the NMJ,
we speculated that loss of Arhgef5 might result in more
excessive fragmentation of NMJs. Indeed, when we scored NMJs
according to the degree of fragmentation (Figure 5A), NMJs
from AG5fl/fl;Acta-Cre showed more profound disintegration
than control mice (Figure 5B). The effect of NMJ fragmentation
was increased with age of animals and correlated with the decline
in Arhgef5 mRNA (Figure 5C). This suggests that loss of Arhgef5
in muscles results in poorer NMJ stability.

To check if the increased NMJ fragmentation in mutant
mice was associated with decreased total area of AChR-rich
regions at each postsynaptic cluster, we performed unsupervised
measurements of the total area of the NMJ, the area containing
AChR receptors (α-bungarotoxin-positive) and the area of
perforations between AChR-rich branches of the NMJ. Neither
of these parameters was changed in AG5fl/fl;Acta-Cre mice
compared to controls (Figures 5D,E).
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FIGURE 3 | Arhgef5 is not required for AChR cluster formation in cultured myotubes. (A) C2C12 myotubes were transfected with control siRNA or three different
siRNAs targeting Arhgef5. Arhgef5 mRNA levels were measured by RT-qPCR in the transfected cells. (B) HEK293T cells were transfected with FLAG-Arhgef5 and
either control siRNA or four different siRNAs against Arhgef5 (siRNA 1, 2, 3, 4). FLAG-Arhgef5 levels were measured by Western blot. (C–E) C2C12 cells were
transfected with negative control (non-targeting) siRNA, Arhgef5 siRNA, or MuSK siRNA as positive control. Cells were stained with fluorescently labeled BTX to
visualize AChR and actistain to visualize F-actin. No differences in total cluster number or complex pretzel-like cluster formation was observed upon Arhgef5
knockdown. As expected, knockdown of MuSK fully abrogates AChR cluster formation. Scale bar is 20 µm or 100 µm, as indicated. (F,G) C2C12 were transfected
as in (C) and treated with soluble agrin for 72 h. Cells were fixed and stained with fluorescently labeled BTX to visualize AChR. Arhgef5 knockdown does not affect
the abundance of AChR cluster in cells stimulated with agrin. Scale bars are 100 µm. See Supplementary Figure S1 for an image of sparse AChR clusters that
form in the absence of agrin or laminin. **p < 0.01.
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FIGURE 4 | Generation of muscle-specific Arhgef5 KO mice. (A) Strategy for the generation of conditional Arhgef5 knockouts. Mice with loxP sites flanking the third
exon of Arhgef5 were crossed with Cre-recombinase expressing mice to produce knockout. (B) Genotyping shows successful recombination in the muscles but not
tail tipss of AG5fl/fl ; Acta-Cre mice. (C) Quantification of Arhgef5 mRNA expression in AG5fl/fl and AG5fl/fl ; Acta-Cre mice at 50 and 500 days of age. Results are
mean ± SEM of three mice from each genotype. (D) Proper alignment of pre- and post-synaptic elements in AG5fl/fl ; Acta-Cre muscles. Single fibers of tibialis
anterior muscles isolated from AG5fl/fl and AG5fl/fl ; Acta-Cre mice were stained with BTX (to visualize AChR), fasciculin II (to visualize the synaptic cleft marker
acetylcholinesterase), and anti-neurofilament + anti-synaptophysin antibodies (to visualize the presynaptic nerve terminal). Scale bar is 20 µm. *p < 0.05, **p < 0.01.
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FIGURE 5 | Muscle-specific loss of Arhgef5 results in progressive loss of NMJ integrity (A). Classification of NMJs according to their fragmentation. Representative
examples of NMJs from each class are shown (B,C). Relative percentages of NMJs belonging to each of the three classes in tibialis anterior muscles of AG5fl/fl and
AG5fl/fl ; Acta-Cre mice at 50 and 500 days of age. Results are mean ± SEM of three mice from each genotype. At least 30 synapses were counted for each mouse.
Arhgef5 muscle-specific knocdown causes increased fragmentation of NMJs at both ages (D). Visualization of the automated quantification of endplate and AChR
areas of NMJs. The algorithm takes a maximum projection fluorescence image (top panel) and performs the segmentation of the image to calculate the AChR area
(middle panel) or the total area of the endplate (bottom panel). Perforations area is calculated as the difference between endplate area and AChR area. (E) Neither the
total endplate area nor the AChR area nor the perforations area were significantly different in tibialis anterior muscles of 500-day old AG5fl/fl ; Acta-Cre mice compared
to AG5fl/fl . Results are mean ± SEM. (F) Representative cross-sections of TA muscle of AG5fl/fl and AG5fl/fl ; Acta-Cre mice. F-actin was stained with Actistain and
nuclei were stained with DAPI. Centralized nuclei are indicated with arrows. (G) Quantification of centralized nuclei per TA muscle cross-section for n = 3 mice per
genotype. Results are mean ± SEM. (H) Quantification of fiber diameters in TA muscle cross-sections (samples as in G). Results are mean ± SEM. *p < 0.05.
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We also wanted to make sure that the fragmentation of
the postsynaptic machinery in AG5fl/fl;Acta-Cre mice is not
a downstream consequence of increased degeneration and
regeneration of muscle fibers. To that end, we measured the
number of centralized nuclei per cross-section in TA muscles of
AG5fl/fl;Acta-Cre mice and AG5fl/fl controls. We did not observe
increased numbers of centralized nuclei or abnormal fiber size
in AG5fl/fl;Acta-Cre muscles, suggesting that the synaptic defects
are not due to increased degeneration and regeneration of
muscle fibers (Figures 5F–H and Supplementary Figure S2,
Supplementary Movies S1–S3).

Levels of Active Cdc42 and RhoA Are
Reduced in Arhgef5 Knockdown Muscles
Arhgef5 is a guanidine exchange factor involved in the regulation
of small GTPases from the Rho family. It activates these GTPases
by inducing the exchange of GDP to GTP (Wang et al., 2009;
Kuroiwa et al., 2011). Therefore, we reasoned that in Arhgef5-
knockdown muscles activated GTP-bound Rho-family GTPases
should be less abundant. Indeed, GTP-bound RhoA and Cdc42
were reduced in muscles from AG5fl/fl;Acta-Cre compared to
control mice (Figure 6), suggesting that Arhgef5 is required for
the maintenance of high levels of active RhoA and Cdc42, as
previously shown in other cell types (Kuroiwa et al., 2011).

MATERIALS AND METHODS

Plasmids
For co-IP Arhgef5 C-terminally tagged with a triple FLAG tag was
cloned into pSBbi-Puro. GFP-aDB1 was engineered by cloning
aDB1 cDNA into the pEGFP-C1 plasmid (Clontech) (Grady
et al., 2003). For electroporation, full-length Arhgef5 or Arghef5
C-term were cloned into pCDNA3.1(+)/Puro in frame with the
C-terminal GFP tag.

Antibodies and Staining Reagents
The following antibodies were used for immunofluorescence:
mouse anti-neurofilament (clone 2H3, Developmental Studies
Hybridoma Bank), guinea pig anti-synaptophysin (Synaptic
Systems). The following antibodies were used for western
blot: rabbit anti-α tubulin (ab18251; Abcam), rabbit anti-GFP
(GTX113617; Genetex), mouse anti-GFP (12A6; Developmental
Studies Hybridoma Bank), mouse anti-GFP (9F9.F9; Novus
Biologicals) mouse anti-FLAG (clone M2, F3165; Sigma), mouse
anti-FLAG (635691; Clontech), mouse anti-β-actin (A1978;
Sigma), mouse anti-α tubulin (T6199; Sigma). For visualization
of AChR we used fluorescently labeled α-bungarotoxin (B35451
or B13422; Thermo), and for visualizing the synaptic cleft,
we used fasciculin II, which binds to acetylcholinesterase (F-
225; Alomone Labs, labeled with FluoReporter FITC kit from
Thermo).

Western Blot
SDS-PAGE was performed on hand-cast polyacrylamide gels.
Transfer was performed using Trans-Blot Turbo (Bio-Rad)

onto nitrocellulose membranes (0.2 µm pore size; PALL). For
detection, we used HRP-coupled secondary antibodies (Jackson)
and Clarity Western ECL substrate (Bio-Rad). ECL images
were collected on photographic film (CL-XPosure, Thermo) and
digitized using a film scanner (Epson) or were digitally acquired
on the Amersham 680RGB instrument.

Peptide Pulldown
Pulldown of Arhgef5 using synthetic peptides was performed as
in Gingras et al. (2016). Briefly, synthetic peptides (phospho-
Y713: DEST–Biotin–Ahx–TQPEDGNpYENESVRQ-NH2, Y713:
DEST–Biotin–Ahx–TQPEDGNYENESVRQ-NH2) were purch-
ased from Lifetein. The peptides were bound to Streptavidin-
coupled Dynabeads M-280 (Life Technologies). Recombinant
Arhgef5-GST (C-terminal; Proteintech) was resuspended in bead
binding buffer [20 mM Hepes, 150 mM NaCl, 0.5 mM EDTA,
10% Glycerol, 0.05% Nonidet P-40, 1 mM DTT, EDTA-free Mini
protease inhibitor cocktail (Roche), pH 7.9] and incubated with
the beads overnight at 4◦C. The beads were washed 2x in bead
binding buffer, and the proteins were eluted in 2x Laemmli
sample buffer with 50 mM DTT for 10 min at 95◦C.

Co-immunoprecipitation
HEK 293T cells were transfected with plasmids encoding α-
dystrobrevin 1-GFP, Arhgef5-FLAG, or both for 24 h. Cells were
lysed in lysis buffer: 50 mM Tris, 150 mM NaCl, 0.1% Nonidet
P-40, 50 mM NaH2PO4, 1 mM sodium pervanadate, 10 mM
NaF, 1x SigmaFAST EDTA-free protease inhibitors (Sigma),
2 µM bortezomib and incubated with Dynabeads-protein G
(Life Technologies) precoated with rabbit anti-GFP (GTX113617;
Genetex) for 1 h at 4◦C or with rabbit-anti-FLAG (PA1984B;
Thermo) or rabbit IgG isotype control (Sigma) overnight at 4◦C.
Beads were washed 3x with lysis buffer and protein was eluted
using 2x Laemmli sample buffer for 30 min at 65◦C.

Animals
All animals used in the study were on the C57/Bl6
genetic background. Acta-Cre mice (Jax #: 006149; B6.Cg-
Tg[ACTA1-cre]79Jme/J) were purchased from The Jackson
Laboratory (Stock No: 006149) (Miniou et al., 1999).
Arhgef5 conditional knockout mouse line (C57BL/6N-
Arhgef5 < tm1c(NCOM)Mfgc > /Tcp) was generated at
the Mammalian Functional Genomics Centre, University of
Manitoba and provided through The Canadian Mouse Mutant
Repository at The Hospital for Sick Children (Toronto, ON,
Canada) (Bradley et al., 2012). The original allele was created
under the North American Conditional Mouse Mutagenesis
(NorCOMM) Project. Animals were kept at the Nencki
Institute Animal House on a 12 h light/dark cycle with food
and water ad libitum. All experiments were conducted in
accordance with the animal experimentation permit from the
local ethics committee.

Genotyping
Genomic DNA was isolated from mouse tail tips or TA muscles
using Chelex 100 (Sigma). A small piece of tissue was added into
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FIGURE 6 | Active forms of Cdc42 and RhoA are reduced by muscle-specific Arhgef5 knockdown. (A,B) Active GTP-bound forms of Cdc42 (A) and RhoA (B) were
precipitated from TA homogenates (upper panels) and Cdc42 and RhoA proteins were detected by Western blot from precipitates and tissue lysates (total). GAPDH
was used as a loading control.

200 µl of 10% Chelex solution, incubated at 95◦C for 20 min,
and centrifuged at 12 000 g at RT for 10 min. The supernatant
was collected and used for the PCR reactions as a template.
PCR was performed using 2 × PCR Master Mix (Thermo) using
the following primers: CACCTACATCAGCTCAGAAAGTCAT
(forward), CAACAGGTGACTCTGACACAGCA (reverse).

RNA Isolation and qRT-PCR
RNA was isolated using TRIsure reagent (Bioline), and
cDNA was synthesized using a High-Capacity cDNA Reverse
Transcription Kit (Thermo) according to the manufacturer’s
instructions. qRT-PCR was performed using the Step One
Plus Real-Time PCR system (Thermo) and SYBR Green PCR
Master Mix (Thermo). The instrument’s default programs were
used for data acquisition, and the results were analyzed using
the comparative Ct method for relative quantification. The
housekeeping gene glyceraldehyde-3-phosphate dehydrogenase
(Gapdh) was used to standardize the samples. The following
primers were used: Gapdh (GGCCTTCCGTGTTCCTAC
and TGTCATCATACTTGGCAGGTT) and Arhgef5 (CCAA
CAAGCAAAAGGGCTGG and TCTTCTCCCGGAAAACAA
CAGA).

Electroporation of TA Muscle
Mice were anesthetized using intraperitoneal injection of
ketamine (90 mg/kg) and xylazine (4.5 mg/kg). Five to 10 min
after the addition of anesthetics, the leg was shaved using
hair removal cream. 25 µl of ∼1 mg/mL solution of DNA
were injected into the TA muscle with a Hamilton syringe
followed by electroporation of the whole leg 10 × with 20 ms
pulses at 1 Hz by BTX ECM 830 square wave electroporator.
Electrodes were wetted with PBS to enable ion flow and the
voltage was ∼175 V/cm. Postoperative analgesia was achieved
by subcutaneous injection of 1–5 mg/kg of butorphanol and
local anesthesia using 2% lidocaine gel. Mice were sacrificed by
pentobarbital injection 14 days after the procedure.

Fresh-Frozen Tissue Sections
Immunofluorescence
Tibialis anterior muscle was frozen in cold isopentane and
sectioned on a cryostat. Slides were stained with an anti-Arhgef5
antibody and α -bungarotoxin.

Fixed Muscle Fiber Immunostaining and
Imaging
Immediately after sacrificing the animal, the skin of the leg was
surgically removed and fascia from the TA muscle was taken off.
The whole leg was severed and incubated in fresh 4% PFA for
1 h at room temperature. The leg was washed 3 × 5 min in PBS
and stored in PBS containing 0.02% sodium azide at 4◦C. Fixed
muscles were teased into single fibers using fine forceps. Non-
specific staining was blocked with 2% bovine serum albumin
(BSA) and 2% goat serum in PBS supplemented with 0.5%
Triton-X100. The fibers were incubated with primary antibodies
overnight in the same buffer. Fibers were washed 3 × 5 min
in PBS followed by incubation with secondary antibodies and
fluorescently labeled bungarotoxin in 2% BSA and 2% goat serum
in PBS containing 0.1% Triton-X100 for 1 h at room temperature.
Cells were washed 3 × 5 min in PBS and mounted in fluoromount
with DAPI, covered with coverslips, and sealed with nail polish.
Image acquisition was performed at the Confocal Microscopy
Facility at the Nencki Institute, using the Zeiss spinning disk
confocal microscope or the Leica TCS SP8 scanning confocal
microscope. Images were analyzed using ImageJ/Fiji software.

NMJ Phenotype Quantification
Tibialis anterior muscles were fixed in 4% PFA and stained
with fluorescently labeled bungarotoxin. Teased fibers from
the muscle were mounted on slides and imaged using the
Zeiss spinning disk confocal microscope. To ensure reliable
measurements, only NMJs that were placed directly facing and
parallel to the coverslip were used for downstream analyses.
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NMJs (30–50 per animal) were manually assigned to one of three
populations based on the number of discrete fragments they were
composed of: class I contained 1-2 fragments, class II contained
3-5 fragments and class III contained 6 fragments or more. For
morphometric analysis, we used the “NMJ-morph” ImageJ plugin
(Jones et al., 2016).

Quantification of Centralized Nuclei
Tibialis anterior muscles were dissected, embedded in OCT and
snap-frozen in isopentane cooled by liquid nitrogen and stored
at −80◦C at least overnight. Transverse 20 µm-thick sections
were generated by using Leica Cryostat CM1950, collected on
slides, dried at room temperature for 1 h and stored at −20◦C.
For immunohistochemistry, sections were fixed with 4% PFA
for 10 min at room temperature and then treated with blocking
solution for 1 h [0.2% BSA, 0.5% Triton X-100, 2% normal
goat serum (NGS) in phosphate-buffered saline (PBS)]. Sections
were counterstained with AlexaFluor-555-conjugated phalloidin
(A34055, Thermo Scientific) at 1:500 dilution in blocking
solution for 1 h at room temperature. Afterward, slides were
washed for 5 min in PBS. Coverslips were applied over the slides
and mounted with mounting media containing 1:1000 dilution
of DAPI (A4099, AppliChem). Immunofluorescence microscopy
was performed using a spinning disk confocal microscope (Zeiss).

Cell Culture
C2C12 myoblasts were cultured as described previously (Pęziński
et al., 2019). Briefly, myoblasts were cultured on 0.2% gelatin-
coated plates in Dulbecco’s Modified Eagle Medium (DMEM)
supplemented with 20% fetal bovine serum (FBS), 4.5 g/L
glucose, L-glutamine, penicillin, streptomycin, and fungizone.
For myotube fusion, cells were trypsinized and plated on
Permanox slides (VWR) in eight-well Flexiperm chambers
(Sarstedt). The slides were coated with 111-laminin (Sigma).
To induce myotube differentiation, the media were replaced
with DMEM with 2% horse serum. For experiments involving
agrin, slides were coated with 0.2% gelatin instead of laminin,
and myotubes were stimulated with 10 nM recombinant rat Z’-
spliced agrin (R&D Systems) for 72 h. The cells were fixed in 4%
paraformaldehyde (PFA) and permeabilized with 0.5% Triton X-
100 for 30 min. The myotubes were stained using Alexa Fluor
555-coupled bugarotoxin (BTX) (B35451, Life Technologies)
and Acti-Stain 488 (PHDG1, Cytoskeleton). Cells were imaged
on the Zeiss spinning disk confocal microscope at the Nencki
Institute Microscopy Core Facility. Images were processed using
ImageJ/Fiji and analyzed in R.

Arhgef5 Knock Down
Arhgef5 silencing in differentiated C2C12 myotubes was
performed with Lipofectamine RNAiMAX (Life Technologies).
The following siRNAs were used at 20 nM: siRNA1 (#2430,
Sigma-Aldrich), siRNA2 (#30088, Sigma-Aldrich), siRNA3
(#6911, Sigma-Aldrich), siRNA4 (#4390771, ID: s79541,
Ambion), and non-targeting control siRNA (#12935300,
Invitrogen). The cells were fixed 2 days later and examined by
confocal microscopy.

RhoA/Cdc42 Activity Assay
Experiments were carried out as described previously with
minor modifications (Bijata et al., 2015; Schill et al., 2020).
Briefly, for biochemical determination of RhoA/Cdc42 activity
TA muscles were homogenized in lysis buffer [25 mM HEPES
(pH 7.5), 150 mM NaCl, 1% Nonidet P-40, 10 mM MgCl2,
1 mM ethylenediaminetetraacetic acid (EDTA), and 2% glycerol]
and centrifuged at 14000 × g for 10 min at 4◦C. The
extracts were incubated with GST-PAK-PBD fusion protein that
had been conjugated with glutathione beads (for Cdc42; Cell
BioLabs) at 4◦C overnight or an anti-active RhoA monoclonal
antibody and protein A/G Agarose beads (for RhoA, Neweast
Biosciences) for 1 h at 4◦C and then washed three times with
lysis buffer. Active RhoA/Cdc42 was analyzed by SDS-PAGE
and subsequently immunoblotted with RhoA-specific antibody
(Neweast Biosciences, 1:500) and Cdc42-specific antibody
(11A11, Cell Signaling, 1:500).

Statistics
Statistical analyses were performed using GraphPad Prism 7,
Microsoft Excel, and R. Quantitative data are presented as the
mean ± SEM or SD. Two-tailed unpaired t-test or ANOVA
with Bonferroni’s post hoc test were used to test for statistical
significance, as appropriate. P > 0.05 was labeled as ns-not
significant, p < 0.05 as ∗, p < 0.01 as ∗∗, p < 0.001 as ∗∗∗,
and p < 0.0001 as ∗∗∗∗. Values of p < 0.05 were considered
statistically significant.

DISCUSSION

The DGC is essential for the maturation and maintenance of
the NMJ. The dysfunctions of its components often lead to
myopathies, such as Duchenne muscular dystrophy or limb-
girdle muscular dystrophy (Mercuri et al., 2019). One of the DGC
components is aDB1, whose deletion in mice results in lower
density, decreased stability and abnormal distribution of AChR
at the NMJ (Grady et al., 2003, 2000; Pawlikowski and Maimone,
2009). It has been recently proposed that aDB1 serves as a
scaffold for the binding of signaling molecules, including Liprin-
α1 (Bernadzki et al., 2017), Grb2, α-catulin (Lyssand et al., 2010;
Gingras et al., 2016), and the Rho GEF Arhgef2. Here, we showed
that phospho-aDB1-binding protein Arhgef5 accumulates at the
NMJ and is required for the maintenance of NMJ integrity in vivo.
Arhgef5 was of particular interest to us, because it had previously
found to bind another aDB1 interactor α-catulin in HEK293 cells
(Lyssand et al., 2010), and because it is known to be essential for
the formation of Src-induced podosomes in fibroblasts (Kuroiwa
et al., 2011). We therefore hypothesized that Arhgef5 promotes
the remodeling of NMJ postsynaptic machinery through actin
dynamics and synaptic podosomes in muscle cells. However, the
knockdown of Arhgef5 failed to affect the formation of synaptic
podosomes in cultured myotubes and had no obvious effect
on the formation of AChR clusters. The most parsimonious
explanation for that result is that C2C12 cells, unlike fibroblasts,
do not rely on Arhgef5 to activate Rho family GTPases and
induce podosomes. Two potential candidates for such a function
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in C2C12 cells are RhoGEFs ephexin1 and Arhgef2. We have
previously shown that Arhgef2 also associates with phospho-
aDB1, suggesting that it could be compensating for the loss of
Arhgef5 in C2C12 cells (Gingras et al., 2016). Ephexin1 had been
shown to affect the maturation of postsynaptic clusters in C2C12
cells (Shi et al., 2010) and NMJ in vivo, but whether it does
so in collaboration with the DGC or through the regulation of
actin-rich podosomes remains unknown.

In contrast to the apparent lack of effect of Arhgef5 loss in
cultured myotubes, the knockdown of Arhgef5 in muscle fibers
in vivo leads to synaptic abnormalities. NMJs in muscle-specific
Arhgef5 KO mice are more fragmented, implying that Arhgef5 is
important for NMJ stability once the postsynaptic maturation is
accomplished. This phenotype does not mimic the abnormalities
observed in aDB1 KO mice, whose NMJs lack a clear demarcation
between AChR-rich and AChR-poor areas, resulting in a “fuzzy”
appearance (Grady et al., 2000; Wang et al., 2018). Since aDB1
recruits many signaling proteins, it is plausible that the synaptic
defects in the absence of aDB1 and Arhgef5 differ. On the other
hand, Arhgef5 becomes depleted in conditional KO muscles only
later in life (Figure 4C), so it is possible that the observed
differences between the phenotypes of aDB1 KO and Arhgef5
muscle-specific knockdown mice are due at least in part to the
different timing of the loss of function of their respective genes.
Therefore, it is difficult to speculate about the lack of Arhgef5
function in synaptic development.

The knockout of another RhoGEF ephexin1 has also
been shown to cause fragmentation of the NMJ postsynaptic
machinery (Shi et al., 2010). However, the mechanisms of
action of ephexin1 and Arhgef5 appear to be different. Whereas
ephexin1 plays a pivotal role in the early development of NMJs
and the creation of complex postsynaptic pretzels in vivo, loss
of Arhgef5 in the muscle does not induce early developmental
aberrations of the NMJ (data not shown). It is only later in
development that the effects of Arhgef5 knockdown become
more pronounced. This could explain why depletion of Arhgef5
has no effect on the short-lived AChR clusters in C2C12 cells.
However, as discussed above, Arhgef5 only becomes strongly
depleted in adult conditional KO mice, so it is plausible that
an earlier loss of function of Arhgef5 might result in a different
phenotype more reminiscent of ephexin1 KO mice.

How might Arhgef5 affect the stability of NMJs in vivo? Our
data indicate that the mechanism might involve the regulation
of cytoskeleton dynamics via small Rho-family GTPases. We
showed that the active GTP-bound forms of RhoA and Cdc42 are
reduced in the muscles of conditional AG5 KO mice. Reduced
RhoA activity was shown to be the main causal factor in the
abnormal NMJ phenotype of epehexin1 KO mice (Shi et al.,
2010). Moreover, RhoA is essential for the fusion of microclusters
of AChR into larger clusters in muscle cells (Weston et al.,
2003), which might explain the loss of integrity of NMJs in AG5
conditional KO mice. RhoA may also help anchor the NMJ to
the cytoskeleton by promoting the expression and membrane
localization of utrophin, a DGC component known to bind actin
filaments via its N-terminal tail (Galkin et al., 2002; Bonet-
Kerrache et al., 2005). Cdc42 is also important in the formation of
AChR clusters in mammalian muscle cells (Weston et al., 2000)

and for the proper formation of the NMJ postsynaptic machinery
in Drosophila (Rodal et al., 2008). In conclusion, it appears that
Rho GEFs and their target small GTPases are important players in
the formation, maturation, and maintenance of the postsynaptic
structures of the NMJ. Going forward, it will be important to
decipher the respective roles of the different GEFs at various time
points of NMJ development, and their potential involvement in
muscular dystrophies in humans.
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FIGURE S1 | Image of spontaneous clusters of AChR that form in C2C12
myotubes in the absence of agrin and laminin. AChR was labeled with
fluorescently labeled BTX.

FIGURE S2 | Images of fragmented synapses corresponding to X-Z
cross-sections shown in Supplementary Movies S1–S3. AChRs were stained with
fluorescently labeled BTX (green). Nuclei were stained with DAPI (magenta).
Maximum projection images through the fibers are shown.

MOVIES S1–S3 | X-Z slices through TA muscle fibers with fragmented NMJs in
AG5fl/fl ; Acta-Cre mice. We did not see any evidence of increased abundance of
centralized nuclei in these fibers. AChRs were stained with fluorescently labeled
BTX (green). Nuclei were stained with DAPI (magenta).
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Wesley Jay (Wes) Thompson, known for his seminal contributions to the studies of neuromuscular
synapses and glial cells, passed away on March 26, 2019, at the age of 71. Surviving family, friends,
trainees, colleagues, and others who hold Wes in fond memory gathered at the campus of Texas
A&M University in College Station, TX, for a memorial service in his honor some weeks later. All
of the speakers recounted with fondness their interactions withWes that exemplified the impact his
approaches to life and work had on the lives of many others. Most who knewWes would agree that
he never liked to talk about himself much except in performing self-deprecating humor and voicing
his displeasure with the current political climate. Wes abhorred any public recognition of his
accomplishments (or good deeds) and only begrudgingly tolerated those accompanied by research
funds.We are certainWes would have protested the production of this article that pays him tribute.
There are aspects of his life, however, that were readily apparent to those who have spent any
meaningful amount of time with Wes—his generosity, drive and integrity as a scientist, affinity for
history and simpler things in life such as his vegetable garden and backyard barbeque with friends
that brought him joy, and love for his daughter. Jeff Lichtman, a fellow towering contemporary
figure in the study of neuromuscular synapses, once called Wes “a gem of a human being,” a
much-deserved compliment that sweetly sums up the warm character of the man we all knew.

Wes was born on December 10, 1947, in Alice, TX, to Jay and Harriett Thompson from
whom Wes inherited many of his endearing traits: rough-around-the-edges Texan charm,
a desire/willingness to fix any mechanical instruments (often with mixed results) from his
inventor/oilman father, and a deep belief in the value of education from his mother, a school
teacher. The family relocated to Crawford, TX, where Wes spent a large part of his childhood.
In 1966, Wes graduated from Crawford High School, and in 1970, earned a Bachelor of Science
degree with High Honors from North Texas State University (since renamed the University
of North Texas), a short 2-h drive away. Perhaps as a preview of what lay ahead in his long
and respected scientific career punctuated with honors, a survey of his high school and college
yearbooks (Figure 1) provides hints that fellow students had already recognized Wes’s academic
accomplishments and potential. As his career progressed, clearly,Wes did not fall victim to enemies
of promise. In addition to receiving several postdoctoral fellowships, he was named a Searle Scholar
in 1981 (Searle Scholars Program, Chicago Community Trust) and received a National Institutes of
Health (NIH) Research Career Development Award in 1984 and a Javits Neuroscience Investigator
award in 2001. He maintained a research program that was continuously funded by the NIH until
his death. As a testament to his long-standing dedication to educate undergraduate students, Wes
was also recognized with a University of Texas at Austin Teaching Excellence Award in 2000.

THE JOURNEY WEST

After submitting his thesis for a Master of Arts degree at North Texas State University in December
1971, Wes headed west to pursue graduate studies at the University of California, Berkeley. Early
70s Berkeley, CA, was probably as foreign a place as could be imagined for a young man from
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central Texas. At Berkeley, Wes joined the lab of Gunther
Stent, a disciple of the “phage group” led by Caltech’s Max
Delbrück, whose research on the genetic structure and replication
of bacterial viruses (bacteriophages) helped launch the modern
field of Molecular Biology. By the time Wes joined his lab,
Gunther Stent had famously declared Molecular Biology near
dead as a field and had moved on to Neurobiology using the
medicinal leech, Hirudo medicinalis, as a model organism for
investigating the neurobiological basis of behavior. With its
relatively simple and accessible nervous system, the leech offered
an excellent experimental model to characterize and understand
the neuronal circuits that underlie rhythmic movements such as
swimming or crawling (Kristan et al., 2005). While the rest of
the Stent group was focused on finding the neuronal circuitry
that produced swimming in the leech, for his doctoral thesis,
Wes tackled the regulation of heartbeat. The leech heartbeat
consists of neuronally driven, pulsing contractions of muscular
lateral, longitudinal vessels, known as the heart tubes, which drive
blood flow through a closed circulatory system (Kristan et al.,
2005). Wes carried out pioneering work that first described the
innervation circuit of the heart tubes by excitatorymotor neurons
(HE cells) (Thompson and Stent, 1976a). Most importantly,
Wes discovered the ensemble of inhibitory heart interneurons
(HN cells) that constitute the oscillator circuit driving the
bursting firing pattern of the HE cells, which generates the
heartbeat (Thompson and Stent, 1976b,c). Wes characterized
the mechanism of the oscillation as the reciprocal inhibition
between HN cells, how the oscillatory pattern was imposed on
the HE cells, and how the hearts on the two sides of the leech
were coordinated. This work provided the basis for later, elegant
studies by Ron Calabrese et al. that have advanced in great
detail the understanding of the neuronal circuitry controlling
this behavior (Calabrese et al., 2016). The leech heartbeat system,
the heartbeat circuitry in the lobster, and the control of the
stomatogastric systems of lobsters and crabs are among the
very few completely characterized oscillator circuits in all of
neuroscience. Bill Kristan, then a postdoctoral fellow in the Stent
lab, who became an eminent figure in leech biology and the
neurobiology of behavior, has observed that Wes’s thesis work
“required a huge amount of very careful experiments along with
great insight at many stages of the project. I could tell when he
was being most productive because he would take minimal time
to satisfy creature needs like eating and drinking. His lunches
and dinners during these times consisted almost entirely of candy
bars and cokes!” Stent and co-disciples, affectionately known
as Stent’s “neurobiological minions” (Weisblat and Thompson,
2008), influenced Wes’s intellectual and practical approach to
science for the rest of his career. Kristan, in particular, played an
important mentoring role during Wes’s time in the Stent lab, and
they remained close friends and colleagues throughout Wes’s life.

TO OSLO, NORWAY

One of us once asked Wes what compelled him to move all the
way to Oslo, Norway, to join the laboratory of Jan Jansen for a
postdoc. His sheepish answer, delivered with his characteristic

FIGURE 1 | (Top left) Wes at North Texas State University (1966–1970). As a

senior, when he was recognized for outstanding work in his major field of

study—Biology. Source: The Yucca, Yearbook of North Texas State University,

1970, Fort Worth, TX; University of North Texas Libraries, UNT Digital Library

(https://digital.library.unt.edu), crediting UNT Libraries Special Collections.

(Bottom) Wes, in his customary presentation stance, at the 2010 biennial

“Molecular and Cell Biology of the Neuromuscular System” meeting, organized

by Hans Brenner, Stephan Kröger, and Markus Rüegg, Guarda, Switzerland.

Photograph kindly provided by Dr. Shuo Lin, University of Basel, Switzerland.

(Top right) Wes at a dinner during the 2012 Guarda meeting. From an original

photograph kindly provided by Dr. Noreen Reist, Colorado State

University, USA.

half-smile, was that Stent had already decided for him and he
“didn’t have a say in the matter.” Wes’s work with Jansen in
the late 70s was foundational to the study of activity-dependent
plasticity, and laid the foundation for Wes’s work for the rest
of his career. When Wes arrived at the University of Oslo,
experiments had just been completed that described a dramatic
and puzzling change from innervation of individual rat muscle
fibers by several different motor neurons at birth to innervation
by a single motor neuron some 2 weeks later (Brown et al.,
1976). The process was named “synapse elimination.” At the Oslo
institute, Wes overlapped with Terje Lømo, a pioneer in studying
activity-dependent plasticity in the nervous system. Influenced
by ideas and works by Stent and Lømo,Wes was well aware of the
important role neural activity played in the developing nervous
system, particularly in the maturation of muscle fibers and their
synaptic innervation. He thus spent his time in the Jansen lab, and
much of his independent career, studying how activity shaped
developmental synapse elimination using rodent neuromuscular
junctions (NMJs) as a model system. Wes, Damien Kuffler, and
Jan Jansen were the first to demonstrate in a heroic series of in
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vivo experiments that blocking action potential conduction along
nerves delayed or prevented synapse elimination in postnatal
rats (Thompson et al., 1979). Perhaps the most important and
impactful insight Wes and his work in Jansen’s lab provided was
that synapse elimination was a reflection of an active, competitive
process among motor neurons innervating the same NMJ, rather
than a passive, random process. Wes demonstrated this by
surgically reducing the number of motor axons innervating a
muscle shortly after birth, which led to a dramatic increase in
the number of muscle fibers innervated by each of the spared
motor neurons (Thompson and Jansen, 1977). The concept that
developmental synapse elimination was competitive has been
foundational to neuroscience and was further fleshed out in later
studies by Lichtman and colleagues among others (Walsh and
Lichtman, 2003; Schafer et al., 2012).

By reducing the number of motor neurons innervating
skeletal muscles to understand the drivers of synapse elimination,
Wes had also become interested in the process of sprouting, how
the spared motor neurons expand their innervation of muscle
fibers transiently denervated subsequent to injury. Wes found
there was a limit to how much individual remaining motor
neurons could expand their innervation. In the jargon of the
field, he discovered that there was an upper limit to motor
unit size which was about five times the typical number of
muscle fibers innervated by a single motor neuron (Thompson
and Jansen, 1977). Wes’s findings also set a lower limit on
how many motor neurons could be lost before muscle function
was compromised. This work continues to have important
implications for understanding neuromuscular diseases and
injury, and the impact of these on muscle function, themes to
which Wes and his lab would return later in his career.

RETURN TO TEXAS

Despite the lack of a prominent Texas drawl, Wes remained a
Texan through and through. He longed to return to his home
state as an independent scientist. Returning to the United States,
Wes did a second postdoc in the laboratory of Dale Purves at
Washington University in St. Louis. While in the Purves lab, Wes
studied the reestablishment of synaptic connections after nerve
injury in sympathetic ganglia as a model system (Purves and
Thompson, 1979; Purves et al., 1981).

While in St. Louis,Wes would befriend Jeff Lichtman, whowas
a graduate student in the Purves lab at the time andwould himself
become a leader in the study of the role of activity as a modulator
of synapse elimination. The two would spend the next three
decades working on this topic, Wes at the University of Texas,
later at Texas A&MUniversity, and Jeff atWashingtonUniversity
and later at Harvard. These pioneering scientists produced many
of the landmark studies that extend our understanding of the role
of activity in shaping neural circuitry during development and
plasticity in the reestablishment of innervation following nerve
or muscle injury.

Wes’s statement of his research interests, provided by the
Searle Scholar Program, which recognized him as an exceptional
young faculty, exemplifies Wes’s style of communication—clear,

to the point, and exceedingly modest. It reads: “Formation
and Maintenance of Synaptic Connections: I am interested in
the formation and maintenance of synaptic connections in the
developing nervous system. In particular, I am investigating the
remodeling [sic] of neuromuscular synapses which occurs in
mammalian muscles during late fetal and early postnatal stages.
I wish to understand how the different kinds of motor neurons
and muscle fibers achieve their final differentiation and how
the motor neurons come to selectively innervate the appropriate
muscle fibers. In the course of this work, my lab has generated
antibodies which recognize a novel component of the NMJ.
An additional objective is to determine the identity of this
component and its role in the differentiation of this synapse.”

THE UNIVERSITY OF TEXAS YEARS

After about a year in the Purves lab, in 1979, Wes established
his own research lab at the University of Texas in Austin,
where his work continued to advance our understanding of
how activity influences developmental synapse elimination using
NMJs as a model system. By this time, it was well-recognized,
from Wes’s work and that of others, that the absolute levels of
activity profoundly impacted the time course of neuromuscular
synapse elimination. In his seminal 1983 Nature paper, Wes
elegantly demonstrated that the activity patterns with which
muscle fibers were stimulated shaped the time course of synapse
elimination in developing muscles (Thompson, 1983). This was
a key observation that suggested that pre- and postsynaptic
activities were crucial drivers of competition. Additionally, his
report lent support to the hypothesis that competitive synapse
elimination occurred via a Hebbian mechanism: coordinate
pre- and postsynaptic activity strengthened synapses, while dis-
coordinate activity weakened synapses, perhaps, thus driving
their loss. This hypothesis was tested in various ways over the
years that followed, by Wes, his colleagues, and other labs,
ultimately leading to the demonstration that the relative timing
of action potentials impacts profoundly synaptic strength and
synapse loss at neuromuscular (Personius and Balice-Gordon,
2001; Buffelli et al., 2002) and other synapses (e.g., Lorenzetto
et al., 2009; Zhang et al., 2011).

Prior to Wes’s work, programmed motor neuron cell death
and muscle fiber addition during development had been
proposed to drive neuromuscular synapse elimination (Harris,
1981; Nurcombe et al., 1981; Bennett et al., 1983). It had been
argued that because motor neuron death preceded the removal
of distal terminal axonal branches, downstream loss of their
synapse with muscle fibers would inevitably occur. Similarly,
because muscle fibers increase in number during early postnatal
life, the hypothesis was posited that the postnatal emergence
of new fibers would result in the shifting of synapses from
multiple innervated fibers to new, as yet uninnervated fibers.
Such change in synapse distribution could be mischaracterized
as synapse elimination. Wes observed alterations to neither
the number of motor units (the functional readout of the
number of innervating motor neuron) nor the number of muscle
fibers within a target muscle during the postnatal period of
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synapse elimination (Balice-Gordon and Thompson, 1988b).
He further showed that the tension generated by individual
motor units decreased during this period, consistent with
previous work (Brown et al., 1976). Wes’s findings showed that
each motor neuron reduced the number of muscle fibers it
innervated as a consequence of synapse elimination, ruling out
a change in motor neuron or muscle fiber number as factors in
this process.

Despite the heterogeneity of muscle fiber types (e.g., defined
by myosin heavy chain expression and/or contractile speed),
each mature motor unit contains only a single muscle fiber
type innervated by a motor neuron, whose firing pattern is
functionally matched to the muscle fiber’s contractile properties.
Wes and others had demonstrated that motor unit fiber type
homogeneity is present prior to the completion of synapse
elimination (Thompson et al., 1984; Gordon and Van Essen,
1985; Balice-Gordon and Thompson, 1988b). To this day, it
remains unclear how a homogeneous group of muscle fibers
comes to reside within each mature motor unit. Despite variation
in levels and pattern of activity, the contractile property of a
given muscle—and even more remarkably, the distribution of
fiber types within a muscle—shows limited variability among
individuals of a species. Wes’s demonstrations of the profound
influence neuromuscular activity pattern has on muscle fiber
contractile properties, in addition to the timing of neuromuscular
synapse elimination (Thompson, 1983), raised an obvious
question: What is the extent of muscle fiber autonomy in
fiber type differentiation? To address this question, Wes needed
antibodies that would differentiate muscle fiber types, which
at the time were not available. He went about generating
monoclonal antibodies—a substantial undertaking in the 1980s,
and he even attended a Cold Spring Harbor Laboratory course
on how to do so. While at Cold Spring Harbor Laboratory,
Wes met Laura Silberstein, then a postdoc with Helen Blau,
who would share with him the necessary antibody reagents
to facilitate his experiments. Because innervation of adult
muscles by foreign nerves (or direct stimulations that mimic
such foreign innervation) resulted in dramatic changes in
muscle fiber types (Buller et al., 1960; Lømo et al., 1974;
Thompson, 1983), it had been assumed that developmental
muscle fiber type differentiation was also innervation- and
activity-dependent. Instead, Wes showed that muscle fiber type
differentiation, and the pattern of fiber type distribution within
developing muscles, occurred normally even in the absence of
innervation (Condon et al., 1990). He also showed that while
some muscles eventually degenerated if permanently denervated
during development, in agreement with previous studies (e.g.,
Harris, 1981), secondary myogenesis occurred with normal
timing in muscles that persisted. These findings, thus, illustrated
a surprisingly significant degree of autonomy in the generation
and differentiation of muscle fibers. In addition, as muscle fiber
types can differentiate independently of the nervous system,
motor axons are paired with fiber types of appropriate contractile
properties within predestined “compartments” of developing
muscles (Balice-Gordon and Thompson, 1988a).

A fortuitous by-product of Wes’s efforts to generate muscle
fiber type-specific monoclonal antibodies was the generation
of clones that would take his career on a picturesque, and

highly productive, detour: Wes himself, on a number of
occasions, commented that although he was trained as an
electrophysiologist, he had become more of a morphologist. As it
turned out, some of the antibodies Wes generated recognized the
intermediate filament nestin, a protein localized postsynaptically
at NMJs (Astrow et al., 1992). Upon denervation induced
by nerve injury, however, nestin expression is suppressed in
postsynaptic muscle fibers. Instead, its expression is turned on in
the reactive Schwann cells (SCs) that form the bands of Büngner
within the nerve segment distal to the injury site as well as in
the SCs that localize to junctions, called terminal SCs (Astrow
et al., 1994; Kang et al., 2007). These SCs exhibited elaborate
process extensions, called sprouts (Reynolds and Woolf, 1992),
similar in pattern to the axonal sprouts extended by regrowing
motor axons. In a series of elegant papers in the mid-1990s,
Wes and his colleagues discovered novel aspects of cell–cell
interactions among motor axons and SCs that were essential
for the establishment and maintenance of muscle innervation
as well as reinnervation after injury. Wes demonstrated that
terminal SCs and their processes both stimulated and guided
regenerating motor axons back to denervated postsynaptic sites
on muscle fibers in adult rodents (Son and Thompson, 1995a,b).
Wes further showed that reinnervation of neonatal muscles is
poor because of the dependence of regenerating motor axons
on terminal SC processes: he found that denervation of neonatal
muscles rapidly led to apoptotic death of terminal SCs and that
denervation-induced SC apoptosis was prevented by injection of
recombinant soluble neuregulin 1 (Trachtenberg and Thompson,
1996). Thus, this work demonstrated that neonatal SCs require
neuregulin 1-dependent trophic support from motor axons,
unlike the SCs in adult animals. The essential role of neuregulin
1 from motor axons in SC development in vivo suggested by
this study was later confirmed and extended by mouse genetic
experiments (Woldeyesus et al., 1999; Wolpowitz et al., 2000;
Yang et al., 2001).

Desiring a more detailed understanding of the terminal SC
sprouting response, Wes undertook the generation of transgenic
mouse lines in which SCs expressed green fluorescent protein
(GFP) (Zuo et al., 2004). Bred to another transgenic mouse,
whose motor axons were labeled with a spectrally distinct (cyan)
fluorescent protein (Feng et al., 2000), mice with fluorescent SCs
allowed repeated vital imaging of motor axons and terminal SCs
at NMJs in normal muscles, during denervation and subsequent
reinnervation. This work led to the demonstration that SC
sprouts actually preceded and led the outgrowth of motor axons
during reinnervation. Wes further showed that the coverage of
denervated synaptic sites by remaining terminal SCs significantly
influences which sites are reinnervated (Kang et al., 2003, 2019).
The creation of mouse lines with fluorescent SCs also led to
other unanticipated, but nonetheless exciting and impactful
observations. The transgene used to fluorescently label SCs
(S100-eGFP) is also expressed in other cell types, including in
central nervous system astrocytes and microglia. It thus became
possible to isolate nearly-pure populations of astrocytes from the
brains of these transgenic mice for transcriptomic analysis, a feat
first accomplished by the late Ben Barres (Cahoy et al., 2008). The
astrocyte expression database made possible by the “off-label” use
of Wes’s fluorescent glial mice has become an invaluable resource
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for countless neuroscientists all over the world. His trainees
collectively delight in this inadvertent legacy of a neuroscientist
who spent his career studying the peripheral nervous system
and was determined to steer clear of the brain when conducting
his work.

Wes’s interest in NMJs extended to a quest to understand
the mechanisms that underlie its morphological changes in
aging and with diseases. The morphology of mature mammalian
neuromuscular synapses is largely stable following the period
of synapse elimination, with growth occurring by intercalary
expansion as the muscle fibers grow. Several groups had observed
that NMJs undergo conspicuous morphological changes as
rodents age, becoming “fragmented” or “moth-eaten” in
appearance, distinct from NMJs of young adult rodents (Balice-
Gordon, 1997; Valdez et al., 2010; Li et al., 2011). It was
believed that such dramatic change arose from incremental
accumulation of small losses and additions of synaptic contacts
at individual synapses, as mechanisms that ensure the stability of
NMJs gradually waned with advancing age. However, following
repeated in vivo imaging of NMJs from agedmice (Li et al., 2011),
Wes found that junctional morphology is stable even in advanced
age, with a large majority of junctions showing no changes to
their morphology. He further found that a small fraction of
junctions abruptly undergoes stochastic, wholesale morphologic
changes, with the fraction of junctions that appear “fragmented”
accumulating with age. He made the surprising observation that
age-related morphologic changes in NMJs are instigated by the
injury and subsequent regeneration of the innervated segment
of muscle fibers. This was further corroborated by Wes’s work
that showed that similar rapid synaptic morphological changes
occur in muscles from rodent models of Duchenne muscular
dystrophy, as well as after deliberate muscle injury (Lyons and
Slater, 1991; Li and Thompson, 2011; Haddix et al., 2018).
Wes and his colleagues also studied mouse models of a severe
form of the hereditary motor neuron disease spinal muscular
atrophy (SMA). SMA results from low levels of the ubiquitously
expressed protein survival of motor neuron (SMN). His group
was among the first to demonstrate that, at least in these mice,
SMA was not exclusively a motor neuron-autonomous disease,
as specific muscles in SMA mice showed profound defects
in neuromuscular development, even in the absence of any
presynaptic deficits (Lee et al., 2011). With the recent approval
of interventions that raise SMN levels in patient’s motor neurons
with ensuing remarkable clinical gains (Sumner and Crawford,
2018), Wes’s work underscores the importance of continuing to
study muscle function over time, to understand the contribution
of postsynaptic muscle fibers to disease pathophysiology.

THE TEXAS A&M YEARS

In 2013, Jack McMahan, then head of the Biology Department
at Texas A&M University, managed to convince Wes to move
his lab “down the street” to College Station, TX, and join his
department. And so, Wes became a Texas “Aggie” after more
than 30 years as a fervent supporter of his beloved Texas
“Longhorns.” For those in the know about Texas, Texans, and

their traditions, this was a significant switch of allegiances for a
born-and-bred Texan.

Wes’s contributions while at A&M were as impactful as those
earlier in his career. He used in vivo imaging of transiently
denervated endplates to demonstrate that the degree to which
reinnervation recapitulates the original synaptic morphology is
inversely correlated with the duration of denervation. Wes noted
that terminal SCs gradually retract their processes from endplate
regions with prolonged denervation (Kang et al., 2014). The
topology of the remaining terminal SCs and their processes
was found to determine the branching pattern of returning
motor axon terminals and the redistribution of postsynaptic
acetylcholine receptors, thus providing amechanistic explanation
for the junction remodeling observed following nerve injury.
Neuregulin 1, in addition to its role as a nerve-derived trophic
factor for neonatal SCs, can induce responses in these cells
in vivo that mimic responses to denervation and/or modify
the morphology of NMJs (Trachtenberg and Thompson, 1997;
Hayworth et al., 2006; Lee et al., 2016). Based on these findings,
Wes believed it was a distinct possibility that neuregulin 1
signaling and SCs play important roles in neuromuscular synapse
elimination. Indeed, genetic modulation of motor neuron-
derived membrane-bound neuregulin 1 expression, which
normally peaks during the first two postnatal weeks, shifts
the time course of synapse elimination (Lee et al., 2016). An
ultrastructural examination of early postnatal NMJs revealed
two key features of terminal SCs that had previously gone
unnoticed and unappreciated: the intercalation of their processes
into the synaptic cleft and the phagocytic engulfment of motor
axon terminals in contact with developing muscle fibers by
these cells (Smith et al., 2013). These neuregulin 1-driven
terminal SC responses are not observed at normal junctions
beyond the period of synapse elimination (Lee et al., 2017).
Collectively, Wes’s work suggests a model in which terminal SCs
randomly remove presynaptic motor nerve terminals, leading to
the rapid reoccupation of the transiently abandoned postsynaptic
receptor site by a nearby, competing motor nerve terminal.
This hypothesis provides additional cellular and mechanistic
context for the activity-dependence of synapse elimination. It
further demonstrates that peripheral glia are active mediators of
neuromuscular synapse elimination, as is the case with astrocytes
and microglia during activity-dependent synapse elimination in
the central nervous system (Neniskyte and Gross, 2017; Wilton
et al., 2019).

EMBRACING THE “THE PEANUT
GALLERY”

Wes was passionate about science and committed to
understanding how the nervous system develops and functions.
His contributions have had a lasting impact in the fields
of developmental and cellular neuroscience, providing
fundamentally new insights into neuromuscular synapses
in development and disease and revealing surprising facets
of SC biology. Because of his efforts, we now have a better
understanding of cellular and physiological mechanisms that
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promote developmental synapse elimination, the autonomy of
muscle fiber development, the molecular nature of SC–motor
neuron trophic interdependence, and the SC behaviors that
promote efficacious reinnervation of target muscle fibers and
any accompanying morphological changes to the synapse. Wes
was creative: he never limited his approach to a particular
experimental model or technique, instead inventing and/or
adopting tools and techniques along the way that were essential
to asking the right question. Success did not alter Wes’s humility
or generosity, two values which were core to his personality and
for which he was much loved by all who knew him. Despite
his many accomplishments and accolades, Wes always felt that
he was privileged to be making a living as a research scientist.
Perhaps because of the ever-increasing difficulty with which
one might secure research funding, Wes would occasionally
say, while worrying about grant proposals, that he could “go
be a farmer.” Considering his affinity for growing things (in
particular his love for and skill growing plumeria in his Texas
garden), there is more than a grain of truth in those words.
Yet, his passion for neuroscience—with his insightful, ask-the-
right-question approach—was infectious. To the end of his life,
Wes shared his love for a good research question—and the
answer—with all who had the privilege of knowing him. Despite
his penchant for playfully dismissing the lighthearted criticisms
levied by his trainees and friends as noise from “the peanut
gallery,” Wes encouraged others to speak with candor—especially
about science. Equally generous with his time and advice as he
was passionate about science, Wes remained a lifelong mentor,
advocate, and friend to his many students and postdocs. Wes
tirelessly encouraged and nurtured the careers of his trainees, as
well as those of junior faculty members he had mentored at his

own and other institutions. Many of his trainees and mentees
have gone on to productive careers as scientists, and some
became attorneys, educators, and physicians. Wes also selflessly
and tirelessly served the larger neuroscience community for
many years as a reviewer on NIH study sections and as an
instructor for the renowned summer Neurobiology course at
the Marine Biological Laboratory in Woods Hall, MA. All of
us are deeply indebted to Wes for his mentorship, advice about
science and life, encouragement, generosity, and most of all, for
his friendship. We mourned his passing and remain grateful for
the gifts Wes gave us and the foundation for future research that
his life’s work has provided to us and to the field.

We end this piece with a touching note of condolences from
Bill Kristan, “Wes was a wonderful scientist—smart, creative,
great experimentalist—and an even better person. He was gentle
and humble, always concerned about others more than himself.
He was a thoroughly dependable and enjoyable friend. The world
has too few like him; we will miss him greatly.”
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Amongst other approaches, adipose-derived stromal cells (ASCs) have recently been
tested with respect to their regenerative capacity for treatment of neuromuscular
disorders. While beneficial effects of ASCs on muscle recovery were observed
previously, their impact on regeneration of neuromuscular junctions (NMJs) is unclear.
Here, we used a murine glycerol damage model to study disruption and regeneration of
NMJs and to evaluate the effects of systemic application of ASCs on muscle and NMJ
recovery. In mice that were not treated with ASCs, a differential response of NMJ pre-
and post-synapses to glycerol-induced damage was observed. While post-synapses
were still present in regions that were necrotic and lacking actin and dystrophin, pre-
synapses disappeared soon in those affected areas. Partial regeneration of NMJs
occurred within 11 days after damage. ASC treatment slightly enhanced NMJ recovery
and reduced the loss of presynaptic sites, but also led to a late phase of muscle necrosis
and fibrosis. In summary, the results suggest a differential sensitivity of NMJ pre- and
post-synapses to glycerol-induced muscle damage and that the use of ASC for the
treatment of neuromuscular disorders needs further careful evaluation.

Keywords: glycerol, skeletal muscle, NMJ, ASC, regeneration

INTRODUCTION

Despite decades of research and numerous trials, the treatment options for most neuromuscular
disorders are still disappointing. While the number of drugs approved or in clinical trials has
strongly risen in the past decade (Cowling and Thielemans, 2020) the development of stem-
cell based therapies is another important line of activity in this context. The hope is, that stem
cells might enable direct tissue regeneration in vivo (Gois et al., 2019). At present, different
stem cell sources are being tested, including autologous or heterologous muscle-derived stem
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cells, mesangioblasts, muscle-derived progenitors, interstitial
cells, and mesenchymal stromal/stem cells (Gois et al., 2019). The
latter group includes adipose-derived stromal cells (ASCs), that
are interesting as a source of stem cells, because besides being
immune-privileged they are readily accessible from lipoaspirates
and can be easily isolated and expanded in vitro (Kern et al.,
2006; Torres-Torrillas et al., 2019). It remains open whether
their local or systemic application might be more beneficial
for the treatment of neuromuscular disorders. While local
injection might come with a higher potential for targeted
cell integration, it is difficult to achieve for diseases where
different organs or large parts of the body are affected, as it
is true for most neuromuscular disorders (Gois et al., 2019).
On the other hand, while systemic application might have a
drawback in the entrapment of most injected cells in organs
such as lungs and liver (Gois et al., 2019) recent studies suggest
that a principal function of stem cell therapies relies in their
modulatory activities on cellular signaling rather than direct
cell engraftment (Gorecka et al., 2018; Boldyreva et al., 2019;
Mitchell et al., 2019; Torres-Torrillas et al., 2019). Although
in different animal models and clinical applications beneficial
effects of stem cell grafts on recovery of muscle tissue were
reported (Forcales, 2015; Torres-Torrillas et al., 2019), little
emphasis has been put on their impact at the level of the
neuromuscular junction (NMJ).

In order to study skeletal muscle recovery mechanisms, several
muscle damage models have been developed (Arnold et al.,
2007; McCarthy et al., 2011; Czerwinska et al., 2012; Iwata
et al., 2013; Tiryakioglu et al., 2015; Hardy et al., 2016; Mahdy,
2018). Those models differ in the injury mechanism and in the
type of harm caused, affecting the degrees of degeneration and
regeneration capabilities of the muscle. Among those, glycerol
was reported to cause a damage by osmotic shock, affecting
not only myofibers but also other muscle elements, including
the basal lamina (Kawai et al., 1990; Pisani et al., 2010; Mahdy
et al., 2015). This leads to an impaired regeneration with
ectopic infiltration of adipocytes and fibrosis (Lluís et al., 2001;
Mahdy et al., 2015, 2016; Hardy et al., 2016) and deprives
the regenerating muscle cells of the interaction with extra-
cellular matrix (ECM) elements that can enhance tissue recovery
(Murphy et al., 2011; Iwata et al., 2013; Webster et al., 2015).
Although characterized by a severe initial destruction, muscles
treated with intra-muscular glycerol injection are able to recover
anyway (Arsic et al., 2004; Mahdy et al., 2015, 2016). This
suggested that glycerol injection might be a model well suited
for the study of muscle regeneration. Accordingly, to investigate
de- and regeneration of NMJs in the absence and presence
of systemic ASC administration, a glycerol-induced muscle
damage model was chosen. Upon toxin- or chemical-induced
injury, muscle necrosis and fibrosis take place. Necrotic muscle
cells, due to their compromised plasma membrane, allow the
uptake of serum proteins, including immunoglobulins, into the
cytosol (Iwata et al., 2013; Judson et al., 2013; Proto et al.,
2015; Arecco et al., 2016; Rodrigues et al., 2016), rendering
immunofluorescence against immunoglobulin G (mIgG) useful
to identify necrotic areas. Necrotic leakage and linked degradative
processes can also lead to the loss of dominant cytosolic skeletal

muscle proteins, such as f-actin (Huang and Gopalakrishnakone,
1996) and dystrophin (Biral et al., 2000). Muscle fibrosis is
characterized by deposition of collagen type I (Gibertini et al.,
2014), one of the major components of ECM (Huebner et al.,
2008; Serrano and Muñoz-Cánoves, 2010; Gillies and Lieber,
2011; Feng et al., 2019). Following muscle degeneration, muscle
recovery involves detection of regenerating myofibers, which
are characterized by the expression of embryonic myosin heavy
chain (eMHC, also known as myosin 3) (Schiaffino et al., 1986;
Murphy et al., 2011; Judson et al., 2013; McDonald et al., 2015;
Kastenschmidt et al., 2019) and by nuclei in central position
(in the following, referred to as center-nucleated fibers, CNFs)
(Judson et al., 2013; McDonald et al., 2015; Arecco et al., 2016;
Kastenschmidt et al., 2019). In order to monitor NMJ degradation
and recovery, markers for pre- and post-synapses were analyzed.
While vesicular acetylcholine transporter (VAChT) is localized
to small synaptic vesicles at the endplate terminal (Maeda
et al., 2004; Sugita et al., 2016), acetylcholine receptor (AChR)
is highly enriched at the postsynaptic membrane of NMJs
(Fambrough et al., 1979).

The present study aimed at developing and characterizing a
reliable glycerol-based de/regeneration model and to apply this
for the analysis of potential effects of ASCs on regeneration
of muscle and NMJs. Using the glycerol damage paradigm,
we obtained differential profiles for pre- and postsynaptic
destruction and recovery. While post-synapses appeared to
remain relatively stable even upon heavy muscle fiber damage
and loss of internal structures, presynaptic contacts were
severely affected upon glycerol injection and needed to recover
over a couple of days. Treatment with ASCs led to a
slightly reduced loss of post-synapses and improvement of
pre- to postsynapse match upon glycerol treatment, but these
intermediate effects were reverted during a second phase
of inflammation.

MATERIALS AND METHODS

Glycerol and Stem Cell Injection
All animal experiments were conducted in accordance
with the German Animal Protection Law and approved
by the local authority (Regierungspräsidium Nordbaden,
Karlsruhe/Germany in agreement with EU guideline
2010/63/EU; license G-139/18). In order to induce muscle
damage, 20 µl of a 50% glycerol solution diluted in physiological
saline were injected into the tibialis anterior (TA) muscle of
anesthetized 2 months old C57BL6 female mice. The decision
to use female arose from two observations: first, females
are experimentally easier to handle, since animals should
preferentially be kept in groups for social interactions, but males
under these circumstances often bite each other and this can lead
to damage of muscles that is not due to the experimental protocol.
Second, females seem to possess a slightly better regenerative
capability (Deasy et al., 2007; Kitajima and Ono, 2016). The
same volume of saline solution was injected contralaterally as a
sham. The animals were then euthanized by cervical dislocation
after 18 h or 3, 5, 8, or 11 days following the procedure and the
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muscles were dissected. Where ASCs were applied, one million
cells diluted in 100 µl of sterile PBS where injected via tail
vein directly after glycerol treatment. In this case, animals were
euthanized by cervical dislocation and dissected 3, 5, and 11 days
after the injection. At least three animals for each timepoint and
condition (glycerol and ASC with glycerol) were analyzed.

Human Adipose-Derived Mesenchymal
Stem Cells
Adipose-derived stromal cells were isolated from adult adipose
tissue obtained from lipoaspirates of healthy donors, after
obtained informed consent (Mannheim Ethics Commission II
vote numbers 2010-262 N-MA, 2009-210 N-MA, 49/05 and
48/05), as described before (Bieback et al., 2012). Briefly, the
lipoaspirate was washed with sterile PBS to remove cellular debris
and red blood cells and digested with 0.15% w/v collagenase type
I (Sigma-Aldrich, Munich, Germany), for 45 min at 37◦C. After
washing, the pellet was resuspended in medium (DMEM low
glucose, 10% human AB serum, 100 U/ml penicillin, 0.1 mg/ml
streptomycin and 4 mM L-glutamine), plated and incubated
overnight at 37◦C, 5% CO2. After 1 day, the non-adherent and
red blood cells were removed. Expanded cells were characterized
regarding their proliferation capacity, immune phenotype, and
adipo- and osteogenic differentiation potential, as described
previously (Bieback et al., 2012). Before injection, ASCs were
seeded at 750 ASC/cm2 and expanded. On injection days, ASCs
were trypsinized for 5 min at 37◦C and washed once with
medium. The ASC pellet was then resuspended in sterile PBS at a
concentration of 1× 107 cells/ml shortly before the injection.

Immunofluorescence Analysis
Freshly after dissection, TA muscles were covered with a thin
layer of Frozen Section Compound (Leica) and frozen on

liquid nitrogen. Transverse cryosections of 15–20 µm thickness
were cut using a Leica CM1950 cryostat, carefully positioned
on glass microscope slides (Thermo Fisher Scientific) and
then immunostained for epitope detection. Cryosections were
permeabilized with 0.1% TritonX-100/PBS for 10 min at room
temperature and, after three washing steps in PBS (5 min each),
incubated with 2% BSA/PBS for 2 h to avoid unspecific binding of
primary antibodies. The sections were then incubated overnight
at +4◦C with primary antibodies diluted in 2% BSA/PBS. After
three washing steps in 2% BSA/PBS, sections were incubated with
the secondary antibodies/dyes/toxins in 2% BSA/PBS for 3 h at
room temperature and in the darkness. Antibodies, dyes, and
dilution rates are listed in Table 1. Subsequently, after 15 min
incubation with DAPI (Sigma) in 2 % BSA/PBS and three more
washing steps with PBS, glass slides were left to briefly dry
and then mounted in Mowiol. The samples were then analyzed
at the confocal microscope the day after. Images were taken
using a Leica TCS SP8 microscope equipped with 405, 488, 555,
and 633 nm lasers, and Leica HC PLAN APO 20×/0.75 IMM
CORR CS2 objective and at z-steps of 3 µm. For every sample,
three to five entire cryosections from the central portion of
the muscle at an intersection interval of roughly 200 µm were
visualized. Staining of ASCs used a slightly modified protocol as
follows. Cells on Eppendorf 8 chamber cell imaging slides were
briefly fixed with 2% PFA/PBS and then permeabilized with 0.1%
TritonX-100/PBS for 5 min at room temperature and, after three
washing steps in PBS (5 min each), incubated with 2% BSA/PBS
for 1 h. Subsequently, cells were incubated overnight at 4◦C with
primary antibody diluted in 2% BSA/PBS. After three washing
steps in 2% BSA/PBS, cells were incubated with the secondary
antibody and DAPI diluted in 2% BSA/PBS for 45 min and in
the darkness. After three more washing steps with PBS and one
with ddH2O, the slides were mounted in Mowiol and analyzed
using the same microscope and objective used for the muscle

TABLE 1 | List of used antibodies and dyes.

Company Catalog
number

Lot
number

Dilution
rate

Primary antibody

Anti-Dystrophin antibody Invitrogen PA 1-21011 TK2665551J 1:200

Anti-Myosin 3 antibody Biorbyt orb385438 RBQ34 1:100

Anti-VAChT antibody Synaptic Systems 139 103 2-44 1:500

Anti-Collagen type I antibody Rockland 600-401-103-0.1 40681 1:500

Recombinant anti-Ku80 antibody (EPR3468) Abcam GR3216586-3 ab80592 1:300

Secondary antibody/marked toxins/dyes

Donkey anti-Rabbit IgG (H + L) Highly Cross-Adsorbed Secondary Antibody, Alexa Fluor 488 Thermo Fisher Scientific A-21206 176375 1:500

Donkey anti-Rabbit IgG (H + L) Highly Cross-Adsorbed Secondary Antibody, Alexa Fluor 488 Thermo Fisher Scientific A-21206 176375 1:500

Goat anti-Rabbit IgG (H + L) Cross-Adsorbed ReadyProbes Secondary Antibody, Alexa Fluor 594 Thermo Fisher Scientific R37117 1875978 1:500

F(ab’)2-Goat anti-Rabbit IgG (H+L) Cross-Adsorbed Secondary Antibody, Alexa Fluor 647 Thermo Fisher Scientific A-21246 55002A 1:500

Goat anti-Mouse IgG (H + L) Highly Cross-Adsorbed Secondary Antibody, Alexa Fluor 555 Thermo Fisher Scientific A-21424 1802436 1:500

Goat anti-Mouse IgG (H + L) Cross-Adsorbed Secondary Antibody, Alexa Fluor 488 Thermo Fisher Scientific A-11001 1834337 1:500

α-Bungarotoxin, Alexa Fluor 488 conjugate Thermo Fisher Scientific B13422 1750294 1:500

α-Bungarotoxin, Alexa Fluor 555 conjugate Thermo Fisher Scientific B35451 1880574 1:500

Alexa Fluor 555 Phalloidin Thermo Fisher Scientific A34055 1780358 1:500

DAPI Sigma-Aldrich D9542 28114320 1:1000
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cryosections. Antibodies, dyes, and dilution rates are listed in
Table 1.

Semi-Automated Quantification
Confocal images obtained from muscles cryosections were
processed and analyzed using ImageJ (FIJI version). From
maximum projections of the images, areas which showed the
presence of mIgG, collagen I, or actin were manually thresholded,
areas selected and measured. The entire area of the cryosection
was contoured by hand using the background signal. The areas
where dystrophin-outlined cells were present were obtained from
maximum projected confocal images to which a median filter
was applied and then thresholded. Subsequently the “analyze
particles” function of ImageJ was used (selecting 20 µm as
lowest value and including holes). The image obtained was then
measured. Muscle fibers, CNFs, and eMHC+ fibers were counted
manually. For each sample, a minimum of three cryosections
was processed and analyzed. NMJs, identified by AChR and
VAChT expression together with their shape and/or position with
respect to muscle fibers, were analyzed and quantified manually.
Where indicated, the areas positive for AChR and/or VAChT (per
endplate) were thresholded, segmented and measured. Numbers
of analyzed synapses are given in Supplementary Table S1.
Signals for pre- and post-synapses obtained from three different
cryosections per sample were analyzed. For the Ku80 detection,
DAPI signals corresponding to cell nuclei were thresholded and
segmented. A selection created from those signals was then used
to hand-segment the Ku80+ signals, selecting those areas where
it was colocalizing within cell nuclei.

Statistical Analysis and Figure
Compilation
For statistical analysis, data were first screened for normality and
homoscedasticity using Kolmogorov–Smirnov test and F-test.
Mean and SD/SEM were calculated. Then, significance was
assessed with Student’s t-test or Welch test. Data compilation
was done in Microsoft Excel for Mac, plots were made using
either Microsoft Excel for Mac or Graph Pad Prism. Figures
were prepared in Adobe Photoshop and then compiled in
Adobe Illustrator.

RESULTS

Glycerol Injection Leads to Robust
Muscle Necrosis With Fast Regeneration
To understand the effects of glycerol injection on muscle integrity
and regeneration, a panel of markers for muscle necrosis,
function, and regeneration was analyzed. Therefore, TA muscles
were injected with 20 µl of either saline (control) or glycerol
and then muscles were harvested after 18 h and 3, 5, 8, and
11 days. Sliced muscles were co-stained with DAPI for nuclei
and antibodies against mouse IgG, collagen I, dystrophin, or
eMHC to assess the status of necrosis, fibrosis, muscle fiber
integrity, and regeneration. Co-staining with phalloidin served to
visualize the presence of f-actin. Confocal images of these sections

revealed a massive muscle damage already after 18 h of glycerol
injection (Supplementary Figure S1). As shown in Figure 1 and
Supplementary Figure S2, after 3 days of injury due to glycerol
injection involved large parts of muscles and was characterized
by passage of immunoglobulins through sarcolemma, enhanced
accumulation of collagen I, and loss of the functional markers,
dystrophin and f-actin. Subsequently, these signs of muscle
damage progressively decreased and were followed by a wave of
eMHC expression, principally between days 5 and 8 after glycerol
injection. On day 11 after glycerol treatment, muscles had
largely reassumed their normal appearance lacking degeneration
and regeneration markers and showing regular distribution of
dystrophin and f-actin. Also, numbers of muscle fibers, that were
significantly decreased on day 3 post glycerol injection, were
comparable to saline-treated muscles at day 11 (Figure 1C).
Cross-sectional areas of remaining fibers did not vary between the
different experimental groups (Supplementary Table S2). The
only clear sign of ongoing muscle regeneration at 11 days post
injection was the presence of CNFs that rose from less than 1% in
control conditions to around 40% on days 5 and 8 after glycerol
injection and decreased to roughly 25% on day 11. In summary,
the glycerol injection paradigm displayed a simple, regular, and
controlled sequence of muscle damage and regeneration. In the
following, we used this model to address NMJ degeneration
and regeneration.

Glycerol Injection Induces a Transient
Loss of Pre-synapses
To visualize the effect of glycerol injection on NMJs, TA muscles
injected with either glycerol or saline (control) were taken at
days 3, 5, 8, and 11 after injection. Slices were stained against
postsynaptic nicotinic AChR and presynaptic VAChT with
fluorescent α-bungarotoxin (αBGT) and anti-VAChT antibody,
respectively. Confocal microscopy analysis of these samples
revealed that while AChR+ sites were present at all timepoints,
many of these were negative for VAChT at 3, 5, and 8 days post
glycerol injection (Figure 2A). Quantitative analysis confirmed
that in glycerol-treated muscles, the number of AChR+ sites per
sample was slightly but not significantly reduced (Figure 2B)
compared to saline-treated controls. The size of synaptic regions
was unaltered (Supplementary Table S3). The only exception
was at 11 days post injection, where a higher amount of post-
synapses was detected in the control samples than at the other
timepoints. With respect to VAChT- and AChR-double positive
synapses, glycerol-treated muscles showed significantly lower
values between days 3 and 8 post injection as compared to saline
samples (Figure 2C). These data suggest that glycerol, although
affecting both pre- and postsynaptic sites, had a more detrimental
impact on the presynaptic component.

Kinetics of Glycerol-Induced Muscle
Damage and Regeneration Are Altered
by ASCs
The second goal of this study was to address the effect
of ASCs on muscle and NMJ regeneration. Thus, directly
after intra-muscular application of either saline or glycerol,
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FIGURE 1 | Glycerol-induced muscle damage leads to early necrosis, loss of dystrophin and actin, transient eMHC appearance, and prolonged presence of
center-nucleated fibers. TA muscles were injected with 20 µl of either saline or glycerol and then harvested and snap frozen after3, 5, 8, or 11 days post-injection
(days p.i.). Upon cryosectioning, muscle slices were stained with DAPI and either antibodies against mouse IgG (mIgG), collagen I, dystrophin, or embryonic myosin
heavy chain (eMHC), or with phalloidin-TRITC to label actin. Sections were analyzed by confocal microscopy. (A) Representative optical sections of fluorescence
signals as indicated, nuclear DAPI staining always shown in blue, mIgG in yellow, collagen I and eMHC in red, dystrophin in green, actin in gray. CTRL, saline-injected
muscles at 3 days p.i., the other panels depict glycerol-injected muscles at3, 5, and 11 days p.i., as indicated. Scalebar, 100 µm. (B) Quantitative analysis of section
areas positive for fluorescence signals of either mIgG, collagen I, dystrophin, or actin, or number of eMHC-positive fibers, as a function of days p.i. Box–Whisker
plots show all individual data points as dots, the extensions of upper and lower quartiles in the boxes, the medians as horizontal lines in the boxes, and maxima and
minima as whiskers. *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001. (C,D) Quantitative analysis of fibers per muscle slice (C) or CNFs (% of fiber number, D) as a function of
days p.i. Box–Whisker plots show all individual data points as dots, the extensions of upper and lower quartiles in the boxes, the medians as horizontal lines in the
boxes, and maxima and minima as whiskers. **p ≤ 0.01, ***p ≤ 0.001.
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FIGURE 2 | Glycerol injection primarily affects pre-synapses. TA muscles were injected with 20 µl of either saline or glycerol and then harvested and snap frozen
after 3, 5, 8, or 11 days (days p.i.). Upon cryosectioning, muscle slices were stained with αBGT (for AChR detection) and antibodies against VAChT to label post-
and presynaptic portions of NMJs, respectively. Sections were analyzed by confocal microscopy. (A) Representative optical sections of fluorescence signals as
indicated, αBGT in green, VAChT in red, yellow in overlay images indicates colocalization of both signals. CTRL, saline-injected muscles at 3 days p.i., the other
panels depict glycerol-injected muscles at 3, 5, and 11 days p.i., as indicated. Scalebar, 100 µm. (B,C) Quantitative analysis of αBGT+ postsynaptic sites per slice
(B) and VAChT+ NMJs (% of αBGT+ structures, C) as a function of days p.i. Shown is mean ± SEM (n = 3 muscles). *p ≤ 0.05, **p ≤ 0.01.
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ASCs were administered systemically via the tail vein. Then,
microscopic analysis was performed to evaluate the consequences
of ASC treatment on muscle de- and regeneration. Therefore,
muscles were harvested at days 3, 5, and 11 post injection
and then sliced. Sections were stained for nuclei and mouse
IgG, collagen I, dystrophin, eMHC, or f-actin. While fiber
numbers, dystrophin and f-actin results were similar to the
samples not treated with ASCs, the data for mIgG, collagen
I, eMHC, and CNFs showed interesting differences (Figure 3
and Supplementary Figure S3). Indeed, mIgG and collagen
I signals came up at 11 days post glycerol injection and the
staining of eMHC showed a basal expression of this regeneration
marker in saline-treated muscles. Finally, in glycerol plus ASC-
treated animals the number of CNFs continued to increase
over time to around 71.4 ± 15.8% (mean ± SEM, n = 3
muscles) at day 11 post injection, while it remained low in
corresponding saline controls (0.6 ± 0.7%, mean ± SEM,
n = 3 muscles). In summary, these results suggested that ASC
application induced a late-phase inflammatory response and
basal regenerative processes.

ASC Transiently Mitigate Loss of
Pre-synapses in the Glycerol Model
Finally, the effects of ASC treatment on NMJs were quantified.
Therefore, muscle slices from animals treated with glycerol plus
ASCs or saline plus ASCs were labeled for AChR and VAChT and
then analyzed with confocal microscopy (Figure 4A). Counting
of AChR+ sites did not reveal any significant differences between
glycerol and saline injected muscles (Figure 4B) although at day
3 a trend toward lower numbers of postsynaptic sites in glycerol
samples was visible. Quantitative analysis of AChR and VAChT
double positive NMJs showed a good recovery at days 3 and
5 post injection. Indeed, while the fractions of double-positive
NMJs in mice not treated with ASCs were low at these timepoints
(day 3: 41.4 ± 17.3%; day 5: 48.1 ± 7.2%; mean ± SEM,
n = 3 muscles), they reached 65.1% ± 10.3% and 83.4 ± 1.3%
(mean ± SEM, n = 3 muscles) upon ASC injection. However, in
ASC-treated mice, the numbers dropped at day 11 to a value of
57.3 ± 3.7% (mean ± SEM, n = 3 muscles) (Figure 4C), instead
of a further recovery as observed in ASC-untreated animals (day
11: 65.8 ± 16.9%; mean ± SEM, n = 3 muscles). Thus, although
ASC treatment showed some beneficial effect on NMJ recovery at
early timepoints, this effect did not persist.

DISCUSSION

Stem cells have become a widely studied option to treat
neuromuscular disorders. However, while their effects on the
sarcomeric part of muscles have been investigated regularly, little
is known on their regenerative capacity with respect to NMJs. In
this study, a glycerol-based muscle damage model was employed
to address three biological questions: (i) If a low dose of glycerol
could trigger a degeneration – regeneration process, (ii) how this
affected NMJs, and (iii) if and how a systemic treatment with
ASCs could modulate muscle and synapse recovery.

Low-Dose Application of Glycerol to
Study Skeletal Muscle
Degeneration-Regeneration
Most studies based on glycerol damage applied quantities of 50–
100 µl of glycerol per mouse TA muscle (Lluís et al., 2001; Mahdy
et al., 2015; Mahdy, 2018). This protocol was also used to induce
massive rhabdomyolysis, in particular for the investigation of
acute kidney disease (Korrapati et al., 2012; Huang et al., 2018;
Reis et al., 2019). However, since we were more interested in
the effects of ASCs on muscle and NMJ regeneration, a milder
protocol was sought. One group reported that a dose of 25 µl of
glycerol is able to cause a limited damage in mouse TA muscles
including adipocyte infiltration, fibrosis, and necrosis (Arsic et al.,
2004). In the present work, 20 µl per TA muscle were injected
and this led to a consistent profile of local muscle degeneration
and regeneration (Figure 5A). Regularly, necrosis was evident
at 3 days post injection with loss of plasma membrane integrity,
dystrophin, and f-actin/contractile apparatus in the affected area.
Thereafter, the regeneration marker, eMHC, appeared between
days 5 and 8 post injection, and at day 11, all parameters returned
to normal except a persisting presence of CNFs. Thus, this
paradigm appeared apt for investigating effects of ASC injection
on NMJ regeneration.

Effects of Glycerol on NMJ
Degeneration-Regeneration
An analysis of post- and pre-synapses in the presence and
absence of glycerol showed that the two synaptic compartments
responded differently to the treatment: while a small but
insignificant loss of post-synapses was detected over the
entire experimental period, the pre-synapse marker VAChT
was missing in around 60% of postsynaptic regions at
3 days post glycerol injection and then steadily recovered at
the later timepoints (Figure 5A). A more in-depth analysis
showed that the distribution of VAChT and AChR signal
colocalization was similar between glycerol and saline injected
muscles except for one trait: in the presence of glycerol,
much more completely VAChT-negative synapses were found
(Supplementary Figure S4), suggesting that the loss and
reestablishment of presynaptic signals was not gradual but
occurred in a rather digital manner. However, presynaptic
regeneration in all synapses was not obtained within 11 days
post injection. It is unclear, why pre- and postsynapse showed
a differential susceptibility to glycerol. One possible hypothesis
is that the presynaptic terminal as such was more prone to
glycerol-induced damage than the postsynaptic part. Another
possibility could be due to the focal glycerol-induced damage:
it could be that at these sites it led to damage of nerve bundles
upstream of undamaged muscle regions. If these damaged
bundles were innervating a muscle region unaffected by glycerol,
this could, by axon degeneration, affect the presynaptic elements
also in apparently unaffected muscle regions. Interestingly, post-
synapses were often found also in the most heavily damaged
areas in muscle fibers that were infiltrated by mIgG and had
lost their dystrophin and f-actin expression. Conversely, VAChT-
positive NMJs were hardly detected in these areas. We have
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FIGURE 3 | Systemic injection of ASCs induces a late phase of IgG infiltration, enhanced basal eMHC expression, and increase in center-nucleated fibers.
Simultaneous to tail-vein injection of ASCs, TA muscles were injected with 20 µl of either saline or glycerol and then harvested and snap frozen after 3, 5, or 11 days
(days p.i.). Upon cryosectioning, muscle slices were stained with DAPI and either antibodies against mouse IgG (mIgG), collagen I, dystrophin, or embryonic myosin
heavy chain (eMHC), or with phalloidin-TRITC to label actin. Sections were analyzed by confocal microscopy. (A) Representative optical sections of fluorescence
signals as indicated, nuclear DAPI staining always shown in blue, mIgG in yellow, collagen I and eMHC in red, dystrophin in green, actin in gray. CTRL, saline-injected
muscles at 3 days p.i., the other panels depict glycerol-injected muscles at 3, 5, and 11 days p.i., as indicated. Scalebar, 100 µm. (B) Quantitative analysis of
section areas positive for fluorescence signals of either mIgG, collagen I, dystrophin, or actin, or number of eMHC-positive fibers, as a function of days p.i.
Box–Whisker plots show all individual data points as dots, the extensions of upper and lower quartiles in the boxes, the medians as horizontal lines in the boxes, and
maxima and minima as whiskers. *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001, ****p ≤ 0.0001. (C,D) Quantitative analysis of fibers per muscle slice (C) or center-nucleated
fibers (% of fiber number) as a function of days p.i. Box–Whisker plots show all individual data points as dots, the extensions of upper and lower quartiles in the
boxes, the medians as horizontal lines in the boxes, and maxima and minima as whiskers. ***p ≤ 0.001.
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FIGURE 4 | ASCs enhance early recovery of presynaptic VAChT enrichment, but this effect is transient. Simultaneous to tail-vein injection of ASCs, TA muscles were
injected with 20 µl of either saline or glycerol and then harvested and snap frozen after 3, 5, or 11 days (days p.i.). Upon cryosectioning, muscle slices were stained
with αBGT (for AChR detection) and antibodies against VAChT to label post- and presynaptic portions of NMJs, respectively. Sections were analyzed by confocal
microscopy. (A) Representative optical sections of fluorescence signals as indicated, αBGT in green, VAChT in red, yellow in overlay images indicates colocalization
of both signals. CTRL, saline-injected muscles at 3 days p.i., the other panels depict glycerol-injected muscles at 3, 5, and 11 days p.i., as indicated. Scalebar,
100 µm. (B,C) Quantitative analysis of αBGT+ postsynaptic sites per slice (B) and of VAChT+ NMJs (% of αBGT+ structures, C) as a function of days p.i. Shown is
mean ± SEM (n = 3 muscles). *p ≤ 0.05, **p ≤ 0.01.

no formal proof that these same postsynaptic sites were later
on reinnervated, but at least the rather constant amounts of
postsynaptic sites obtained throughout the experiment argue
against a massive phase of ectopic synapse formation. Depending
on the type of damage model, different parts of a skeletal
muscle can be affected. For example, treatments like mechanical,

thermal, or ischemic injury induce a degeneration of cytoplasm
and plasma membrane, but will leave the extracellular matrix
largely intact (McMahan et al., 1980; Slater and Schiaffino, 2008;
Anderson et al., 2017). Conversely, studies using glycerol showed
that this kind of treatment leads to an extensive damage of the
extracellular matrix (Hardy et al., 2016; Mahdy, 2018). Previously,
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FIGURE 5 | Schematic summary of glycerol and ASC effects. Bars indicate the presence of markers as indicated, the relative amount is shown by the bar width.
(A,B) In the presence of Glycerol and Glycerol + ASC, respectively.

it was described that an intact extracellular matrix is important
for postsynaptic preservation and that it can efficiently guide
motor axons to original synaptic sites (McMahan et al., 1980).
Instead, the present study suggests that the loss of extracellular
matrix is not sufficient to disperse postsynaptic assembly of
AChR, but it might result in an impaired synapse recovery
and pre-postsynaptic matching (Warren et al., 2007; Vilmont
et al., 2016; Rogers and Nishimune, 2017). Nonetheless, a partial
recovery of pre-postsynaptic matching was found here to start
around day 5 post glycerol injection (Figure 5A). Compared
to previous reports using either tourniquet (Tu et al., 2017) or
nerve injury (Zainul et al., 2018), recovery was apparently faster
here. In both previous studies, presynaptic recovery took weeks
to complete. One might speculate that the nerve damage was
only local in the case of glycerol injection, while it was global in
the other models, which could potentially explain the different
time courses observed. Thus, having achieved a robust series
of degeneration and regeneration processes, we continued in
investigating effects of ASC injection on NMJ regeneration.

Effects of ASCs on De/Regeneration of
Muscle and NMJs
Adipose-derived stromal cells were previously found to be
interesting for clinical application due to their differentiation

capacity, their beneficial effects on other cell types involved in
tissue regeneration, and their immunomodulatory properties.
In the present work, systemic ASC injection plus local
glycerol application led to two major differences in the muscle
degeneration – regeneration profiles as compared to glycerol
injection alone: First, the reduced amounts of mIgG and collagen
I as well as the early detection of eMHC and presynapse
regeneration jointly indicated a slightly less severe damage at
day 3 post glycerol injection. Second, however, the increasing
amounts of mIgG, fibrosis, and CNFs at day 11 post glycerol
suggested a secondary damage or differing regeneration phase.
The latter effect of ASC application might be due to a
mobilization of immune and stem cells into the muscle, causing
a stronger regeneration phase. Initially, ASC may dampen the
initial degeneration and inflammation by reducing the degree of
necrosis and consequently the intensity of neutrophil-induced
inflammation. In the following, they may impact the repair
and regeneration phase for instance by an IL-6 dependent
mechanism, as direct injection of mesenchymal stem/stromal
cells was found to increase muscle regeneration via promoting
the switch from M1 to M2 macrophages, hence, stimulating
muscle stem cell activity (Arnold et al., 2007; Saclier et al.,
2013; Mahdy, 2018). Finally, they may affect the remodeling
of the regenerating muscle and the maturation of muscle cells,
perhaps by a direct effect of ASCs migrating to affected muscles
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as reported previously (Vieira et al., 2012). Thus, ASCs could
directly act on muscle recovery and enhance muscle regeneration
(Rodriguez et al., 2005; Rybalko et al., 2017). By immunostaining
of human nuclear marker Ku80 (Koike et al., 1999; Allard et al.,
2014), we addressed settlement of systemically applied ASCs
in muscles (Supplementary Figure S5). This did not reveal
any clear sign of substantial integration of ASCs in glycerol-
treated muscle tissue, rather suggesting that paracrine factors
released by ASCs were involved in the observed modulation of
degeneration – regeneration processes and immune responses.
Recent findings on the effects of ASC secretome injection upon
ischemic muscle damage favor this as a principal therapeutic
mechanism (Mitchell et al., 2019; Figliolini et al., 2020). Here,
ASC-derived exosomes promoted vascular growth and tissue
regeneration. With respect to NMJs, two principal differences
between mice treated with or without ASC were noted. First,
upon application of saline, a rise in the number of postsynaptic
sites per muscle slice was observed at day 11 p.i. in the absence
(Figure 2B) but not in the presence of ASCs (Figure 4B). At
present, the reason for this discrepancy is unclear. Likely, this was
not due to general effects of ASC treatment on muscle integrity,
since all other measured parameters, i.e. presence of mIgG,
collagen I, dystrophin, actin, eMHC, fiber number, and CNFs,
were unchanged. This suggests, that the observed difference was
due to either, experimental variability or a specific effect of the
ASCs on NMJ regeneration that needs further investigation.
Second, upon injection of glycerol, ASC administration led to
a fast recovery of post-synapse numbers within 5 days post
injection and by trend also to a higher and faster presynapse
recovery than in the absence of ASCs. The latter aspect, though,
was reverted, likely due to the late-phase degenerative response,
as indicated by enhanced levels of mIgG and collagen I on day 11
p.i. (Figure 5).

CONCLUSION

In conclusion, although our data suggest a partially positive
effect of ASCs on the recovery of NMJs in the early regenerative
phase, a secondary degenerative or aberrant regenerative period
reverted these benefits at a later stage. Due to the manifold
effects of ASCs on various phases of de- and regeneration, which
were likely involving muscle and neuronal cells, endothelial
cells, but also all kind of immune cells, future studies need to
further explore the mechanisms involved and work around late
degenerative processes.
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Myasthenic syndromes are typically characterized by muscle weakness and increased
fatigability due to an impaired transmission at the neuromuscular junction (NMJ). Most
cases are caused by acquired autoimmune conditions such as myasthenia gravis (MG),
typically with antibodies against the acetylcholine receptor (AChR). Different drugs are
among the major factors that may complicate pre-existing autoimmune myasthenic
conditions by further impairing transmission at the NMJ. Some clinical observations are
substantiated by experimental data, indicating that presynaptic, postsynaptic or more
complex pathomechanisms at the NMJ may be involved, depending on the individual
compound. Most robust data exist for the risks associated with some antibiotics (e.g.,
aminoglycosides, ketolides, fluoroquinolones) and cardiovascular medications (e.g.,
class Ia antiarrhythmics, beta blockers). Apart from primarily autoimmune-mediated
disorders of the NMJ, de novo myasthenic manifestations may also be triggered by
medical treatments that induce an autoimmune reaction. Most notably, there is growing
evidence that the immune checkpoint inhibitors (ICI), a modern class of drugs to treat
various malignancies, represent a relevant risk factor to develop severe and progressive
medication-induced myasthenia via an immune-mediated mechanism. From a clinical
perspective, it is of utmost importance for the treating physicians to be aware of such
adverse treatment effects and their consequences. In this article, we aim to summarize
existing evidence regarding the key molecular and immunological mechanisms as
well as the clinical implications of medication-aggravated and medication-induced
myasthenic syndromes.

Keywords: drug-related myasthenia, neuromuscular transmission, neuromuscular junction, drug-induced
myasthenia, immune checkpoint inhibitors

INTRODUCTION

Myasthenia gravis (MG) is the prototype disorder of the neuromuscular junction (NMJ) typically
characterized by an autoimmune-mediated muscle weakness and premature fatigue. In more than
80% of patient sera, antibodies directed against the nicotinic acetylcholine receptor (AChR) can
be detected (Cetin and Vincent, 2018; Koneczny and Herbst, 2019). Other conditions affecting
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neuromuscular transmission include Lambert-Eaton myasthenic
syndrome (LEMS) (Titulaer et al., 2011), a range of congenital
myasthenic syndromes (CMS) due to variants in > 30 different
genes (e.g., CHRNE, RAPSN, DOK7, etc.) (Vanhaesebrouck and
Beeson, 2019) and botulism (Guidon, 2019), all of which may
be caused by various presynaptic, postsynaptic or combined
mechanisms at the NMJ. In addition, drugs or medical
treatments may also compromise neuromuscular transmission,
the physiology of which will be introduced before outlining
the mechanisms underlying the exacerbation of myasthenic
syndromes by medical treatments.

Upon arrival of an action potential at the nerve terminal,
presynaptic voltage-gated calcium channels (VGCC) open and
give rise to an increase of the intracellular Ca2+ concentration.
This triggers the fusion of presynaptic vesicles containing
acetylcholine (ACh) with the cell membrane, releasing their
content into the synaptic cleft. In humans, around 50 presynaptic
vesicles are released upon each nerve action potential (i.e.,
quantal content). AChRs are densely concentrated at the
postsynaptic muscle membrane by rapsyn, an intracellular
43 kDa receptor-associated protein of the synapse (Maimone
and Merlie, 1993), and bind up to two ACh molecules and
become permeable to cations with a net inflow of sodium. The
activation of AChRs by the release of the quantal content leads
to the endplate potential (EPP) at the postsynapse, a locally
restricted depolarization of the muscle membrane. Occasional
spontaneous release of a single vesicle gives rise to the much
smaller (quantal) miniature endplate potential (MEPP). The EPP
usually exceeds the threshold potential of –50 mV required
for the activation of voltage-gated sodium channels (VGSC)
at the depths of the postsynaptic folds, which triggers an
action potential in the muscle fiber. The summation of all
muscle fiber action potentials generated by the stimulation
of a motor axon results in the compound muscle action
potential. A safety factor defines the excess local depolarization
of the muscle membrane that exceeds the threshold potential
required for VGSC activation, ensuring that each nerve action
potential is translated into a muscle action potential under
physiological conditions. Different factors including the release of
a substantially high number of presynaptic vesicles together with
high AChR and VGSC densities at the postsynaptic membrane
contribute to the safety factor that is around 2 in humans
(Elmqvist et al., 1964; Wood and Slater, 2001). There is a non-
linear relationship between the quantal content and the EPP.
As the membrane potential approaches the reversal potential of
the AChR (around 0 mV) during the EPP, the driving force for
the cationic inward current through AChRs also decreases, so
that with an increasing quantal content more quanta have to
be released to cause a further unit increase in EPP amplitude
(Slater, 2008).

Some medications, for instance various antibiotics or
cardiovascular drugs (beta blockers, calcium channel blockers),
that directly impair neuromuscular transmission due to
different pre- or postsynaptic or combined mechanisms, usually
cause transient worsening of symptoms in patients with a
previously diagnosed myasthenic condition (Figure 1). It can
be hypothesized that most of such drug-related adverse events

that are caused by interference with the NMJ only last for a short
period of time, mainly depending on the half-life of the drug
and patient-related factors (gender, age, renal function, etc.)
influencing its elimination. One of the few studies systematically
addressing this issue reported that 19% of all recorded MG
exacerbations were due to pharmaceutical interventions (Gummi
et al., 2019). Withdrawal of myasthenia-aggravating drugs should
be effective in these cases, and once an acute aggravation has
been managed successfully, the clinical baseline may again be
reached without further intervention.

In contrast to these directly NMJ-related mechanisms,
a small number of drugs (e.g., D-penicillamine, immune
checkpoint inhibitors) or treatments (e.g., allogeneic stem cell
transplantation) may lead to de novo myasthenic syndromes
(Figure 2). This is primarily explained by setting in train a
previously unknown autoimmune process that subsequently
affects neuromuscular transmission, similar to classical
autoimmune myasthenia (Penn et al., 1998). In such cases, simply
stopping the causative treatment may not be sufficient to reverse
the symptoms right away, as enduring auto-reactive immune
responses have been initiated. Based on this pathophysiological
concept, it can be presumed that immunomodulatory treatments
may be more effective in treating medication-induced myasthenic
syndromes caused by immune-related mechanisms.

In this review article, we aim to summarize the well-
characterized molecular mechanisms of various medical
treatments related to worsening of myasthenia (summarized in
Table 1) or the development of de novo myasthenic symptoms
(summarized in Table 2). Since evidence is scanty for many
classes of medication, we will also descriptively mention
drugs/treatments with as yet unknown mechanisms but a
potential clinical relevance.

A broad range of drugs have been reported to worsen
neuromuscular weakness in patients with pre-existing NMJ
disorders. The most commonly observed clinical effect is a
transient aggravation of symptoms and a relatively prompt
recovery upon drug withdrawal. However, for the same drugs also
unmasking of a previously unknown myasthenic condition has
been hypothesized, but this phenomenon is apparently difficult to
prove based on case description. Generally speaking, these drugs
usually directly interfere with NMJ function due to different pre-
or postsynaptic and combined pathomechanisms.

PRESYNAPTIC NEUROMUSCULAR
JUNCTION EFFECTS

The Botulinum Toxin Effect
One of the best-characterized and long-known mechanisms is the
one caused by botulinum toxin A (BoNT-A), a toxin produced
by Clostridium botulinum. BoNT-A is routinely used for the
medical treatment of various (focal) neurological disorders
(e.g., dystonia, spasticity). The main mode of action is the
blockade of ACh release at the presynaptic nerve terminal. More
specifically, BoNT-A causes proteolytic cleavage of SNAP-25,
which is part of the soluble N-ethylmaleimide-sensitive-factor
attachment receptor (SNARE) complex and crucially involved
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FIGURE 1 | Drugs and antibodies that affect the function of the neuromuscular junction. Upon arrival of an action potential, presynaptic P-type VGCC (voltage-gated
calcium channels) open and calcium enters the motoneuron terminal. This may be negatively affected by autoantibodies that block the VGCC, Mg+ or Verapamil.
Calcium stimulates Ca2+ mediated exocytosis of neurotransmitters via the SNARE complex, which is negatively affected by BoNT-A which induces cleavage of one
of its components, SNAP-25. Release of acetylcholine may also be reduced by corticosteroids or antibiotics. At the postsynaptic side, AChRs are densely
aggregated, which is regulated via the agrin-Lrp4-MuSK-Dok-7 signaling pathway. Neural agrin is released by the motoneuron and binds to its co-receptor, Lrp4,
located in the muscle membrane. Lrp4 and agrin bind as a dimer of dimers to the muscle-specific kinase (MuSK), a receptor tyrosine kinase that then
phosphorylates itself, leading to the attachment of the adapter protein Dok-7. This binding leads to a full activation of MuSK and phosphorylation of downstream
molecules, cumulating in the phosphorylation and dense aggregation of AChRs. The interaction between MuSK and Lrp4 can be blocked by autoantibodies, leading
to interrupted signal transduction and reduced AChR clustering. The AChR clustering can be strengthened by SHP2-inhibitors and β2-adrenergic agonists, and
de-stabilized by β2-adrenergic antagonists. Binding of acetylcholine to the AChR leads to opening of the channel, influx of cations, depolarization of the membrane
and opening of voltage-gated Na + channels, which amplifies the depolarization. A range of drugs was shown to block the AChR, including fluoroquinolones,
chloroquine, antibiotics, anesthetics, NMBA, telithromycin, curare and class Ia antiarrhythmics. Quinidine, a class Ia antiarrhythmic drug, may also be beneficial in the
context of slow channel CMS with a pathological prolonged open state of the AChR. Voltage-gated Na+ channels are inhibited by phenytoin and class Ia
antiarrhythmics. Acetylcholine is recycled in the synaptic cleft by the acetylcholinesterase (AChE), which hydrolyses acetylcholine to choline and acetate. AChE is
arranged in tetramers attached to collagen q like tail (ColQ), which in turn is anchored to the synapse via binding to MuSK. AChE is inhibited by pyridostigmine,
leading to prolonged presence of acetylcholine in the synaptic cleft, and is used as first line symptomatic treatment in myasthenia gravis.

Frontiers in Molecular Neuroscience | www.frontiersin.org 3 August 2020 | Volume 13 | Article 15675

https://www.frontiersin.org/journals/molecular-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/molecular-neuroscience#articles


fnmol-13-00156 August 13, 2020 Time: 17:7 # 4

Krenn et al. Medical Treatment-Related Myasthenia

FIGURE 2 | Drugs affecting components of the immune system. The T-cell receptor (TCR) of autoreactive T-helper cells recognizes antigen peptides that are
presented by the MHC II complex on antigen-presenting cells. The binding of programmed cell death protein 1 (PD-1) to its ligand, PD-L1, expressed, respectively,
on antigen-presenting cell and T-cell, inhibits immune activation and is an important immune checkpoint to guard against autoimmunity. CTLA4 is another
checkpoint that is expressed on regulatory T-cells and upregulated on conventional T cells after activation and turns off T-cell activation when it interacts with its
ligands, CD80 or CD86, on antigen-presenting cells. Checkpoint inhibitors are used as therapy to stimulate an attack on tumor cells, but they may also activate
autoreactive T-cells and induce autoimmunity. Corticosteroids such as Prednisone inhibit antigen processing and presenting in antigen-presenting cells and block
T-cell activation in the nucleus. T-cells are further targeted by other immunosuppressant drugs, such as cyclophosphamide, azathioprine, methotrexate,
mycophenolate mofetil, cyclosporin A or tacrolimus. T helper cells activate autoreactive B-cells via MHC II-antigen-TCR interaction and the secretion of
pro-inflammatory cytokines, these may be increased by statins. B-cells can be depleted by the use of Rituximab, a therapeutic monoclonal antibody against CD20,
which is beneficial in many antibody-mediated autoimmune diseases. Plasma cells, which produce autoantibodies, may be targeted by proteasome inhibitors, and
autoantibodies can be depleted by plasmapheresis. IVIg are also a therapeutic drug in autoimmune diseases that ameliorate antibody-mediated effects, although
their exact mechanism of action is unknown.

in neurotransmitter release through Ca2+-mediated exocytosis
(Dolly and Aoki, 2006).

Although transient and usually mild, typical side effects
include neuromuscular symptoms through local (to the injection
site) but also distant effects at the NMJ, including dysphagia,
ptosis, diplopia and limb weakness (Dashtipour and Pedouim,
2016). Interestingly, single-fiber electromyography demonstrated
changes in neuromuscular transmission in muscles distant from
the injection site (Garner et al., 1993). In keeping with these
observations, myasthenic disorders may significantly worsen due
to BoNT-A (Watts et al., 2015). As a result, pre-existing disorders
of the NMJ represent a relative contraindication for the injection
of BoNT-A, hence requiring a cautious risk-benefit assessment by
the treating clinicians beforehand.

In addition to the known NMJ-related side effects, anecdotal
evidence suggests an association between BoNT-A injections
and an initial manifestation of a myasthenic condition. To
the best of our knowledge, eight cases have so far reported

a first manifestation of MG following BoNT-A injection, with
the majority of described patients showing predominantly
ocular symptoms with a latency between 1 day and 6 weeks
after injection (Timmermans et al., 2019). Moreover, one
publication reported that LEMS first presented after BoNT-
A injection (Erbguth et al., 1993). Given the known directly
NMJ-related mechanism, it can be assumed that previously
subtle conditions may have been unmasked by further impairing
neuromuscular transmission.

Electrolyte-Related Neuromuscular
Junction Effects
An electrolyte-related impairment of NMJ function may be
caused by electrolyte imbalances, most typically by an excess
of magnesium. Magnesium competitively blocks the entry of
calcium into the presynaptic nerve terminal – a process that
is crucial for the release of ACh into the synaptic cleft. The
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TABLE 1 | Selection of clinically relevant classes of drugs associated with exacerbations of pre-existing myasthenic syndromes.

Class of
drugs

Main mode of action Myasthenia-related
pathomechanism(s)

Clinical features Evidence supporting
myasthenia-related effects

Additional information References

Aminoglycoside
antibiotics

Inhibition of protein synthesis Pre-, postsynaptic, and
combined (depending on
compound)

Dose-dependent muscle
weakness partially reversible by
AChEI and calcium

Case reports, in vitro data,
electrophysiological
investigations

Neomycin most toxic,
tobramycin least toxic

Pittinger and Adamson, 1972;
Singh et al., 1978a,b; Caputy
et al., 1981; Kaeser, 1984

Fluoroquinolone
antibiotics

Gyrase inhibition Postsynaptic blockade of
AChRs

Rapid clinical worsening of
known MG or unmasking MG

Large number of case-based
evidence; chemical similarity
to quinine, quinidine and
chloroquine, which cause
neuromuscular blockade

Levofloxacin, ofloxacin and
ciprofloxacin cause severe
exacerbations (FDA
warning)

Moore et al., 1988; Mumford and
Ginsberg, 1990; Azevedo et al.,
1993; Roquer et al., 1996; De
Sarro and De Sarro, 2001;
Gunduz et al., 2006

Macrolide/
ketolide
antibiotics
(telithromycin)

Interference with protein
synthesis via ribosomal 50S
subunit

Postsynaptic blockade of
AChRs

Symptom aggravation within 2 h
after first telithromycin
administration

Case series with 10 patients,
in vitro data (whole-cell
patch-clamp)

Telithromycin withdrawn
from market

May and Calvert, 1990; Cadisch
et al., 1996; Nieman et al., 2003;
Jennett et al., 2006; Perrot et al.,
2006; Liu and Somps, 2010

Class Ia
antiarrhythmics
(procainamide,
quinidine)

Blockade of sodium channels Pre- and postsynaptic
blockade

Procainamide – rapid and severe
deterioration of weakness in MG;
Quinidine – potential to unmask
MG

Microelectrode and patch
clamp recordings, animal
models (rodent)

Quinidine used as a
treatment in (slow channel)
CMS

Lee et al., 1983; Oh et al., 1986;
Godley et al., 1990; Yeh et al.,
1992; Miller et al., 1993

Class IV
antiarrhythmics
(verapamil)

Blockade of
voltage-dependent
Ca++ channels

Presynaptic reduction of
released ACh (but also
postsynaptic effects?)

Clinical worsening of LEMS and
MG

Single case-based
observations, in vitro data,
electrophysiological
investigations

– Krendel and Hopkins, 1986;
Ribera and Nastuk, 1989; Swash
and Ingram, 1992; Jonkers et al.,
1996; Protti et al., 1996

Beta-
adrenergic
blockers

Selective or non-selective
blockade of beta-adrenergic
receptors

Destabilizing effect on
AChR clusters

Worsening of previously
diagnosed as well as newly
diagnosed MG

Retrospective chart review
study, experimental data on
inverse effects of beta
agonists (for CMS)

2.7-fold increased risk of
developing an MG
aggravation

Harry et al., 1974; Verkijk, 1985;
Leys et al., 1987; Confavreux
et al., 1990; Clausen et al., 2018;
Gummi et al., 2019

Botulinum toxin
A

Presynaptic blockade of ACh
release

Presynaptic blockade of
ACh release

Local and distant neuromuscular
effects (flaccid weakness),
mimicking or unmasking
/aggravating MG, including
dysphagia, ptosis, diplopia, limb
weakness (latency: 1 day and
6 weeks)

Case reports, single-fiber
electromyography (impaired
neuromuscular transmission
distant from injection site)

Unmasking of LEMS
reported in 1 case; BoNT-A
should be considered
contraindicated in
NMJ-related disorders

Erbguth et al., 1993; Garner
et al., 1993; Watts et al., 2015;
Dashtipour and Pedouim, 2016;
Timmermans et al., 2019

Corticosteroids Complex metabolic,
anti-inflammatory,
immunosuppressive,
anti-proliferative effects

Altered depolarization of
nerve cells, reduction of
ACh release, changes in
choline transport, depletion
of potassium

Initial exacerbation, 8.6% severe,
requiring mechanical ventilation
or intubation

Case reports, observational
study, experimental models

Gradually increasing steroid
dose may avoid initial
exacerbations

Seybold and Drachman, 1974;
Wilson et al., 1974; Abramsky
et al., 1975; Dengler et al., 1979;
Kim et al., 1979; Pascuzzi et al.,
1984; Kanai et al., 2019

Magnesium Electrolyte with multiple
metabolic functions, involved
in hormone receptor binding,
muscle contraction, neural
activity, transmitter release,
cardiac excitability

Reduced AChR release due
to competitive block of
calcium entry into the
presynaptic nerve terminal;
Possibly additional mild
postsynaptic effect

Reminiscent of LEMS, ocular
muscles tend to be spared

Electrophysiological
investigations of nerve and
muscle tissue

Parenteral use should be
avoided in MG patients

del Castillo and Engbaek, 1954;
Lipsitz, 1971; Gutmann and
Takamori, 1973; Cohen et al.,
1976; Swift, 1979; Pritchard,
1979; Krendel, 1990; Singh et al.,
2015
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subsequent magnesium-induced reduction of ACh release
eventually impairs neuromuscular transmission (Krendel, 1990).
Accordingly, the pathophysiological mechanisms of
hypermagnesemia resemble LEMS, in which Abs are directed
against the presynaptic VGCC. Investigations of nerve and
muscle tissue showed that endplate potential amplitudes
evoked by nerve stimulation were reduced in the presence of
magnesium, which could be reversed by adding calcium. This
finding corroborates a presynaptic mechanism as the key mode
of action. A slight decrease in sensitivity of the motor endplate to
ACh was also observed, potentially suggesting a mild additional
postsynaptic effect (del Castillo and Engbaek, 1954).

In concordance with the mainly presynaptic mode of action,
the clinical picture also resembles LEMS rather than classical MG
(Swift, 1979). Nonetheless, also patients with known disorders of
the postsynaptic membrane (i.e., MG) appear to react particularly
sensitive to magnesium. Hence, individuals with MG and LEMS
may develop increased weakness already at slightly elevated
serum levels (Gutmann and Takamori, 1973; Cohen et al., 1976).

An excess of magnesium may especially be relevant in
patients with concomitant renal failure and the use of
magnesium-containing drugs such as laxatives, antacids or
enemas (Krendel, 1990). Moreover, hypermagnesemia is a
pharmacologically intended state in women with (pre)eclampsia
(Pritchard, 1979), and the application of high parental doses
may result in myasthenic crises in these patients (Lipsitz, 1971;
Singh et al., 2015). Clinical symptoms have been reported
to correlate well with magnesium serum levels (Fishman,
1965). In patients with no previous history of neuromuscular
disease but myasthenic symptoms due to iatrogenic magnesium
application, magnesium withdrawal and the intravenous use of
calcium can be efficient. Hemodialysis may remain reserved
for severe cases (Alfrey et al., 1970). In contrast, low oral
doses of magnesium are usually not considered as a clinically
relevant problem.

Calcium-Dependent Presynaptic Effects
As mentioned above, the influx of calcium through VGCC,
induced by a motor axonal action potential, represents one
of the key functional events of neuromuscular transmission
in the presynaptic nerve terminal. Yet, the exact influences
of calcium channel blocking agents (which are mainly used
for cardiovascular indications) on neuromuscular activity
are not fully understood, but some functional data and
clinical reports suggest a clinically relevant impairment of
neuromuscular function.

From an experimental point of view, a presynaptic reduction
of released ACh but also postsynaptic effects have been
observed for the calcium channel blocker verapamil (Ribera and
Nastuk, 1989). When studying the effects of different calcium
channel blockers on transmitter release at the neuromuscular
junction, it was found that P-type calcium channel blockers
inhibited nerve-evoked action potentials and subsequent synaptic
transmission, while transmitter release remained unaffected by
selective L-type and N-type channel blocking agents (Protti
et al., 1996). These findings underscore that P-type channels
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TABLE 2 | Drugs and medical treatments with best evidence for an association with the development of de novo myasthenic syndromes.

Class of
drugs/type of
treatment

Main mode of action Myasthenia-related
pathomechanism(s)

Clinical features Evidence supporting
myasthenia-related
effects

Additional
information

References

D-penicillamine Pyridoxine antagonist and
chelating drug

Production of AChR Abs
due to a newly developed
immune response directed
against the drug (and mild
unspecific presynaptic
effects)

Mostly mild ocular
symptoms 2–12 months
after initiation, usually
responding well to
pyridostigmine, remission
often within 1 year after
discontinuation

Large number of case
reports, experimental
immunological data

Used for the treatment
of Wilson’s disease,
MG phenotype
observed in up to 7%

Vincent et al., 1978; Aldrich
et al., 1979; Albers et al., 1981;
Kuncl et al., 1986; Drosos
et al., 1993; Andonopoulos
et al., 1994; Adelman et al.,
1995; Penn et al., 1998

Chloroquine Anti-malarial drug that
prevents biocrystallization of
heme

Postsynaptic blockade of
AChRs and additional
immune-modulatory
properties

Reminiscent of classical
autoimmune MG

Case reports,
electrophysiological
investigations

Recently suggested as
a COVID-19 drug,
study reporting
ineffectiveness has
been retracted

Robberecht et al., 1989; Varan
et al., 2015; Mehra et al., 2020

Interferon Multiple effects including
inhibition of protein synthesis,
inactivation of viral RNA,
phagocytic and cytotoxic
mechanisms (leading to
anti-viral, anti-tumor,
anti-angiogenic activity)

Primarily humoral immune
response, comparable to
that in human MG

AChR-positive MG, often
additional myopathic
findings in EMG

Case reports for both
inducing and aggravating
myasthenia, transgenic
mice studies, histological-
immunological
work-up

Most reported cases
occurred when IFN was
used for hepatitis C
(additional pathogenic
role of viral infection?)

Conlon et al., 1990; Batocchi
et al., 1995; Gu et al., 1995;
Borgia et al., 2001; Wolfe et al.,
2007; Congeni and Kirkpatrick,
2013; Baik et al., 2016;
Saleem, 2016

Allogeneic
hematopoietic
stem cell
transplantation

Transfer of the donor
hematopoietic and immune
system to the host to treat
(hematological malignancies)

Combined cellular (T- and
B-cells) and humoral
alloreactivity as a
manifestation of chronic
GVHD

Develops 3–12 months
after HSCT, often
supported by AChR Abs

Large-scale observational
data

Rare occurrence with
incidence < 1%

Bolger et al., 1986; Lefvert and
Björkholm, 1987; Maffini et al.,
2017; Tsutsumi et al., 2019

Immune
checkpoint
inhibitors

Inhibition of checkpoint
molecules CTLA4, PD-1,
PD-L1

Induction of autoimmune
activity due to interference
with immunological
homeostasis, reduced
T-cell tolerance, increase of
inflammatory cytokines

Very severe and progressive
clinical course, often
accompanied by respiratory
failure, overall mortality
20–30%; AChR Abs in
66%; overlap syndromes
with myositis/myocarditis

Large-scale
pharmacovigilance
studies, numerous case
reports/series

Incidence
approximately 0.5%;
Most commonly due to
PD-1 or PD-L1
inhibition

Johnson et al., 2015, 2019;
Montes et al., 2018; Sato et al.,
2019; Safa et al., 2019; Xing
et al., 2020

Statins HMG-CoA reductase
inhibitors

Increase of Th2 interleukins,
depletion of coenzyme Q10

Predominantly affecting
oculo-bulbar muscles with
symptom onset between 1
week and 4 months after
initiating treatment

Case series Both aggravating and
developing myasthenia
has been described

Parmar et al., 2002; Cartwright
et al., 2004; Purvin et al., 2006;
Oh et al., 2008; Khalid et al.,
2016

Ach, Acetylcholine; AChR, Acetylcholine receptor; COVID-19, coronavirus disease 2019; CTLA4, cytotoxic T-lymphocyte-associated protein 4; EMG, Electromyography; GVHD, Graft-versus-host disease; HSCT,
Hematopoietic stem cell transplantation; HMG-CoA reductase, 3-hydroxy-3-methyl-glutaryl-coenzyme A reductase; IFN, Interferon; MG, Myasthenia gravis; PD-1, Programmed cell death protein 1; PD-L1, Programmed
cell death 1 ligand 1; Th2, T helper type 2.
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(CaV2.1) are the primary mediators of transmitter release at
motor nerve terminals.

In addition, case-based observations of paraneoplastic LEMS
and autoimmune MG showed clinical worsening following
a treatment with verapamil, a class IV antiarrhythmic drug
that blocks voltage-dependent calcium channels (Krendel and
Hopkins, 1986; Swash and Ingram, 1992). The effect of verapamil
on neuromuscular transmission was addressed by Jonkers et al.,
who studied the influence of intravenous verapamil on repetitive
nerve stimulation and clinical function in 10 patients with MG.
However, no reproducible effects on neuromuscular transmission
were found in this study, that was mainly limited by its small
sample size (Jonkers et al., 1996).

POSTSYNAPTIC NEUROMUSCULAR
JUNCTION EFFECTS

Blockade of Acetylcholine Receptors
(Curare-Like Effects)
The plant-derived toxin curare is a historical example for
neuromuscular blockade, acting by a competitive inhibition of
the nicotinic AChR at the postsynaptic membrane. Functionally
similar (curare-like) mechanisms have also been proposed
for various drugs.

A broad range of antibiotics have already been associated
with clinical worsening in patients with MG. This is
particularly relevant, since many patients with MG are under
immunosuppressive treatment, partly suffering from recurrent
respiratory symptoms and requiring antimicrobial treatment.
Yet, the exact mechanisms underlying neuromuscular blockade
are diverse and often poorly understood.

First, Telithromycin, a relatively new ketolide antibiotic,
is known to induce myasthenia or lead to severe symptom
exacerbations including fatal respiratory failure and death
(Nieman et al., 2003; Jennett et al., 2006). In vitro studies
substantiated these observations by showing that telithromycin
inhibits nicotinic AChRs and blocks neuromuscular transmission
(Liu and Somps, 2010). A case series comprising 10 affected
individuals highlights the potential to aggravate and unmask MG,
also reporting that most patients develop symptoms within 2 h
after the first administration of telithromycin, which is in line
with the aforementioned mechanism (Perrot et al., 2006). The
drug has already been withdrawn from the market due to its
severe side effects.

There is a long list of anecdotal reports indicating (sometimes
severe) symptom deterioration following the administration of
fluoroquinolones, i.e., gyrase inhibitors, which led to a “black
box” warning by the FDA, for their use in patients with MG
(De Sarro and De Sarro, 2001). Notably, the fluoroquinolones,
particularly levofloxacin, ofloxacin and ciprofloxacin, may cause
acute and severe exacerbations of myasthenic symptoms (Moore
et al., 1988; Mumford and Ginsberg, 1990; Azevedo et al., 1993;
Roquer et al., 1996; Gunduz et al., 2006). From a biochemical
perspective, these adverse effects may in part be explained
by the structural similarities to quinine and chloroquine,

which have been shown to cause a neuromuscular blockade
(Sieb et al., 1996).

Chloroquine is used for the treatment of malaria, but also
for some rheumatological diseases. Moreover, the pandemic
COVID-19 caused by the virus infection with SARS-CoV-2 has
recently brought widespread attention to this drug, as it has
initially been suggested as a potentially promising anti-viral
treatment for this indication (Touret and de Lamballerie,
2020). A subsequent multi-national analysis showing an
increased mortality rate and no beneficial effects was later
retracted by the journal (Mehra et al., 2020). In general,
clinical, electrophysiological and serological characteristics of
chloroquine-related myasthenia are strikingly reminiscent of
acquired autoimmune MG. In view of the complete recovery
2 weeks after treatment cessation (compatible with the long
half-life of chloroquine) and the absence of anti-AChR Abs, it
has been hypothesized that chloroquine-induced MG may be
caused by a direct postsynaptic mechanism (Robberecht et al.,
1989). However, in contrast to most classical antimicrobial drugs,
chloroquine seems to have the ability to induce (partly anti-
AChR-positive) MG, usually recovering after drug withdrawal
(Varan et al., 2015). It is worthy of note, that chloroquine has
immune-modulatory properties that may play an additional
role in such cases.

Primarily postsynaptic effects at the NMJ have also been
ascribed to class Ia antiarrhythmics, which interfere with
sodium channels. Intracellular microelectrode recordings in
rats provided evidence for both pre- and postsynaptic effects
of procainamide, with postsynaptic blockade representing the
dominant mode of action (Lee et al., 1983). One study by
Yeh et al. (1992) demonstrated a perturbed AChR-dependent
contractile muscle function in a rat model of experimental
MG caused by procainamide. Clinically, procainamide may
lead to a rapid and severe deterioration of weakness in MG
patients (Godley et al., 1990). Moreover, also the primary
induction of myasthenic symptoms including bulbar features
has been reported occasionally in the literature (Oh et al.,
1986; Miller et al., 1993). Though immunological properties
have been ascribed to this drug, the rapid clinical manifestation
of neuromuscular symptoms rather supports a directly NMJ-
related mechanism.

Drug-induced side effects that might be related to alterations
of the membrane potential of the NMJ are most obvious
for the neuromuscular blocking agents (NMBAs), which are
used in anesthesiology. In fact, both depolarizing and non-
depolarizing NMBAs may interfere with the muscle membrane
potential. Relatively small doses of non-depolarizing agents
can cause a profound and prolonged NMJ blockade in
individuals with MG and LEMS, with more severe disease
and higher doses of pyridostigmine correlating with an
increased sensitivity toward non-depolarizing NMBAs (Nilsson
and Meretoja, 1990). A comparably novel drug, sugammadex,
has the potential to reverse the neuromuscular blockade of
NMBAs within minutes by 1:1 binding of rocuronium or
vecuronium (Schaller and Lewald, 2016). Given most reports
published to date, it can be considered as a safe option
to restore neuromuscular transmission for this vulnerable
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patients population, if the use of NMBAs is necessary
(Cata et al., 2019).

It is a commonly observed phenomenon that patients with
NMJ disorders are specifically prone to prolonged weakness
after surgery with various types of anesthesia. Patients with
MG pose a major challenge for anesthesiologists, and the post-
surgical risk of respiratory problems is a matter of concern. Yet,
surgery is often necessary in MG, especially because thymectomy
is a standard treatment of seropositive patients with AChR
Abs (Wolfe et al., 2016). A careful selection of anesthetic
drugs must be made to avoid complications. Elective surgery
should ideally be performed in a stable phase of myasthenic
disease, and the clinical situation should be optimized beforehand
(Jamal and Herb, 2009).

may result in a superimposed impairment of neuromuscular
transmission when used together with NMBAs, volatile
(inhalation) anesthetics may interfere with neuromuscular
transmission in a more direct way, that is mainly through
the inhibition of nicotinic AChR. Experimental data indicate
that they change the kinetics of postsynaptic conductance at
synapses (Gage and Hamill, 1976). Myasthenic patients display
an increased sensitivity to the relaxant effects of these drugs
(e.g., sevoflurane) (Nitahara et al., 2007). Regarding anesthesia, a
thorough pre- and post-operative evaluation, the continuation
of pyridostigmine and a careful monitoring should be helpful to
safely manage patients with MG. In addition, it is important to
use neuromuscular monitoring (i.e., train-of-four monitoring)
during surgery to ensure optimal recovery before terminating
anesthesia (Blichfeldt-Lauridsen and Hansen, 2012).

Effects of Beta-Adrenergic Blockade
Beta-adrenergic blocking agents are under the suspicion of
adversely affecting neuromuscular strength in MG patients
(Verkijk, 1985). In vitro studies of nerve-muscle preparations
revealed that various beta-adrenergic blockers may lead to a
dose-dependent reduction of neuromuscular transmission in
rats with propranolol having the most pronounced effect on
neuromuscular transmission (Harry et al., 1974). Adrenergic
beta-2 receptor agonists are increasingly used in the treatment
of CMS, and it has been shown that they directly interfere
with proteins located at the NMJ, exerting a stabilizing effect
on AChR clusters (Clausen et al., 2018). This strongly suggests
a reverse effect at the NMJ as the mechanism underlying
beta blocker-related worsening of myasthenic symptoms. It is
also worthy of note that the stabilization of AChR clusters
using an SRC homology 2 domain-containing phosphotyrosine
phosphatase 2 (SHP2) inhibitor has recently been found in early
cell culture studies to be a promising mechanisms against MuSK-
MG (Huda et al., 2020).

A retrospective chart review study showed that the odds
of developing a transient aggravation of MG is increased
2.7-fold under beta-adrenergic antagonists in general, which
represents a statistically significant signal (Gummi et al., 2019).
A small-scale systematic trial studying the neuromuscular effects
of an intravenously applied beta blocker (propranolol) in 10
patients could not prove an acute and significant deterioration
of neuromuscular transmission in MG using repetitive nerve

stimulation and clinical tests, but the work was clearly limited
by the small number of participants (Jonkers et al., 1996).
Several case reports indicated that latent myasthenia may
be unmasked by beta blocker treatment (Leys et al., 1987;
Confavreux et al., 1990).

Apart from cardiovascular indications, beta-adrenergic
antagonists are used for the local treatment of open angle
glaucoma to depress intraocular pressure. Although applied
as eye drops, there may be systemic adverse events including
increased neuromuscular weakness in rare cases. Both worsening
of previously diagnosed as well as newly diagnosed MG have been
described for the non-selective beta blocker timolol (Coppeto,
1984; Verkijk, 1985) and for the beta1-selective blocker betaxolol
(Khella and Kozart, 1997).

PRESUMED (COMBINED) PRE- AND
POSTSYNAPTIC EFFECTS

In many classes of drugs, the functional evidence for the
pathomechanisms underlying neuromuscular blockade is scanty
at best. Often, both pre- and postsynaptic mechanisms are
presumed, mostly on the basis of electrophysiological studies.
Hence, for many of these medications, the exact mechanism
remains unknown.

Various reports have been published for aminoglycoside
antibiotics to cause a clinically relevant neuromuscular blockade.
Functional data indicate that aminoglycoside antibiotics may
impair neuromuscular transmission through both presynaptic
(via inhibition of prejunctional ACh release) and postsynaptic
(via depression of post-junctional sensitivity) molecular
mechanisms, which are overall still poorly appreciated (Pittinger
and Adamson, 1972). The resulting effects appear to be
(partly) reversible by calcium gluconate, AChE inhibitors and
aminopyridines (Singh et al., 1978a,b). One study evaluated
neuromuscular toxicity of several aminoglycosides including
amikacin, gentamicin, kanamycin, neomycin, netilmicin,
streptomycin and tobramycin, with neomycin being classified
as the most toxic and tobramycin as the least toxic of all
investigated aminoglycosides (Caputy et al., 1981). Interestingly,
gentamicin, neomycin, streptomycin, tobramycin, and
kanamycin have also been implicated in clinical weakness
occurring in otherwise healthy (non-myasthenic) individuals
(Kaeser, 1984).

Neuromuscular blockade due to antibiotics is certainly
not confined to aminoglycosides. The monobasic amino acid
antibiotics lincomycin and clindamycin structurally differ from
classical aminoglycosides, but may cause a neuromuscular
blockade which can be reversed by calcium and aminopyridines
(Booij et al., 1978). Electrophysiological studies showed that
both drugs cause the blockade via different modes of action.
Lincomycin displayed predominantly nerve-terminal depressant
properties, while clindamycin showed stimulatory presynaptic
effects (Rubbo et al., 1977). However, real-life data confirming the
clinical relevance of these in vitro effects are still lacking.

Polymyxin B and colistin, which are used as a last-resort for
resistant Gram-negative bacteria, show neuromuscular toxicity,
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mainly in patients with renal failure or in combination with other
NMJ-blocking drugs, perhaps potentiating their effects (Pittinger
and Adamson, 1972). Again, the presumed mechanisms of action
are a reduced release of ACh and, to a certain degree, the
concomitant postsynaptic blockade of AChR receptors (Wright
and Collier, 1976; Viswanath and Jenkins, 1978; Durant and
Lambert, 1981).

Aside from antimicrobial drugs, the class Ia antiarrhythmic
drug quinidine (and its stereoisomer quinine) have been observed
to transiently worsen neuromuscular weakness in patients
with MG (Weisman, 1949). Somewhat paradoxically at first
sight, while deteriorating MG, quinidine represents an effective
therapeutic option in (slow channel) CMS (Lee et al., 2018).
In such cases with a pathologically prolonged open state of the
AChR channel due to monogenic mutations, an open-channel
blocker can be of clinical benefit (Peyer et al., 2013). The
adverse effects causing neuromuscular blockade are localized
in the presynaptic membrane, impairing ACh release, but also
(to a lesser extent) in the postsynaptic membrane with curare-
like effects, as demonstrated by microelectrode and patch-clamp
investigations (Sieb et al., 1996).

One anti-epileptic drug (AED) that has been associated with
myasthenic symptoms a long time ago is phenytoin (PHT),
a blocker of voltage-gated sodium channels. In vitro studies
demonstrated both presynaptic and postsynaptic effects on
neuromuscular transmission (Yaari et al., 1977). Aside from
functional data, few reports with an MG-like presentation have
been published in the literature, often ameliorating after PHT
discontinuation, potentially pointing toward an actual drug-
associated effect (Norris et al., 1964; Brumlik and Jacobs, 1974).

IMMUNOLOGICAL MECHANISMS IN
DRUG-RELATED MYASTHENIA

As opposed to the delineated NMJ-related drug effects, some
medical treatments are known or presumed to set in motion
a de novo immunological process, thus initiating new-onset
autoimmune phenomena that may clinically resemble acquired
conditions such as MG. This pathophysiological concept is in line
with new-onset diseases in previously healthy individuals rather
than a transient aggravation of a pre-existing disorder. However,
also previous autoimmunological conditions may be more likely
to flare up as a consequence of immune-modulatory treatments.

D-Penicillamine
Occurring in up to 7% of patients taking D-penicillamine (D-
P), myasthenia represents a relatively common adverse event
(Andonopoulos et al., 1994). Clinical, electrophysiological and
serological features do not seem to differ remarkably from
classical MG. Most patients present with mild, predominantly
ocular symptoms occurring 2–12 months after D-P initiation
and usually responding to pyridostigmine (Drosos et al., 1993).
However, marked respiratory symptoms have also been reported
(Adelman et al., 1995). In many cases, D-P-related MG remits
within 1 year following drug discontinuation (Albers et al., 1981).
The prolonged latency of symptom onset and remissions and

the gradual decline of Ab levels after withdrawal are in keeping
with the mechanism of a drug-induced immunological effect
(Vincent et al., 1978).

Basic research also supports that the production of AChR Abs
plays an essential role and that D-P-induced MG may arise due
to a newly developed immune-mediated response that is directed
against the compound itself (Penn et al., 1998). Studies of D-P
reacting with purified AChR demonstrated a covalent attachment
to two receptor subunits (alpha and gamma). Moreover, D-P
appears to impact the equilibrium of ACh binding properties of
both purified receptor and receptor-rich membrane fragments
(Bever et al., 1982). The detailed characterization of a patient with
D-P-induced myasthenia indicated pathophysiological overlaps
with idiopathic MG, including the production of anti-AChR Abs,
as well as subsequent degradation and quantitative reduction
of junctional AChRs (Kuncl et al., 1986). Electrophysiological
changes in rats indicated also mild and unspecific presynaptic
effects of D-P at high concentrations (Aldrich et al., 1979).
Of note, the lower incidence of D-P-induced myasthenia
in patients with Wilson’s disease compared to those with
rheumatoid arthritis may suggest a general immunogenetic
susceptibility to autoimmune disorders as an additional role
(Komal Kumar et al., 2004).

Interferon
Similar to D-P, patients under interferon (IFN) treatment
may develop autoimmune-mediated disorders for the first time
(Conlon et al., 1990). Among others, generalized, partly severe
manifestations of MG were either triggered or aggravated by
IFN alpha (Borgia et al., 2001; Wolfe et al., 2007; Congeni and
Kirkpatrick, 2013; Baik et al., 2016; Saleem, 2016).

Studies in transgenic mice confirmed that the presence of IFN
gamma in the NMJ results in generalized flaccid weakness and
disrupted neuromuscular transmission that could successfully be
reversed by AChE inhibitors (AChEi) such as pyridostigmine.
The histological work-up identified mononuclear cells and Ab
deposition at motor end plates. Immunoprecipitation found
a novel target antigen which was recognized by sera from
investigated mice but also from human MG patients. These data
associate IFN with a humoral immune response, comparable to
that in human MG pathogenesis (Gu et al., 1995).

Clinically, reported cases are often accompanied by the
presence of AChR Abs and sometimes by additional myopathic
findings on electromyography (Batocchi et al., 1995). MG was
found to occur under a treatment with IFN beta for multiple
sclerosis in three unrelated cases, in all of which it manifested
within the first year after initiation (Blake and Murphy, 1997;
Dionisiotis et al., 2004). Despite the lack of systematic data, the
pathophysiological rationale as well as the time span from drug
initiation to symptom onset support immune-related rather than
NMJ-related effects.

Statins
Statins, the most commonly used class of lipid-lowering drugs,
also show a variety of immunomodulatory properties such as
increasing the serum levels of multiple Th2 interleukins (Youssef
et al., 2002). Well-fitting, studies in animals and humans indicate
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that Th2 cytokines may generally be crucial in the development
of MG (Milani et al., 2003). Therefore, these changes may be
responsible for inducing de novo MG (Gale and Danesh-Meyer,
2014). Another pathomechanism potentially underlying statin-
induced myasthenia is the depletion of coenzyme Q10, which
may result in mitochondrial dysfunction (Evans and Rees, 2002;
Vaklavas et al., 2009). This is particularly relevant, as presynaptic
endings and the postsynaptic junction have a high density
of mitochondria.

In contrast to new-onset MG, non-inflammatory myopathy
is a well-known side effect of statins, potentially explaining the
case reports that suggest an aggravation of pre-existing MG
(Parmar et al., 2002; Cartwright et al., 2004; Purvin et al.,
2006). A small case series reported worsening of symptoms
in 6 patients with MG receiving statins (11% of the small
analyzed cohort), predominantly affecting oculo-bulbar muscles
with symptom onset between 1 week and 4 months after initiating
treatment (Oh et al., 2008). This latency appears too long for
a mechanism directly related to NMJ function. Some reported
patients had no previous history of myasthenic symptoms,
indicating that statins may have the potential to trigger or unmask
myasthenia in previously healthy individuals (Purvin et al., 2006;
Khalid et al., 2016).

Immune-Checkpoint Inhibitors
Immune checkpoint inhibitors (ICIs) are an emerging type of
cancer immunotherapy that target intrinsic down-regulators of
immunity, more specifically the checkpoint molecules CTLA-4,
PD-1, and PD-L1 (Postow et al., 2018). These proteins may allow
the proliferation of malignant cells by evading T-cell-mediated
anti-tumor activity, and their blockade in turn enables T-cells to
recognize and attack the tumor (Fife and Bluestone, 2008).

The checkpoint molecules, expressed on the surface of
T-cells, play a crucial role in the regulation of immunological
homeostasis, maintenance of self-tolerance and prevention
of autoimmunity (Postow et al., 2015). Interference with
immunological homeostasis and a reduction of T-cell tolerance
are also postulated as crucial mechanisms in immune-related
adverse events (Postow et al., 2018). ICIs may elevate the levels
of pre-existing auto-Abs, but can also increase the levels of
inflammatory cytokines, which may promote the activation of
auto-reactive T cells (Kimbara et al., 2018). Additionally, the
similarity between normal tissue antigens and tumor antigens
may lead to a cross-reactivity, further favoring a self-directed
immune response (Michot et al., 2016). Given these effects,
activated T-cells may subsequently attack healthy tissue including
structures of the NMJ, resulting in adverse reactions with clinical
and serological features reminiscent of autoimmune diseases
(Choi and Lee, 2020).

The clinical spectrum of immune-related adverse events
includes a wide range of neurological complications affecting
both the central and the peripheral nervous system (Bruna et al.,
2020; Haugh et al., 2020). Together with peripheral neuropathies
and myositis, MG is a characteristic side effect involving the
peripheral nervous system, occurring in approximately 0.5% of
cases receiving ICI treatment (Johnson et al., 2019). The median
time period from drug administration to the clinical onset of

MG was 28 days (Sato et al., 2019). ICI-triggered MG is an
often severe and progressive complication with potentially life-
threatening consequences and a mortality rate of up to 30%
(Johnson et al., 2019; Safa et al., 2019). In the vast majority of
reported cases with ICI-related MG, the underlying treatment
was a pharmacological inhibition of PD-1 or its ligand PD-
L1, most commonly with the drug nivolumab. Less commonly,
cases under ipilimumab (targeting CTLA-4) have been described,
and combination treatments seem to be particularly hazardous
(Johnson et al., 2015; Montes et al., 2018).

In the single-center study by Safa et al., most patients (63%)
developed moderate to severe disease (MGFA class III to V),
with ptosis (75%), dyspnea (62%), generalized weakness (55%),
dysphagia (48%), and double vision (42%) being the most
commonly reported symptoms. Of note, almost half of the
patients in this study rapidly developed respiratory failure
requiring mechanical ventilation. Characteristic laboratory
features were positive AChR Abs in 66%, anti-striated Abs in
67% and elevated CK levels in 84% (Safa et al., 2019). To the
best of our knowledge, auto-Abs against the muscle-specific
kinase (MuSK) have so far only been reported in one single
case under nivolumab (occurring together with AChR Abs)
(Mitsune et al., 2018).

ICI-induced MG may further be complicated by overlap
manifestations comprising myositis or myocarditis with
potentially fatal consequences (Xing et al., 2020). Overall, when
compared to classic acquired MG, the clinical course of ICI-
related disease clearly appears to be remarkably more aggressive
with a tendency toward fast disease progression and myasthenic
crises. Altogether, no significant clinical differences were found
between patients with new-onset MG or an acute flare-up of
pre-existing disease due to ICI (Safa et al., 2019).

Steroids are often used as first-line treatment approach,
followed by immune-modulatory agents in refractory cases (Choi
and Lee, 2020). However, the data presented by Safa et al.
support the early use of intravenous immunoglobulins (IVIg)
and plasma exchange (PLEX), leading to improved outcomes
compared to steroids alone (Safa et al., 2019). The response to
a symptomatic treatment with cholinesterase inhibitors seems
to be variable (Johansen et al., 2019). As it is still not entirely
clear whether ICI-induced MG is a monophasic disease, the
decision regarding a possible withdrawal of ICIs remains a
dilemma and should especially be discussed in life-threatening
cases (Shi et al., 2020).

Allogeneic Hematopoietic Stem Cell
Transplantation
Allogeneic HSCT is a standard treatment for a variety of
hematological malignancies involving the transfer of a donor’s
hematopoietic and immune system to a host. Graft-versus-
host disease (GVHD) is one of the major complications of
the procedure and summarizes host end-organ damage due to
alloreactivity of the donor’s immune system. T-cell infiltration
and epithelial damage to the skin, gut and liver are the
hallmarks of acute GVHD, usually occurring within the first
100 days after HSCT (Zeiser and Blazar, 2018). Chronic GVHD
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typically develops 3–12 months after HSCT and resembles a
spectrum of autoimmune-related diseases through combined
pathomechanisms of cellular (T- and B-cells) and humoral
alloreactivity (Zeiser and Blazar, 2017).

Myasthenia-like manifestations have been described as rare
immune-mediated complications after HSCT in case reports with
an estimated incidence under 1%. The time of disease onset
ranged between 3 and 100 months after HSCT, and a clear
association with a prior diagnosis of chronic GVHD could be
noted (Tsutsumi et al., 2019). In this context, MG has also been
described during the taper of immunosuppressive medication
used for the treatment of GVHD (Bolger et al., 1986). The
detection of serum AChR Abs strongly supports the diagnosis
of MG in the presence of classic symptoms after HSCT, but
these auto-Abs can also be detected in up to 40% of HSCT
recipients without apparent neurological symptoms (Lefvert and
Björkholm, 1987). In a review of 27 post-HSCT cases with
MG, treatment mainly consisted of prednisone in combination
with a calcineurin inhibitor, azathioprine, IVIg and the anti-
CD20 antibody rituximab. These treatments led to a sustained
improvement in the majority of cases and only three deaths have
been reported (Maffini et al., 2017).

Importantly, MG has to be distinguished from other causes of
muscle weakness related to HSCT, including steroid myopathy,
wasting syndrome or other immune-mediated neurological
disorders. As such, myositis or Guillain-Barré-like syndromes are
more frequently observed as chronic GVHD than MG (Maffini
et al., 2017; Balaguer-Rosello et al., 2019).

MISCELLANEOUS AND UNKNOWN
MECHANISMS

A certain range of drugs have been associated with myasthenic
side effects, but details regarding the underlying mechanisms
are lacking in the literature. Hence, it can only be assumed
based on pharmacological properties and the time course
of neuromuscular manifestations, whether the effects relate
to NMJ function or the immune system. Since the present
article focuses on the underlying mechanisms of medication-
associated myasthenia, such treatments with poorly characterized
or unknown mechanisms will only be mentioned briefly, focusing
on clinical aspects.

Some Antibiotics
The aminopenicillin antibiotics ampicillin and amoxicillin,
have anecdotally been associated with myasthenic weakness.
Most recently, a series of six cases indicated symptom onset
within few days after drug application, subsequently leading
to clinical worsening, followed by symptom recovery after
pyridostigmine and IVIg (Vacchiano et al., 2020). Moreover,
ampicillin increased the degree of decrement in rabbits with
experimental autoimmune myasthenia gravis but had no negative
effects in normal rabbits (Argov et al., 1986).

Further, the macrolide antibiotics, which inhibit protein
synthesis by binding to ribosomal structures, are broadly available
for a wide range of infectious diseases. Occasional anecdotal

reports have described a mild to moderate symptom aggravation
by some macrolides (e.g., azithromycin, erythromycin) in
myasthenic patients (May and Calvert, 1990; Cadisch et al., 1996).
Albeit evidence is weak and no clear recommendations exist,
patients with MG should be monitored closely under a treatment
with these antibiotics.

Corticosteroids
Corticosteroids require specific attention with regard to
MG, since they are frequently used as a standard treatment.
In experimental models, complex influences on the NMJ
due to corticosteroids have been shown, including altered
depolarization of nerve terminals, a reduction of ACh
release, altered MEPPs, changes in choline transport and
depletion of potassium (Wilson et al., 1974; Dengler
et al., 1979; Kim et al., 1979). Yet, it is not far to seek
that immunological mechanisms may also be involved in
this phenomenon. Notably, one study found that an early
clinical deterioration under corticosteroids was accompanied
by a transient increase in lymphocyte response in vitro,
stressing a role of cell-mediated immunological mechanisms
(Abramsky et al., 1975).

Almost 50% of MG patients with high-dose steroid treatment
experience an initial exacerbation of neuromuscular symptoms,
of which 8.6% are severe, requiring mechanical ventilation or
intubation (Pascuzzi et al., 1984). This potentially life-threatening
complication can be avoided by gradually increasing the dosage,
starting with 25 mg every other day (Seybold and Drachman,
1974). Apart from high initial dosages, thymoma, early-onset
disease and upper limb weakness have been associated with
steroid-induced worsening of myasthenia (Kanai et al., 2019).

Hormonal Disturbances
Autoimmune thyroid disorders such as Grave’s disease and
Hashimoto thyroiditis are more prevalent in individuals with
MG (Song et al., 2019). A causal relation has been proposed,
as symptoms were reported to fluctuate depending on thyroid
hormone levels. However, systematic data corroborating this
relationship are still lacking (Maclean and Wilson, 1954;
Mallikarjuna et al., 2019).

It is also a frequently observed phenomenon that some
female patients with autoimmune MG experience fluctuating
weakness with the menstrual cycle and pregnancy, suggesting
some modifying effects of female sex hormones. There is some
evidence that a higher rate of remissions during menstruation
may be due to reduced activity of acetylcholinesterase (Vijayan
et al., 1977). While robust clinical data are missing to draw
any definite conclusions, experimental data show conflicting
results regarding the effect of sex hormones. First, one group
used a rat model with experimental MG to analyze whether
MG aggravation may be induced by changes in female sex
hormones in rodents with and without ovariectomy. No
electrophysiological and serological (AChR Abs) changes were
observed after hormonal replacement, indicating no major
influence on the susceptibility and severity of MG (Leker
et al., 2000). By contrast, another work using an animal
model showed that a temporary exposure to beta-17-estradiol
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enhances the production of anti-AChR Abs and significantly
increases the severity of EAMG in mice, providing evidence
that estrogen aggravates experimental MG (Delpy et al., 2005).
Clinically, the notion that female sex hormones per se increase
the susceptibility to autoimmune MG is supported by case
descriptions (Brittain and Lange, 1995).

Lithium
Lithium salts such as lithium carbonate, which are used as mood-
stabilizing drugs, have been reported to either aggravate weakness
in MG or unmask an autoimmune myasthenic syndrome (Neil
et al., 1976; Lipton, 1987; Ronzière et al., 2000). The drugs
have been shown to carry an inherent potential to foster
T-lymphocytes activity, which is in favor of an immune-mediated
mechanism as the main actor (Mizuno et al., 1982). However,
lithium also appears to selectively reduce AChR synthesis and
its insertion into the cell membrane (Pestronk and Drachman,
1987). It remains open to speculation, if these effects occur
secondarily to an immunological mechanism.

Iodinated Contrast Agents
Iodinated contrast agents (ICAs), which are commonly used for
computed tomography (CT) scans, have for a long time been
regarded as potential triggers of myasthenic symptoms. ICAs are
subdivided into high- and low-osmolality compounds, and those
with a high degree of osmolality (i.e., >1500 mOsm/L) are not
in clinical use any more. Instead, low-osmolality agents (290–860
mOsm/L) are now routinely used due to their better tolerability
(Pasternak and Williamson, 2012).

Several case reports and small case series as well as
experimental data in rabbits suggested worsening of pre-
existing MG related to the use of high-osmolality agents
(Chagnac et al., 1985; Anzola et al., 1986; Bonmarchand
et al., 1987; Eliashiv et al., 1990; Rocha and Bacheschi,
1994). Aside from anecdotal evidence, there has been one
systematic trial in 136 patients retrospectively investigating
acute events within 24 h after receiving high-osmolality agents,
showing that 7 patients (5.1%) experienced an exacerbation
of myasthenic weakness, whereas in the majority of cases,
alternative explanations other than ICA were also conceivable
(Frank et al., 1987).

With regard to the nowadays more commonly used
low-osmolality ICAs, there are only a few publications to
date. One study focusing on adverse reactions occurring
just after ICA application reported a rate below 1%, hence
suggesting no significant immediate risk due to neuromuscular
blockade for MG patients (Mehrizi and Pascuzzi, 2014).
By contrast, another retrospective work with an extended
observation period found significantly more MG-related
exacerbations within the first day after the contrast-enhanced
scans, mainly respiratory manifestations, while there was
no significant difference between the contrast and the non-
contrast group thereafter (up to 45 days after the radiological
investigation) (Somashekar et al., 2013). Most recently, one study
retrospectively investigated acute and delayed aggravations
of myasthenic symptoms in 72 patients with MG and
found an increased rate (12.3%) of delayed exacerbations

of MG after the application of low-osmolality ICAs, again
stressing the high likelihood of alternative causes (unrelated
to MG) for symptom exacerbation in the majority of cases
(Rath et al., 2017).

Based upon the existing evidence, ICA administration should
not be considered contraindicated in individuals with MG,
as long as the patients are monitored regarding immediate
and delayed adverse reactions. However, published results are
somewhat contradictory, and large prospective studies are
required for clarification.

CONCLUSION

Our comprehensive review of the existing literature underscores
that medication-related aggravations of myasthenic syndromes
due to various molecular mechanisms represent a clinically
relevant problem. The evidence for specific classes of drugs
or treatments is often scanty and merely based on single
case descriptions. First, one must be extremely cautious not
to overinterpret anecdotal observations or suggestive (but
unspecific) functional data, and risks and benefits need to
be weighed carefully. Likewise, it is extremely important
that appropriate treatments are not withheld because of
anecdotal evidence only.

Apart from drug-related aggravations, our article also
highlights a probably still underappreciated phenomenon, that is
the induction of de novo myasthenia due to drugs with immune-
modulatory properties. We specifically stress the emerging group
of ICIs as a relatively novel etiology of drug-induced MG, which is
particularly characterized by a rapidly progressive and potentially
lethal clinical course.

Taken all together, it is obvious that more systematic data
are required to estimate the associated risks of specific medical
treatments more precisely. However, the thorough knowledge
of cases already reported in the literature and the underlying
molecular mechanisms may relevantly increase awareness of
treating clinicians, so that patients can be monitored carefully,
if potentially hazardous drugs have to be used.
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The neuromuscular junction (NMJ) is the chemical synapse connecting motor neurons
and skeletal muscle fibers. NMJs allow all voluntary movements, and ensure vital
functions like breathing. Changes in the structure and function of NMJs are hallmarks
of numerous pathological conditions that affect muscle function including sarcopenia,
the age-related loss of muscle mass and function. However, the molecular mechanisms
leading to the morphological and functional perturbations in the pre- and post-synaptic
compartments of the NMJ remain poorly understood. Here, we discuss the role of
the metabolic pathway associated to the kinase TOR (Target of Rapamycin) in the
development, maintenance and alterations of the NMJ. This is of particular interest
as the TOR pathway has been implicated in aging, but its role at the NMJ is still ill-
defined. We highlight the respective functions of the two TOR-associated complexes,
TORC1 and TORC2, and discuss the role of localized protein synthesis and autophagy
regulation in motor neuron terminals and sub-synaptic regions of muscle fibers and their
possible effects on NMJ maintenance.

Keywords: NMJ, TOR, mTORC1, mTORC2, autophagy, aging, sarcopenia, ALS

INTRODUCTION

Preserving muscle mass and function during aging has emerged as a major public health priority.
As populations continue to age in many countries, the societal and personal burden stemming
from the natural loss of muscle integrity and thereby life quality of the elderly is growing. The
age-related loss of muscle mass (atrophy) and force (weakness), referred to as sarcopenia, is a
major contributor to frailty, morbidity and mortality (for a review, see Cruz-Jentoft et al., 2019).
Moreover, as frailty and disability increase, reduced activity or even disuse accelerate and aggravate
the loss of muscle mass, resulting in a vicious cycle leading to a precipitous decline of the individual
(Rezus et al., 2020). The situation is even more dramatic when the geriatric syndrome associates
with other pathologic conditions, such as obesity. It is estimated that more than 200 million
individuals worldwide will be afflicted by sarcopenia by 2050, with dramatic socioeconomic and
clinical implications (Janssen et al., 2004; Cruz-Jentoft et al., 2010; Dhillon and Hasni, 2017).
A well-described feature of sarcopenia is the structural changes of neuromuscular junctions (NMJs)
(for a review, see Ham and Rüegg, 2018 and Rudolf et al., 2014). NMJs are the synapses connecting
motor neurons to muscle fibers. Deterioration of muscle innervation during aging has been
documented in several species, and treatments that slow sarcopenia also preserve NMJ integrity
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(Valdez et al., 2010). Such observations led to the idea that
NMJ perturbations are crucial determinants of the initiation and
progression of sarcopenia, although the mechanisms responsible
for age-dependent NMJ destabilization remain elusive.

Neuromuscular junctions are highly specialized chemical
synapses, designed to transmit action potentials from pre-
synaptic motor neurons to post-synaptic muscle fibers, thereby
initiating muscle contraction. The formation and maintenance
of NMJs require a complex interplay between nerves, muscle
fibers and terminal Schwann cells (for a review, see Tintignac
et al., 2015). In muscle fibers, post-synaptic proteins specifically
accumulate at the sarcolemma immediately beneath the contact
point between nerve and muscle, ultimately leading to motor
endplate formation (Figure 1). In adult, innervated muscle,
transcription of synaptic genes, encoding post-synaptic proteins,
is confined to sub-synaptic (also called fundamental) myonuclei
and repressed in all non-synaptic myonuclei. Previous work
has uncovered several epigenetic and transcriptional effectors
that ensure the tight constraint of synaptic gene expression
to fundamental myonuclei. Similarly, various factors have
been implicated in regulating synaptic protein dynamics (e.g.,
acetylcholine receptor clustering and internalization) at the
motor endplate (for a review, see Li et al., 2018). A complex
network of effectors and compartments is crucial for NMJ
maintenance and, hence, NMJ destabilization as a consequence of
a disease or aging can be initiated by pre-synaptic motor neurons,
terminal Schwann cells or muscle fibers (Li et al., 2018, 2019;
Martineau et al., 2018).

One of the underlying drivers of the aging process is a
change in proteostasis, the balance between protein synthesis
and protein degradation (Tan et al., 2019). Alterations in
proteostasis have also been implicated in neurodegenerative
diseases, such as Amyotrophic Lateral Sclerosis (ALS) (Ferri
and Coccurello, 2017). TOR (Target Of Rapamycin) is at the
heart of one of the key signaling pathways responsible for
proteostasis. TOR activity is essential for muscle development
and growth, however, overactive TOR signaling is also implicated

in aging and sarcopenia (Tang et al., 2019; Ham et al., in press)
and suppressing TOR by pharmacological or nutritional means
remains a primary target of anti-aging interventions. While TOR
is well known for its role in metabolism and aging, its role in
NMJ development and maintenance is less well described. Given
the broad medical interest in TOR activity manipulation and the
essential role of the NMJ in maintaining skeletal muscle function
and thereby mobility, it is important to establish the impact
and importance of TOR activity on the NMJ. In this review, we
discuss the role of TOR on NMJ stability and function in different
species and compartments, and examine the proposed underlying
mechanisms linking TOR to NMJ maintenance.

THE TOR SIGNALING NETWORK

TOR and TOR-Associated Proteins
Target of Rapamycin is a serine/threonine kinase, fortuitously
identified in yeast mutants based on their resistance to the
antifungal and immunosuppressive drug rapamycin (Heitman
et al., 1991; Loewith et al., 2002). Since its identification
in yeast, homologs of TOR have been identified in all
eukaryotes. In the following, we will limit the discussion to
(m)TOR, referring to mammals (mTOR for mammalian or
mechanistic TOR) or flies (TOR), as most reports regarding
NMJ physiology have been obtained in human, rodents and
Drosophila. Although mammals and flies possess only one
(m)TOR gene, the (m)TOR protein assembles into two distinct
multi-protein complexes, (m)TORC1 and (m)TORC2 (Soulard
et al., 2009; Gonzalez and Hall, 2017; Kim and Guan, 2019).
Raptor (Regulatory associated-protein of mTOR) and PRAS40
(40kDa Proline-Rich Akt Substrate) specifically complement
(m)TORC1, while (m)TORC2 comprises Rictor (Rapamycin-
insensitive companion of mTOR), mSin1 (mammalian stress-
activated protein kinase-interacting protein 1) and Protor1/2
(Protein observed with rictor) (Figure 2A). Although originally
considered mTORC1 specific, several reports now show that

FIGURE 1 | General organization and function of mammalian neuromuscular junction (NMJ). Left: Scheme showing a motor axon, which branches and forms NMJs
to innervate skeletal muscle fibers. Sub-synaptic (or fundamental) nuclei are seen underneath the NMJ. Right: Enlarged view of NMJ, showing capping Schwann
cells in close contact with the muscle and axon, the junctional folds and the accumulation of synaptic proteins at the post-synaptic muscle membrane, and the
liberation of synaptic vesicles at the pre-synaptic membrane upon action potential arrival. ACh, acetylcholine; AChE, acetylcholinesterase; AChR, acetylcholine
receptor; AP, action potential; EPP, endplate potential; LRP4, LDL Receptor Related Protein 4; VGSC, voltage-gated sodium channel.
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FIGURE 2 | Regulation of (m)TOR pathways and downstream factors and processes in fly and mammals. (A) Up-stream mechanisms regulating the
(m)TOR-associated complex (m)TORC1 and (m)TORC2. Extracellular stimuli, nutrients and energy contribute to the regulation of mTORC1, at the lysosome. Growth
factors, such as insulin, activate PKB/Akt, via the recruitment of IRS1 and PI3K and the formation of PIP3 (PhosphatidylInositide-3,4,5-triPhosphate). Active PKB/Akt
destabilizes the complex formed by TSC1, TSC2 and TBC1D7, which releases Rheb and in turn activates (m)TORC1. Similarly, ERKs (Extracellular signal-Regulated
Kinases) and p90S6K (p90 ribosomal S6 Kinase, also known as MAPK-activated protein kinase-1) phosphorylate TSC2 and activate (m)TORC1, in response to
growth factors (Ma et al., 2005; Roux et al., 2007). Amino acids activate the vacuolar proton pomp v-ATPase, which acidifies lysosome and promotes GTP or GDP
loading on Rag proteins. Interaction of Raptor with GTP-bound RagA/B and GDP-bound RagC/D leads to the activation of (m)TORC1 after its recruitment at the
lysosomal membrane (Kim et al., 2008; Sancak et al., 2010; Zoncu et al., 2011; Bar-Peled et al., 2012). AMPK (AMP-activated Kinase) inhibits (m)TORC1 by
phosphorylating Raptor (Gwinn et al., 2008) and TSC2 (Inoki et al., 2006), in response to a lowering of cellular energy (i.e. AMP/ATP levels). PI3K, PKB/Akt and
TSC1/TSC2 complex activate mTORC2. (B–D) Downstream effectors of (m)TORC1 and (m)TORC2, with special focus on translation initiation (C) and autophagy
(D), both mainly controlled by (m)TORC1. Note that mTORC1 indirectly inhibits PKB/Akt and mTORC2, via p70S6K and the degradation of IRS1. In contrast,
mTORC2 promotes mTORC1, by activating PKB/Akt. Red lines indicate inhibition; Green arrows represent activation. TFEB, Transcription factor EB; SREBP, Sterol
regulatory element-binding proteins; PGC1α, Peroxisome proliferator-activated receptor gamma coactivator 1-alpha. The other abbreviations are included in the text.

long-term exposure to rapamycin also dampens mTORC2
activity (Lamming et al., 2012).

Regulation and Subcellular Localization
of (m)TOR Complexes
(m)TORC1 is a central sensor of extra- and intra-cellular stimuli,
including growth factors, amino acids and energy (for a detailed
review, see Gonzalez et al., 2020). Growth factors, such as IGF-1
(Insulin-like Growth Factor 1), activate PKB/Akt (Protein Kinase

B/Akt), via the recruitment of IRS1 (Insulin Receptor Substrate
1) and PI3K (PhosphoInositide-3-Kinases) (Figure 2A). Active
PKB/Akt phosphorylates TSC2 (Tuberosis Sclerosis Complex 2),
and thereby destabilizes the complex formed by TSC1, TSC2 and
TBC1D7 (TBC1 Domain family member 7) (Inoki et al., 2002;
Manning et al., 2002; Potter et al., 2002). This releases the small,
lysosomal GTP-binding protein Rheb (Ras Homolog Enriched in
Brain), which in turn activates (m)TORC1 (Inoki et al., 2003a,b;
Tee et al., 2003; Long et al., 2005). Levels of free amino acids
regulate (m)TORC1 activation, via the family of Rag GTPases
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(small Guanosine TriPhosphatases) and Ragulator (Kim et al.,
2008; Sancak et al., 2010; Zoncu et al., 2011; Bar-Peled et al.,
2012; Figure 2A).

Signaling up- and downstream of mTORC2 is less well
described. PKB/Akt is known to activate mTORC2 by
phosphorylating mSin1 (Zinzalla et al., 2011; Yang et al., 2015)
and in turn, (m)TORC2 phosphorylates and activates PKB/Akt
by phosphorylating Ser473 (Jacinto et al., 2006). Paradoxically,
the TSC1/TSC2 complex, while inhibiting mTORC1, activates
mTORC2 independently from Rheb (Yang et al., 2006; Huang
et al., 2008, 2009; Figure 2A). By controlling p70S6K (p70
ribosomal S6 Kinase, or S6K), which targets the degradation
of IRS1, mTORC1 indirectly inhibits PKB/Akt and mTORC2
(Haruta et al., 2000; Manning et al., 2005). By inducing PKB/Akt,
mTORC2 promotes mTORC1. These intricate regulations and
feedbacks make it difficult to identify the primary cause for the
deregulation of (m)TOR targets.

(m)TOR Targets Accumulate at the NMJ
(m)TORC1 promotes cell growth, by activating anabolic
processes (e.g. protein or lipid synthesis) and by inihibiting
catabolic processes, such as autophagy (Figures 2A–D). The
main direct targets of (m)TORC1, 4E-BP1 (eIF4E-Binding
Protein 1) and S6Ks are involved in the regulation of
cap-dependent translation (Figure 2B). (m)TORC1-dependent
activation of S6Ks triggers phosphorylation of several targets,
including the S6 ribosomal protein, while (m)TORC1-dependent
phosphorylation of 4E-BP1 releases inhibition of the translation
factor eIF4E (eukaryotic translation Initiation Factor 4E). The
best characterized targets of mTORC2 include SGK1 (Serum and
Glucocorticoid-regulated Kinase 1), PKCs (Protein Kinases C) and
PKB/Akt, which mediate the effects of mTORC2 on cell survival
and cell migration (Figure 2B).

While (m)TOR itself has not been localized to NMJs, several
(m)TORC1 targets including eIF4E in Drosophila larvae (Sigrist
et al., 2000) and phosphorylated forms of S6 in mice (Tang
et al., 2014; Castets et al., 2019) are enriched at NMJs. mTORC1
activity is also strongly regulated by innervation status, with
experimental denervation potently stimulating mTORC1 activity
in fast-type mouse skeletal muscle (Quy et al., 2013; Tang et al.,
2014; Castets et al., 2019). Transient activation of mTORC1
has also been observed under other muscle wasting (catabolic)
conditions that reduce neural stimulation, such as hindlimb
suspension, where mTORC1 activity peaks after 6 h and returns
to basal levels after 12 h (Chibalin et al., 2018). These observations
point to (m)TOR as an early sensor of lost innervation in
skeletal muscle. Activation of mTORC1 in situations of muscle
wasting seems paradoxical as mTORC1 is also activated during
muscle growth. However, as free amino acids are both necessary
and sufficient to activate mTORC1, it is conceivable that this
counter-intuitive increase in mTORC1 activity during catabolic
conditions results from the release of amino acids by muscle
protein breakdown. While future work is still required to
determine whether mTORC1 is helpful or harmful during muscle
atrophy (Quy et al., 2013; Tang et al., 2014; Castets et al., 2019),
the enrichment of TOR targets at the NMJ and the marked

increase in TOR activity following lost innervation points to a
prominent role of TOR in NMJ physiology.

CONSEQUENCES OF (M)TOR
DEREGULATION ON NMJ
DEVELOPMENT AND MAINTENANCE:
LESSONS FROM ANIMAL MODELS

The importance of the (m)TOR pathway in the central nervous
system is highlighted by the Tuberous Sclerosis syndrome caused
by mutations in the TSC1 or TSC2 genes, which result in benign
tumors associated with neurological anomalies. Mutations of
TSC1/2 alter brain development and synaptic function (for a
review, see Polchi et al., 2018). There is also evidence that
changes in TSC-TOR signaling affect the peripheral nervous
system, in particular the development and function of NMJs.
Modern techniques have allowed extensive characterization of
the consequences of specific manipulations of the (m)TOR
pathway in both pre- and post-synaptic compartments on the
structure and the function of NMJs.

NMJ Development and Maintenance in
Drosophila With TOR Deregulation
Drosophila NMJs, especially at the third larval stage, are a
commonly used model system to study the role of specific genes
in synapse development and plasticity. One major difference to
vertebrate NMJs is that they are glutamatergic synapses, which
has been used to argue that they are more suitable as a model for
synapses of the central nervous system. Moreover, the synaptic
cleft of Drosophila NMJs is not filled with basal lamina, a highly
structured assembly of extracellular matrix proteins. However,
thanks to the availability of genetic tools, the accessibility and
stereotyped organization of NMJs, and gene homology with
vertebrates, studies in Drosophila have led to important insights
for the NMJ field. In Drosophila, the motor neuron establishes
a chain of 20-50 synaptic boutons with muscle fibers. Each
synaptic bouton contains around ten active zones in the pre-
synaptic compartment, each of them often being referred to as
a “synapse” (Figure 3A). This characteristic allows the effect of
gene mutations on the strength of the connection between motor
neuron and muscle to be assessed by simply counting the number
of synaptic boutons (for a review, see Collins and DiAntonio,
2007). An overview of Drosophila TOR-pathway mutants and
their phenotypes is provided in Table 1.

While altered post-synaptic TOR signaling has little effect
on the size and function of NMJs in Drosophila, activation of
TOR, via the PI3K/TSC/Rheb branch, in motor neurons leads
to overgrown NMJs (Martin-Pena et al., 2006; Knox et al.,
2007; Natarajan et al., 2013). Inversely, inhibition of TOR, via
overexpression of Tsc1/2 or depletion of Rheb reduce NMJ size
(Knox et al., 2007), thereby highlighting the essential role of pre-
synaptic PI3K/TSC/Rheb/TOR signaling in NMJ development
and growth. However, conclusions resulting from experiments
focusing on TOR-associated complexes or on downstream targets
that potentially mediate these NMJ phenotypes are controversial.
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FIGURE 3 | Role of (m)TORC1 signaling in NMJ maintenance. (A) NMJ organization in Drosophila, showing the synaptic boutons spreading on the muscle fiber.
(B) TORC1 and TORC2 signaling regulate the size of the NMJ (number of synaptic boutons), via the MAPK pathway, the autophagy process, FOXOs and the kinase
Trc. TORC1 also controls the size of the synaptic boutons, via S6K and 4E-BP1. (C,D) Typical pretzel-shape structure of rodent NMJ (up), with the pre-synaptic
compartment (motor axon) shown in green and the post-synaptic region in red. Deregulation of mTORC1 in muscle leads to NMJ alterations, with an increased
fragmentation of the motor endplate (D). Motor axon is stained with Neurofilament and Synaptotagmin (green); AChRs at the muscle membrane are labeled with
fluorescent bungarotoxin (red). Scale bar, 10 µm.

Especially, deletion of raptor decreases NMJ size in some cases
(Wong et al., 2015), but not in others (Natarajan et al., 2013).
On the other hand, most reports conclude that TORC1/S6K
promotes growth of synaptic boutons (Cheng et al., 2011;
Natarajan et al., 2013), but does not affect their number (Knox
et al., 2007; Shen and Ganetzky, 2009; Cheng et al., 2011;
Natarajan et al., 2013; Wong et al., 2015). S6K also contributes
to the number of active zones at the NMJ (Cheng et al., 2011).
Hence, the TORC1/S6K axis regulates structural and functional
properties of NMJs in Drosophila, but may not mediate the
effect on NMJ size (i.e., synaptic bouton number) ascribed to
PI3K/TSC/Rheb signaling. A recent study instead indicated that
the lysosome-Rag/TORC1 branch promotes NMJ growth via
the MAPK (Mitogen-activated protein kinases)/JNK (c-Jun N-
terminal kinases) pathway (Wong et al., 2015). Hence, TORC1
in the pre-synaptic compartment would both control the number
and the size of synaptic boutons, by regulating MAPK and S6K
signaling, respectively (Figure 3B).

Besides the effects of TORC1 activity, several pieces of
evidence point to a role of TORC2 in mediating the effects of
PI3K/TSC on NMJ growth. TSC activates TORC2, and inhibition
of TORC2 by deleting rictor, triggers NMJ overgrowth (Natarajan
et al., 2013). The negative effect of TSC/TORC2 on NMJ size
could involve the activation of two kinases, PKB/Akt and Trc
(Serine/threonine-protein kinase tricorner), and the consequent
inhibition of FOXO (Forkhead Box O) signaling (Nechipurenko
and Broihier, 2012) and WASP proteins, respectively (Natarajan
et al., 2015; Figure 3B). Such an inhibitory effect of TORC2/Akt
on NMJ size may explain why only high doses of rapamycin

(i.e., sufficient to inhibit mTORC2) induce an increase in
NMJ size in Drosophila larvae (Knox et al., 2007; Shen and
Ganetzky, 2009; Wong et al., 2015). However, the role of
PKB/Akt remains unclear as PKB/Akt activation also triggers
NMJ overgrowth (Natarajan et al., 2013). Further investigation of
the role of PKB/Akt in controlling NMJ size are hence required
to understand these discrepancies. Similarly, the primary effect
of Rheb on synapse size is independent of both TORC1 (Knox
et al., 2007) and TORC2 (Natarajan et al., 2013), indicating the
existence of alternative downstream effectors.

Consequences of Suppressing mTOR
Signaling on NMJ Development and
Maintenance in Mouse
In rodents, NMJs typically display a pretzel-like organization,
marked by dense synaptic protein aggregation, including
acetylcholine receptors (AChR), in post-synaptic regions
(Figure 3C). Fragmentation of the endplate structure into several
clusters (detected by staining AChRs with α-bungarotoxin), as
well as partial or complete loss of innervation of the endplate
region, are common readouts of NMJ health. Table 2 provides
an overview of mouse mTORC1 pathway mutants and their
corresponding NMJ defects.

Elimination of mTORC1 Signaling in Muscle
Recent insights into the importance of mTOR in NMJ
maintenance come from inducible, muscle-specific mTOR
deficient (mTORmKO) mice, where 1 month of mTOR deletion
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TABLE 1 | Modulation of the TOR pathway in Drosophila larvae and its effects on NMJ.

Genetic change Pre/Post Morphological changes Electrophysiology References

Pi3k overexpression MN Overgrowth Increased mEPP
frequency and
amplitude

Martin-Pena et al., 2006; Knox
et al., 2007

Pi3k DN MN Reduced size Martin-Pena et al., 2006

Akt1 mutant Larvae Overgrowth Natarajan et al., 2013

Larvae Reduced size Martin-Pena et al., 2006

Akt overexpression MN Overgrowth Martin-Pena et al., 2006

Rheb overexpression MN Overgrowth Increased QC and EPP Knox et al., 2007; Natarajan
et al., 2013

Muscle Normal growth Knox et al., 2007

Rheb mutants Larvae MN Reduced size Reduced mEPP
frequency, EPP
amplitude and QC

Knox et al., 2007

Tsc1 mutants Larvae Overgrowth Natarajan et al., 2013

Tsc2 mutants Larvae Overgrowth
Increased bouton size

Unchanged EPP and
mEPP

Natarajan et al., 2013

Tsc2 RNAi MN Overgrowth Natarajan et al., 2013

Muscle Slight overgrowth Natarajan et al., 2013

Tsc1/2 overexpression MN Reduced size Knox et al., 2007

Rictor mutant Larvae Overgrowth Natarajan et al., 2013

Raptor RNAi MN Normal growth
Decreased boutons size

Natarajan et al., 2013

Reduced size Wong et al., 2015

S6K active form MN Overgrowth Howlett et al., 2008

Normal growth Shen and Ganetzky, 2009

S6k DN MN Normal growth Shen and Ganetzky, 2009;
Wong et al., 2015

S6k null mutation MN Normal growth
Decreased bouton size and AZ
number

Decreased EPP
amplitude, QC, and
mEPP frequency

Knox et al., 2007; Cheng et al.,
2011

Foxo overexpression MN Overgrowth Nechipurenko and Broihier,
2012

Normal growth Howlett et al., 2008

Trc mutants Larvae Overgrowth Natarajan et al., 2015

RagA/C mutants Larvae Reduced size Wong et al., 2015

Overgrowth/Reduced size refer to NMJ size, i.e., increased vs. reduced number of synaptic boutons per muscle area. DN, dominant negative. MN, Motoneuron. AZ,
Active Zones. QC, Quantal Content (number of synaptic vesicles released upon neuron impulse). EPP, excitatory post-synaptic potential (induced upon neuron stimulation).
mEPP, miniature EPP, corresponding to the post-synaptic response to spontaneous release of a single synaptic vesicle.

leads to denervated fibers (around 5%) and rapamycin further
exacerbates denervation (Zhang et al., 2019; Baraldo et al., 2020).
Unfortunately, NMJ phenotypes have not been investigated
in the constitutive, severely myopathic mTORmKO mice or
mTORmKOKI mice, in which a kinase-dead version of mTOR
is expressed in muscle fibers of mTORKO mice and exacerbates
the myopathy (Risson et al., 2009; Zhang et al., 2019). Evidence
for mTORC1 mediating the effect of mTOR on NMJs came from
mTORC1-specific mouse models.

Conditional depletion of Raptor in muscle precursor cells
(RAmyfKO mice) during development results in abnormal
development of NMJs with aberrant innervation in the
diaphragm at embryonic day 17.5 (E17.5) and a severe phenotype
with perinatal lethality related to respiratory failure (Rion
et al., 2019a). However, it remains unknown if the impaired
innervation observed in this mouse model arises directly from
a lack of mTORC1 signaling at the NMJ, or from an overall
defect in muscle development. Mouse models with mTORC1

depletion in muscle fibers, triggered by constitutive or inducible
Raptor depletion, have also been widely analyzed. The first
report in 2008 established that RAmKO (Raptor muscle-specific
KO) mice develop an early, severe myopathy that results in
early death at the age of 5-7 months (Bentzinger et al., 2008).
There were no gross alterations of NMJs in diaphragm from
3-month-old RAmKO mice, although clusters of AChRs were
also found in extra-synaptic regions of muscle fibers, indicative
of denervation (Bentzinger et al., 2008). Examination of NMJs
in hindlimb muscle from 3-month-old RAmKO mice also
revealed an increased fragmentation of NMJs (Castets and Rüegg,
unpublished observation) (Figures 3C,D). Although only a small
fraction of fibers (1 to 4%) have centralized myonuclei, we
cannot rule out that the NMJ phenotype results from muscle
fiber degeneration/regeneration events. Similar changes in NMJs
have been described in mdx mice, a mouse model for Duchenne
muscular dystrophy, where degeneration/regeneration is a
prominent feature (Haddix et al., 2018). Generation of inducible,
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TABLE 2 | Modulation of TOR pathway in mouse and its effects on NMJ.

Model Effect on signaling
pathway

Defect/Loss of
innervation

Changes in post-synaptic
compartment

Response to
nerve injury

References

Inducible mTOR k.o.
mTOR depletion

↓ mTORC1/2
(HSA promoter)

4% denervated fibers Baraldo et al., 2020

RAmyfKO
Raptor depletion

↓ mTORC1
(Myf5 promoter)

Abnormal innervation of
the diaphragm muscle

Rion et al., 2019a

RAmKO
Raptor depletion

↓ mTORC1
(HSA promoter)

Extra-synaptic clusters
Endplate fragmentation

Bentzinger et al., 2008

Inducible Raptor k.o.
Raptor depletion

↓ mTORC1
(HSA promoter)

5% denervated fibers
(7M)
Pre-synaptic changes
(7M)

Endplate fragmentation Baraldo et al., 2020

RImyfKO
Rictor depletion

↓ mTORC2
(Myf5 promoter)

Not observed Not observed Rion et al., 2019b

RImKO
Rictor depletion

↓ mTORC1
(HSA promoter)

Not observed Not observed Bentzinger et al., 2008

TSCmKO
TSC1 depletion

↑ mTORC1
(HSA promoter)

Altered transmission
(9M)

Fragmentation (3M)
↓ AChR density (9M)

Endplate
degeneration

Castets et al., 2019;
Ham et al., in press

HSA, Human Skeletal Actin; M, month.

muscle-specific Raptor-KO mice offer an opportunity to detect
NMJ dysfunction before myopathic onset (Baraldo et al., 2020;
Ham et al., 2020). Baraldo et al., reported that one-month
Raptor depletion increases the proportion of denervated fibers,
which further increases when mice are treated with rapamycin
(the idea here being that rapamycin inhibits some residual
mTORC1 activity, but non-muscle effects of rapamycin-induced
mTORC1 suppression could also contribute). However, even
5 months post-depletion, there was no change in muscle mass,
fiber size distribution and ex vivo muscle force, suggesting a
minor contribution of the muscle denervation to the overall
health (Ham et al., 2020). At 7 months post-deletion, the
proportion of denervated fibers and the fragmentation of the
motor endplate were increased; alterations in the motor neurons
were also detected (Baraldo et al., 2020). These results suggest
that mTORC1 depletion in muscle fibers affects both post- and
pre-synaptic compartments. However, as inducible raptor KO
mice also display centro-nucleated fibers at this late stage, one
still cannot rule out an influence of muscle degeneration on
NMJ alterations. Hence, although mouse models generated in the
last decade point to a role of mTORC1 in the development and
maintenance of NMJs, its local effect at the NMJ, independent
from its function in myofibers, requires further investigations.

Depletion of mTORC2 in Muscle
mTORC2 suppression via Rictor depletion in muscle precursors
(RImyfKO) or muscle fibers (RImKO) show little phenotype
(Bentzinger et al., 2008; Kumar et al., 2008; Rion et al., 2019a).
Further investigations on NMJ organization and function in these
models are required to confirm or oppose a role of mTORC2 in
NMJ development and/or maintenance.

Effects of mTOR Activation in Mouse
Muscle on NMJ Maintenance
So far, the consequence of mTORC1 or mTORC2 activation
in motor neurons on NMJs has not been studied. Similarly,
there is no report assessing the effect of mTORC2 activation in

muscle fibers on NMJs in rodents. In contrast, mouse models
with constant activation of mTORC1 have been obtained by
deleting Tsc1 specifically in skeletal muscle (TSCmKO mice).
TSCmKO mice develop a late-onset myopathy, associated
with a progressive accumulation of aggregates, vacuoles and
abnormal organelles in muscle fibers, related to autophagy
blockade (Castets et al., 2013). At 3 months of age, TSCmKO
mice display increased fragmentation of the motor endplate
(Figure 3D), with no sign of fiber degeneration, suggesting
that constant activation of mTORC1 in muscle is deleterious
for NMJ maintenance. Consistently, fragmentation of the motor
endplate is exacerbated in 9-month-old TSCmKO mice, together
with a reduction in post-synaptic AChR density and impaired
transmission properties (Ham et al., in press). Interestingly,
nerve sprouting and quantal content are increased at this
age, reflecting changes in the pre-synaptic compartment. As in
aging (see below), these changes may compensate for the lower
AChR density. Increased transmission fatigue and reduction in
nerve-induced muscle force confirm the functional impairment
of NMJs in TSCmKO mice (Ham et al., in press). Of note,
nerve injury dramatically exacerbates the defects observed in
TSCmKO muscle, with rapid motor endplate degeneration. In
parallel to loss of the original post-synaptic structures, abnormal,
enlarged extra-synaptic clusters accumulate throughout muscle
fibers (Castets et al., 2019). It remains unclear how these clusters
form in non-synaptic regions in spite of failed up-regulation
of synaptic genes in response to nerve injury. Whether these
clusters represent nascent clusters or derive from degenerating
motor endplates remains to be explored. These studies point
to a major role of mTORC1 in the maintenance of the NMJ,
especially upon challenging conditions, such as nerve injury.
NMJ destabilization in response to mTORC1 activation may
involve local changes in protein synthesis, autophagy and/or gene
expression, as discussed below.

Together, genetic manipulations in Drosophila and mouse
models highlight the importance of tightly coordinated TOR
signaling within both pre- and post-synaptic compartments
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for NMJ development and maintenance, however, specific
aspects of our knowledge is lacking in each organism. While
experiments point to a primary role of pre-synaptic TOR
signaling in Drosophila larvae, studies in adult flies are lacking.
In contrast, post-synaptic deregulation of mTORC1 disturbs the
NMJ in mice, but these observations cannot yet be untangled
from muscle degeneration/regeneration ongoing in some of
the mouse models.

TOR-DEPENDENT MECHANISMS
INVOLVED IN NMJ MAINTENANCE

(m)TOR and Local Translation in Pre- and
Post-synaptic Regions
Translation Regulation in Brief
Protein synthesis involves translation initiation, elongation,
termination and ribosome recycling. Translation is mainly
regulated at the initiation stage by numerous initiation factors
(IFs – eIFs for eukaryotic). In cap-dependent translation,
initiation requires the interaction of the 5’ capped region
(m7GpppN) of mRNAs with the cap-binding complex eIF4F,
which includes eIF4E and its partners eIF4G and eIF4A. The
ternary structure formed allows binding of the pre-initiation
complex containing the 40S ribosomal unit, methionine transfer
RNA and eIF1/1A/2/3/5 (Figure 2C). Upon scanning and
identification of the AUG initiation codon, the release of eIFs
promotes formation of the 80S structure, by recruitment of the
60S subunit, which ensures peptide elongation (for a review, see
Sonenberg and Hinnebusch, 2009).

(m)TORC1 promotes protein synthesis by regulating S6K and
4E-BP1 (Figures 2B,C). (m)TORC1 phosphorylates and thereby
activates S6K at Thr389, which in turn phosphorylates eIF4B,
PDCD4 (ProgrammeD Cell Death protein 4) and S6 proteins.
Phosphorylation of eIF4B increases its interaction with eIF4A in
the cap-binding complex, eIF3 in the preinitiation complex (Holz
et al., 2005) and the elongation factor eEF2K (Wang et al., 2001).
Phosphorylation of PDCD4 releases its inhibitory activity onto
eIF4A and thereby promotes formation of the cap-binding eIF4F
complex (Yang et al., 2003; Dorrello et al., 2006). Via S6, S6K
promotes the translation of mRNA with oligopyrimidine tracts
(5’TOP), which encode proteins of the translation machinery
(Jefferies et al., 1994; Terada et al., 1994). In parallel, 4E-
BP1 is a key repressor of translation initiation, by trapping
the rate-limiting factor eIF4E of the cap-binding complex.
Phosphorylation of 4E-BP1 by mTORC1 allows the dissociation
of eIF4E, which binds to eIF4G and initiates cap-dependent
translation (Heesom and Denton, 1999; Marcotrigiano et al.,
1999). Interaction of eIF4E with PABP (Poly(A)-Binding Protein)
also facilitates translation (re)-initiation by binding the 3’ end of
mRNAs and ensuring the formation of loop structures.

Role of Local Translation in Motor Neurons
Several reports point to the role of local protein synthesis in
long-term synaptic plasticity in the central nervous system for
learning and memory (for a review, see Santini et al., 2014).
Results obtained in both invertebrates and vertebrates suggest

similar roles of local translation in the regulation of NMJ
function. In crayfish, long-term facilitation occurs at NMJs of
opener muscles from the leg in response to high frequency
stimulation and requires local active translation (Beaumont et al.,
2001). In Drosophila larvae, activation of PI3K in the motor
neuron, upon glutamate release, would ensure the maintenance
of neuronal activity, by promoting TOR/translation-dependent
synaptic growth and, by limiting glutamate liberation via Akt-
dependent inhibition of FOXO (Howlett et al., 2008). In
rodents, studies on Spinal Muscular Atrophy (SMA) led to the
identification of CTRP3 (C1QTNF3, C1q/Tumor Necrosis Factor-
related protein 3), which is secreted by muscle and promotes
protein synthesis locally in motor neurons, via the activation of
mTOR (Figure 4A). In SMA, reduced levels of CTRP3 would
limit protein synthesis and thereby, contribute to motor neuron
degeneration (Rehorst et al., 2019).

Role of Local Translation in Muscle Sub-Synaptic
Compartment
Early studies unveiled the accumulation of free ribosomes and
endoplasmic reticulum in the sub-synaptic region of muscle
fibers (Padykula and Gauthier, 1970). Moreover, free ribosomes
accumulate underneath the sarcolemma shortly after denervation
(Gauthier and Dunn, 1973; Gauthier and Schaeffer, 1974), which
correlates with the synthesis of new AChRs and hypersensitivity
of denervated muscle to acetylcholine (Figure 4A). In Drosophila
larvae, aggregates containing eIF4E and PABP, together with
polysomes, are observed in sub-synaptic regions of NMJs,
consistent with local translation activity (Sigrist et al., 2000). It is
noteworthy that there were no similar aggregates detected in the
pre-synaptic regions. In mice, local inhibition of protein synthesis
in the sub-synaptic region leads to rapid withdrawal of the motor
axon and to the elimination of the NMJ (McCann et al., 2007).
Consistent with a role of protein synthesis in the regulation of
neuronal viability, depletion of the translation elongation factor
eEF1A2 leads to motor axon degeneration, via a dying back
process, in Wst mutant mice (Murray et al., 2008). In contrast,
loss of eEF1A2 limits neuronal degeneration induced by nerve
injury, suggesting that local translation at the NMJ differentially
regulates dying back and Wallerian degenerative processes.

Beyond its role in NMJ maintenance, evidence has emerged
for a role of translation in supporting NMJ plasticity. High
neuronal activity triggers an increase in translation, especially
of synaptic components, in sub-synaptic regions of Drosophila
larval muscle, and thereby allows for pre- and post-synaptic
remodeling (Sigrist et al., 2000; Menon et al., 2004). Interestingly,
translation-mediated retrograde signaling from the post-synaptic
compartment has been reported to control pre-synaptic activity
in Drosophila larval muscle. Penney et al., first established
that TOR-dependent translation in the post-synaptic region
mediates the compensatory increase in neurotransmitter release
in response to reduced post-synaptic activity (Petersen et al.,
1997; Frank et al., 2006; Penney et al., 2012). TOR activation likely
allows local translation of specific targets at the motor endplate,
which act on the pre-synaptic compartment to adapt neuronal
activity. It remains to be established how TOR becomes activated
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FIGURE 4 | Role of mTOR-dependent processes in NMJ alteration upon aging. (A) Importance of protein synthesis and autophagy in the pre- and post-synaptic
compartments of NMJs. (B) Age-dependent changes in NMJ morphology, showing post-synaptic changes (e.g. fragmentation, denervation) and compensatory
changes in the pre-synaptic region (e.g., sprouting, poly-innervation). Scale bar, 10 µm. (C) Pathomechanisms involved in NMJ deterioration in aged muscle, and
associated with (m)TOR deregulation. Primary destabilization of the post-synaptic compartment likely involves autophagy blockade and defective turnover in
synaptic proteins. Changes in neural transmission, including increase in quantal content (QC) may be an attempt to compensate for post-synaptic decline and may
in turn further aggravate NMJ deterioration. Decline of the post-synaptic compartment and retrograde feedback from muscle onto motor neuron may lead to the
degeneration of the motor axon (dying back process). Exercise, IGF1, rapamycin and caloric restriction (CR) may limit age-related NMJ deterioration by modulating
autophagy and/or (m)TOR-associated complexes. Red lines indicate inhibition; Green arrows represent activation; blue arrows show the beneficial effect of
treatments.

in the sub-synaptic muscle region and whether specific sub-
synaptic transcripts are targeted for TOR-mediated translation.
Whether adaptive or compensatory changes at NMJs in mammals
involve similar local regulation of mTOR-dependent translation
in the sub-synaptic muscle region also needs exploring.

(m)TOR and the Regulation of Autophagy
at the NMJ
Autophagy Regulation in Brief
Autophagy is an evolutionarily conserved homeostatic process
that is induced under stressful or unfavorable conditions (Lum
et al., 2005) but also ensures basal turnover of long-lived proteins
and organelles. Autophagy proceeds through the formation of
double membrane vesicles, called autophagosomes, that engulf

large parts of cytoplasm and organelles to degrade them after
fusion with lysosomes (Tanida, 2011; Figure 2D). In most
cells, inhibition of (m)TORC1 is sufficient to induce autophagic
flux, even in the presence of nutrients (Jung et al., 2010). The
inhibitory effect of mTORC1 on autophagy is primarily mediated
through regulation of the Ulk1/Atg13/FIP200 complex involved
in autophagy induction (Chan, 2009; Hosokawa et al., 2009).
mTORC1 directly phosphorylates Ulk1 and Atg13 and inhibits
their activation by AMPK (Egan et al., 2011; Kim et al., 2011).

In skeletal muscle, a tight regulation of autophagy is essential
to maintain homeostasis. Conditions like starvation, where
mTORC1 activity is suppressed, strongly induce autophagy,
which contributes to muscle atrophy (Mizushima et al., 2004).
Genetic mutations or drugs that either induce or impair
autophagic flux cause muscle atrophy and are associated with
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muscle degeneration or aggregate and vacuole accumulation,
respectively (Wang et al., 2005; Masiero et al., 2009). Early studies
suggested that autophagy in skeletal muscle was controlled by
FOXO transcription factors independent of mTORC1 (Mordier
et al., 2000; Mammucari et al., 2007; Zhao et al., 2007;
Sandri, 2010; Yamazaki et al., 2010; Sanchez et al., 2012).
However, in TSCmKO muscle (in which mTORC1 is always
active), autophagic flux is blocked at the initiation step,
because of the inhibitory phosphorylation of Ulk1. This occurs
despite activation of FOXOs and high autophagy-related gene
expression (Castets et al., 2013; Castets and Ruegg, 2013).
Inversely, mTORC1 inactivation by raptor depletion increases
autophagy induction, while reduced expression of FOXO-
dependent autophagy genes may dampen degradation steps
(Castets et al., 2013; Baraldo et al., 2020). Therefore, mTORC1
deregulation in muscle fibers strongly perturbs autophagy
with deleterious consequences. In RImKO mice (i.e., mTORC2
inactivation), changes in PKB/Akt phosphorylation (Ser473) do
not affect the mTORC1 pathway and there are no signs of
autophagy defects (Bentzinger et al., 2008; Castets et al., 2013),
suggesting that mTORC2 is not involved in autophagy regulation
in rodent muscle.

Importance of the Autophagic Flux in Pre- and
Post-synaptic Compartments of NMJ
In Drosophila larvae, overexpression or knockdown of autophagy
genes using specific neuronal drivers alters autophagy in motor
neurons. An increase in autophagic flux promotes NMJ growth
(Shen and Ganetzky, 2009). This is achieved by degrading specific
factors, such as the E3 ubiquitin ligase Hiw, which, in turn,
preserves factors involved in NMJ growth, such as Wnd (Shen
and Ganetzky, 2009). Thus, the positive effects of rapamycin on
NMJs reported in Drosophila may involve autophagy induction
mediated by TORC1 inhibition (Knox et al., 2007; Shen and
Ganetzky, 2009; Wong et al., 2015). Autophagy also contributes
to the recycling of synaptic components, especially upon high
frequency stimulation. Autophagy blockade in neurons hence
leads to neurodegeneration associated with the accumulation of
protein aggregates and inclusions (Hara et al., 2006; Komatsu
et al., 2006, 2007; Soukup et al., 2016; Vanhauwaert et al., 2017).

At the motor endplate, the accumulation of synaptic
proteins relies on their tightly regulated turnover, defined by
the balance between synthesis and degradation. AChRs are
degraded via selective autophagy, which involves the E3 ubiquitin
ligase MuRF1 (TRIM63), the cargo protein p62, as well as
endophilin B1, a SH3-domain protein involved in endocytosis
(Rudolf et al., 2013; Khan et al., 2014). Upon denervation,
high rates of autophagy-dependent AChR degradation, coupled
with a marked up-regulation of AChR synthesis, lead to
major increases in AChR turnover (Akaaboune et al., 1999;
Bruneau and Akaaboune, 2006; Strack et al., 2011, 2015;
Figure 4A). A recent study suggested that blocking autophagy
may protect motor endplates, by limiting AChR degradation.
Indeed, CGRP (α-Calcitonin Gene-Related Peptide) treatment
induces mTORC1-dependent blockade of autophagy and limits
endplate degeneration in denervated muscle (Machado et al.,
2019). In contrast, several reports point to the need of functional

autophagic flux for NMJ maintenance. In particular, muscle-
specific deletion of Atg7 blocks autophagy in muscle and causes
spontaneous fiber denervation and increased fragmentation of
motor endplates (Carnio et al., 2014). Consistent with autophagy
blockade, AChRs accumulate in endocytic vesicles underneath
the motor endplate (Khan et al., 2014). More surprisingly,
AChR turnover is increased in Atg7-deficient muscle (Carnio
et al., 2014), which suggests that their internalization and/or
the incorporation of new receptors are augmented (Yampolsky
et al., 2010; Strack et al., 2015). Whether this occurs in
response to their abnormal accumulation in endocytic vesicles
remains to be determined. As in Atg7-deficient muscle, endplate
fragmentation in TSCmKO mice may arise from autophagy
impairment, although AChR turnover is unchanged (Castets
et al., 2019). Limited autophagy flux may also contribute to
NMJ destabilization in muscle-specific, inducible Raptor-KO
mice, as autophagy restoration with a Tat-Beclin1 peptide is
sufficient to reduce fiber denervation (Baraldo et al., 2020).
Further evaluation of AChR dynamics in Raptor-KO muscle
may help confirm the role of autophagy in the observed motor
endplate changes and rule out the possibility that Tat-Beclin1-
mediated NMJ improvements arise from amelioration of the
overall muscle phenotype. Together, these data support the
notion that autophagy flux must be tightly regulated to maintain
NMJ stability. It remains to be investigated as to how autophagy
blockade leads to NMJ destabilization and whether/how it
involves an abnormal increase in synaptic protein turnover.
Moreover, whether specific blockade of autophagy (e.g., in
Atg7-deficient muscle) can preserve motor endplate stability in
response to nerve injury and functionally support re-innervation
capacity needs to be explored.

Role of mTORC1 in the Transcriptional
Regulation of Synaptic Genes
Constant mTORC1 activation in TSCmKO muscle precipitates
denervation-induced motor endplate degeneration (Castets et al.,
2019). In mutant mice, AChRs do not accumulate in endocytic
vesicles, suggesting that the denervation-induced defect is not
related to autophagy blockade. Instead, the failure of TSCmKO
mice to stimulate AChR turnover upon denervation points
to insufficient synthesis of new receptors, consistent with the
defective up-regulation of the expression of genes encoding
AChR subunits in TSCmKO denervated muscle (Castets et al.,
2019). Interestingly, mTORC1-mediated dampening of PKB/Akt
mediates the suppression of denervation-induced synaptic gene
transcription through defective nuclear import (and hence
activity) of HDAC4 (Histone DeACetylase 4) (Castets et al.,
2019). HDAC4 contributes to denervation-induced synaptic
gene expression by releasing HDAC9- and DACH2-dependent
inhibition of the myogenic marker myogenin (Cohen et al.,
2007, 2009; Tang et al., 2009; Moresi et al., 2010). Thus,
the lack of incorporation of newly formed receptors at the
post-synaptic plasma membrane is probably the reason for
the destabilization of motor endplates in TSCmKO muscle
upon denervation. It is unlikely that this contributes to
endplate fragmentation in TSCmKO innervated muscle, as basal
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expression of synaptic genes is similar to that in controls. Hence,
by controlling transcription and translation of synaptic genes,
as well as autophagy-mediated degradation of synaptic proteins,
PI3K/Akt/mTORC1 signaling is important for both stability and
remodeling capacity of the motor endplate after injury.

Role of mTOR in Schwann Cells
Several reports indicate a role of mTORC1 signaling in Schwann
cell (SC)-mediated axon myelination in the peripheral nervous
system (for a review, see Figlia et al., 2018). The role of SC mTOR
activity in the development and maintenance of NMJs remains
more elusive. In mice deficient for the PI3P-phosphatase PTEN
(Phosphatase and TENsin homolog) and the GAP protein NF1
(Neurofibromin 1) in SCs, increased activity of Akt/mTORC1
delays the development of NMJs, with persistent immature
AChR clusters, poly-innervation and reduced expression of
synaptic genes at late embryonic stages (Li et al., 2019). Further
investigations on the underlying mechanisms, especially on
whether this implies changes in translation and/or autophagy in
SCs and defective secretion of specific factors, such as agrin, by
SCs, will be of interest.

Together, these data highlight that local changes in
transcription, translation and autophagic degradation of
synaptic components in pre- and post-synaptic compartments,
as well as in SCs, are essential to maintain and orchestrate NMJ
structure and function. Tight spatial and temporal control of
TOR activity is required to facilitate these processes, but to fully
understand the pathological effects of their perturbations in
aging and disease, the intricate interplay between these cellular
processes and TOR remains to be fully explored.

MTOR AS A NEW THERAPEUTIC
TARGET TO STABILIZE NMJS

mTORC1 signaling is deregulated in numerous pathologies,
including cancer, where developing therapeutic inhibitors of the
pathway is of major importance. Emerging evidence indicates
that imbalanced mTORC1 signaling contributes to muscle
atrophy in various neuromuscular diseases, as well as in aging.
As muscle dysfunction severely affects the quality of life of
patients and increases the risk of morbidity and mortality,
efforts to counteract muscle deterioration is of major public
health importance. Growing evidence suggests that manipulating
mTOR in contexts such as aging may help to restore or preserve
muscle homeostasis, in particular by its effect on NMJs.

Role in Neurodegenerative Diseases –
Amyotrophic Lateral Sclerosis
Neurodegenerative diseases are severe disorders affecting
motor neurons, and consequently muscle. In the last decade,
similarities in the pathomechanisms responsible for age-
dependent nerve/muscle alterations and those responsible for
neurodegenerative pathologies have emerged. In this section, we
focus on the potential role of mTOR signaling in the pathology
of Amyotrophic Lateral Sclerosis (ALS).

Amyotrophic Lateral Sclerosis is a fatal neurodegenerative
disorder, caused by loss of motor neurons. Although most ALS
cases are sporadic, genetic mutations in different genes, including
SOD1, FUS, C9ORF72, or UBQL2 are responsible for familial
forms. Early reports suggested that the primary cause of ALS is
the death of motor neurons. However, recent studies suggest that
the primary pathologic events actually occur at NMJs or even
in the muscle fibers themselves. A dying back process, starting
from motor neuron terminals, would then cause retrograde
degeneration of axons and neuron soma. In fly and rodent models
of ALS, NMJ alterations and defective synaptic transmission
precede the distal degeneration of motor neurons (Fischer et al.,
2004; Rocha et al., 2013; Shahidullah et al., 2013; Tremblay et al.,
2017; Chand et al., 2018; Martineau et al., 2018). Dynamic axonal
sprouting and re-innervation have also been reported (Fischer
et al., 2004; Martineau et al., 2018). Importantly, the expression of
diseased forms of SOD1 (Superoxide Dismutase) in muscle leads
to muscle atrophy, alters neuromuscular transmission and/or
triggers the degeneration of motor neurons (Dobrowolny et al.,
2008; Wong and Martin, 2010). Hence, it is possible that ALS
primarily involves deleterious events in muscle fibers, which
secondarily cause degeneration of the motor neuron, and in turn
denervation of the muscle fibers.

Autophagy impairment plays a central role in ALS, causing
protein aggregation in motor neurons and contributing to
their death (Zhang et al., 2011). Consistent with autophagy
blockade, Saxena et al. (2013) showed that mTORC1 activity
increases in motor neurons in an ALS mouse model. However,
mTORC1 activity seems to attenuate neuron degeneration
since rapamycin precipitates the disease in mouse models
of ALS (Zhang et al., 2011; Saxena et al., 2013). mTOR-
dependent neuroprotection is associated with up-regulation
of the transcriptional regulator, Btg2, which may promote
neuroprotective pathways in motor neurons (Saxena et al.,
2013). In contrast to rapamycin, treatment with trehalose is
sufficient to increase lifespan of SOD1G93A mice and limit motor
neuron degeneration. Although there was no clear evidence of
changes in autophagic flux, authors suggest that trehalose acts
independently of mTORC1, by improving autophagy in late
degradation stages (Zhang et al., 2014). One could hypothesize
that reducing mTOR activation in motor neurons aggravates
ALS, as it promotes autophagy induction in a context where
the degradation steps are blocked. In contrast, drugs targeting
later stages of autophagy may eventually prove beneficial. In
parallel, it remains unclear whether autophagy is altered in
muscle fibers, especially in sub-synaptic regions, and whether this
contributes to primary NMJ destabilization. Heightened AChR
turnover, related to high autophagy flux, has been suggested to
contribute to endplate deterioration in SODG93A mice. However,
these changes were ascribed to PKC deregulation rather than
mTORC1 (Dobrowolny et al., 2018). Still, local IGF-1 expression
in muscle of ALS mice reduces motor neuron degeneration
and NMJ deterioration (Dobrowolny et al., 2005). This effect
may involve a combination of mTORC1-dependent anabolic
processes and mTORC1-independent increases in autophagy
within motor neurons. Interestingly, a recent report unveiled
down-regulation of AChR expression in sub-synaptic myonuclei
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mediated by the ALS-associated mutant FUS protein (Picchiarelli
et al., 2019). Therefore, defective synaptic gene regulation in
muscle may contribute to the primary events triggering NMJ
destabilization in ALS. Further investigations focusing on the
potent effects of mTOR on synaptic gene deregulation in sub-
synaptic muscle regions and the capacity of mTOR-targeting
strategies to counteract these effects will be of major interest.

Role of mTOR in Sarcopenia and Effects
of mTOR Targeting Strategies
Preserving muscle quality in aging has become in the last years
a worldwide public health issue with major clinical, social and
economic impacts. Both mTORC1 and the NMJ are strongly
implicated in the progression of age-related muscle loss, or
sarcopenia. In the following, we focus on the potential role
of mTOR signaling in age-related NMJ deterioration and on
strategies targeting mTOR to limit these defects.

Defects in NMJs in Sarcopenia
One hallmark of sarcopenia is deterioration of NMJs and muscle
fiber innervation. The sequence of events leading to NMJ
deterioration remains debated, particularly in regards to whether
changes in the motor axon or muscle fiber initiate these events.
Regardless of the primary cause, NMJ dysfunction is thought
to play a central role in the age-related loss of muscle function.
Evidence is, however, lacking regarding its role in initiating this
deterioration. Multiple morphological and functional changes
occur in aging NMJs (Figures 4B,C). Denervated muscle fibers
become more prevalent in muscle from both aged humans
and rodents (Deschenes et al., 2010; Valdez et al., 2010; Chai
et al., 2011; Chung et al., 2017; Sheth et al., 2018). Together
with denervation, motor endplate area shrinks and post-synaptic
AChR clusters become fragmented with age (Banker et al.,
1983; Valdez et al., 2010; Cheng et al., 2013). However, growing
evidence refutes a direct role of motor endplate fragmentation
on NMJ function or sarcopenic progression (Willadt et al., 2016;
Jones et al., 2017). Similarly, abnormal pre-synaptic patterns,
such as poly-innervation and sprouting (Arizono et al., 1984;
Oda, 1984; Wokke et al., 1990; Valdez et al., 2010; Cheng et al.,
2013) are now thought to be compensatory processes aimed at
re-establishing innervation of fibers left denervated following
motor unit loss, rather than detrimental factors. Nevertheless,
fragmentation, poly-innervation and sprouting are all indicative
of either synaptic remodeling or instability. In fact, defects in
sprouting may actually be responsible for exacerbating muscle
fiber denervation and loss of muscle function at high age
(Arizono et al., 1984). Several, sometimes contradictory, reports
point to changes in the motor neuron terminal organization and
in neurotransmission (Gutmann et al., 1971; Banker et al., 1983;
Smith, 1984; Chen et al., 2012; Mahoney et al., 2014). These pre-
synaptic changes may actually well be the attempts to compensate
for post-synaptic decline (Courtney and Steinbach, 1981; Arizono
et al., 1984; Khosa et al., 2019), and may arise from retrograde
feedback from muscle onto the motor neuron (Ouanounou et al.,
2016). Hence, destabilization of the post-synaptic compartment is
likely a primary event in the progressive loss of integrity of NMJs
and muscle, and may in particular lead to the degeneration of the

motor neuron in a dying back process (Chai et al., 2011; Chung
et al., 2017; Sheth et al., 2018).

Changes in mTORC1 Signaling With Age and Role in
Sarcopenia-Associated NMJ Defects
Muscle atrophy is usually associated with an imbalance between
protein synthesis and protein degradation. First reports on
the metabolic capacity of sarcopenic muscles suggested that
anabolic pathways, such as Akt/mTORC1, are less active in
muscle from aged individuals, as compared to young ones.
Indeed, sarcopenic muscle shows impaired or delayed response
to anabolic stimuli, such as amino acids, IGF-1 injection, exercise
or electric stimulation [“anabolic resistance” – (Guillet et al.,
2004; Parkington et al., 2004; Cuthbertson et al., 2005; Funai
et al., 2006; Kumar et al., 2009; Fry et al., 2011; Burd et al.,
2013; Barclay et al., 2019)]. However, several studies also point
to higher basal mTORC1 activation in aged or sarcopenic rodent
muscle (Barns et al., 2014; Baar et al., 2016; White et al., 2016;
Joseph et al., 2019; Tang et al., 2019; Ham et al., in press) and
in humans (Markofski et al., 2015), which may mediate the
blunted response to nutrition and exercise. The up-stream factors
leading to mTORC1 activation with aging remain elusive. In fact,
lower levels of IGF-1 in the circulation (Lamberts et al., 1997;
Leger et al., 2008; Hofmann et al., 2015) together with local
changes associated with inflammation are thought to contribute
to age-related muscle decline (Owino et al., 2001; Hameed et al.,
2002; Barbieri et al., 2003). Indeed, increasing muscle IGF-1
levels effectively counteracts age-related muscle atrophy and NMJ
alterations in mice (Barton-Davis et al., 1998; Messi and Delbono,
2003; Payne et al., 2007; Ascenzi et al., 2019). Interestingly,
only mild age-related changes in PKB/Akt activation have been
reported (Clavel et al., 2006; Leger et al., 2008; White et al., 2016).
The apparent discrepancy between low IGF-1 signaling and high
mTORC1 activation in aged muscle suggests an independent
contribution of IGF-1 and mTORC1 signaling in sarcopenia.
As nerve injury strongly activates mTORC1, it is plausible that
denervation in sarcopenic muscle precedes and contributes to
activation of mTORC1, which may, in turn, further disrupt NMJs.

In line with heightened mTORC1 activity, evidence that
autophagy impairment contributes to muscle aging is also
emerging (Figure 4C). In Drosophila, decreased autophagic flux
precipitates abnormal protein aggregate accumulation, while
improving autophagic flux slows age-related muscle deterioration
(Demontis and Perrimon, 2010). Signs of dampened autophagic
flux have also been observed in aging rodent and human
muscle, including abnormal organelle and protein aggregate
accumulation and reduced autophagy marker expression
(Drummond et al., 2008; Wohlgemuth et al., 2010; Kim et al.,
2013; Sakuma et al., 2016; Sebastian et al., 2016; White et al.,
2016). In Atg7-deficient muscle, autophagy blockade accelerates
the appearance of age-related NMJ alterations (Carnio et al.,
2014). Interestingly, reduced IGF-1 levels may actually contribute
to sarcopenia, by limiting autophagic flux via mTORC2 and
PKC (Renna et al., 2013; Ascenzi et al., 2019). As previously
mentioned, autophagy in motor neuron terminals is also
important to sustain protein turnover associated with synaptic
vesicle cycling. Therefore, defective autophagy in motor neurons
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may progressively impinge normal axonal trafficking and
synaptic function with age, ultimately leading to motor
neuron death and muscle fiber denervation. Several other
factors, including reactive oxygen species, mitochondrial defects,
satellite cell dysfunction and low grade inflammation, also
contribute to NMJ destabilization and may also be influenced
by high mTOR signaling in aging muscle (for a review, see
Ham and Rüegg, 2018).

Strategies Targeting mTOR to Slow-Down NMJ
Alterations Upon Aging
Based on the low anabolic response to amino acids in
sarcopenic muscle and low protein intake in some elderly
populations, amino acid supplementation and/or improved
dietary habits are frequently recommended as strategies to
limit sarcopenia (Drummond et al., 2008; Robinson et al.,
2012). In contrast, long-term caloric restriction slows muscle
aging and preserves both pre- and post-synaptic structures
of the NMJ (Valdez et al., 2010). Caloric restriction may
restore autophagic flux in sarcopenic muscle by suppressing
mTORC1 (Valdez et al., 2010; Wohlgemuth et al., 2010).
Similarly, exercise, which may reduce anabolic resistance and
release autophagy inhibition in sarcopenic muscle (He et al.,
2012; Kim et al., 2013; Luo et al., 2013; Lenhare et al., 2017),
reduces both pre-synaptic changes (e.g., reduction in quantal
content) and post-synaptic muscle abnormalities with aging
(Fahim, 1997; Valdez et al., 2010; Cheng et al., 2013). As
discussed above, treatment with IGF-1 or analogous drugs
is also sufficient to counteract age-related muscle loss and
NMJ deterioration. As in ALS, this may involve mTORC1-
dependent anabolic processes, mTORC2-dependent autophagy
induction, and improved satellite cell function (Barton-Davis
et al., 1998; Chakravarthy et al., 2000; Messi and Delbono,
2003; Payne et al., 2007; Ascenzi et al., 2019; Pennuto
et al., 2020). Although IGF-1 treatment seems promising,
the risk of cancer, associated with its anti-apoptotic effect,
still raises concerns. Surprisingly, inhibition of mTORC1
by rapamycin or rapalogs is also sufficient to reverse age-
associated muscle alterations. In particular, rapamycin/rapalogs
limit NMJ alterations and restore autophagic flux (Joseph
et al., 2019; Tang et al., 2019; Ham et al., in press).
Although consistent with the overall beneficial impact of
rapamycin on organismal aging, further investigation focusing
on the distinct effects of these drugs on different muscles
and on the consequences of inhibiting mTORC1 signaling
pathway on muscle mass and function will be essential.
Together, these data suggest that NMJ destabilization in both
ALS and sarcopenia primarily involves post-synaptic changes,
followed by adaptive changes in the pre- and post-synaptic
compartments, which precede motor neuron degeneration.
The role of local mTORC1 activity in initiating and/or
accentuating these changes remains to be established. With
it, efforts to identify the mechanisms triggering changes
in TOR signaling and solutions to maintain the delicate

balance between protein synthesis and degradation at the
NMJ are essential.

CONCLUSION

Growing evidence points to a prominent role of TOR signaling
in the formation and maintenance of the NMJ. While most
Drosophila studies have implied an important function of
TOR signaling in the pre-synaptic compartment, work in
mice has demonstrated the importance of tightly controlled
mTOR signaling in the post-synaptic compartment. The different
focus on pre- and post-synaptic compartments between species
may result from several factors, including the distinct nature
of the chemical synapses (i.e., glutamatergic vs. cholinergic),
different NMJ organization and developmental mechanisms,
stage of developmental analysis (i.e., developing vs. adult), and/or
technical limitations relating to modulating factors specifically
in pre- and post- synaptic compartments. Interestingly, in
Drosophila, evidence suggests that TORC1 and TORC2 play
in concert to regulate NMJ development and plasticity. In
contrast, mTORC1 in rodents is predominantly involved in
the formation and maintenance of the NMJ. Perturbations
in mTORC1 activity likely contribute or even initiate NMJ
destabilization in pathological conditions, by altering the finely
tuned balance between synthesis (transcription and translation)
and degradation (via autophagy and proteasome) of synaptic
components. However, future investigations should aim to
delineate the effects of TOR deregulation on muscle homeostasis
from those on NMJ maintenance, by characterizing the
consequences of local changes in TOR activity at the endplate
or in the terminal branch of the motor neuron. Similarly,
efforts to identify the primary mechanisms leading to TOR
deregulation in pathological conditions involving NMJ/muscle
affection, such as sarcopenia or ALS, need to be made. Further
understanding of the complex mechanisms involving (m)TOR
signaling in NMJ physiology will uncover essential insights
for the design of therapeutic strategies to counteract or limit
the loss of NMJ integrity and muscle function in aging and
neurodegenerative disorders.
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Muscle Specific Kinase myasthenia gravis (MuSK-MG) is an autoimmune disease
that impairs neuromuscular transmission leading to generalized muscle weakness.
Compared to the more common myasthenia gravis with antibodies against the
acetylcholine receptor (AChR), MuSK-MG affects mainly the bulbar and respiratory
muscles, with more frequent and severe myasthenic crises. Treatments are usually
less effective with the need for prolonged, high doses of steroids and other
immunosuppressants to control symptoms. Under physiological condition, MuSK
regulates a phosphorylation cascade which is fundamental for the development and
maintenance of postsynaptic AChR clusters at the neuromuscular junction (NMJ). Agrin,
secreted by the motor nerve terminal into the synaptic cleft, binds to low density
lipoprotein receptor-related protein 4 (LRP4) which activates MuSK. In MuSK-MG,
monovalent MuSK-IgG4 autoantibodies block MuSK-LRP4 interaction preventing MuSK
activation and leading to the dispersal of AChR clusters. Lower levels of divalent
MuSK IgG1, 2, and 3 antibody subclasses are also present but their contribution to
the pathogenesis of the disease remains controversial. This review aims to provide a
detailed update on the epidemiological and clinical features of MuSK-MG, focusing on
the pathophysiological mechanisms and the latest indications regarding the efficacy and
safety of different treatment options.

Keywords: myasthenia gravis, MuSK, autoantibodies, neuromuscular junction, acetylcholine receptor

OVERVIEW

Myasthenia gravis with antibodies against Muscle Specific Kinase myasthenia gravis
(MuSK-MG) is an autoimmune disease that impairs transmission at the neuromuscular
junction (NMJ), leading to generalized weakness and fatigability of skeletal muscles.
MuSK-MG represents an important subgroup of autoimmune myasthenia affecting
5–70% of patients (depending on geographical location) who are negative for the more
common antibodies against the acetylcholine receptor (AChR; Hoch et al., 2001; Vincent
and Leite, 2005). Compared to the form with AChR antibodies, MuSK-MG differs
in terms of epidemiology, clinical features, pathogenic mechanisms, and response to
treatment. Autoantibodies, which are mainly of the monovalent IgG4 subclass, target and
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block the function of MuSK, a tyrosine kinase located on
the muscle post-synaptic membrane, disrupting a finely tuned
pathway that regulates the development and maintenance of
high-density clusters of AChRs at the NMJ. IgG1, 2 and 3 MuSK
antibodies are also shown in vitro to be potentially pathogenic
but their mechanisms in vivo have not been identified.

The following review will describe the clinical and
pathophysiological features of MuSK-MG, focusing on the
effect of the autoantibodies on the AChR clustering pathway,
and the main principles of diagnosis and treatment.

EPIDEMIOLOGY

Several epidemiological studies have been carried out since
MuSK antibodies were discovered in 2001 (Hoch et al., 2001)
and the incidence of MuSK-MG appears to vary widely
across countries (Vincent et al., 2008). Therefore, the general
prevalence of the disease is difficult to estimate due to this
variability. Mediterranean countries, especially Italy, Turkey,
and Greece, present the highest frequency of MuSK-MG (Evoli
et al., 2003; Tsiamalos et al., 2009). On the other hand,
prevalence appears to be lower among those populations that
live at northern latitudes (Niks et al., 2007; Vincent et al.,
2008) and higher in people of Afro-American origin (Oh
et al., 2009). Considering this particular ethnic-geographical
distribution, together with the association with HLA class
II DR14 DQ5 (Niks et al., 2006; Bartoccioni et al., 2009;
Alahgholi-Hajibehzad et al., 2013), genetic background is likely
to play a significant role in the etiology of MuSK-MG although
other—and still undetermined—environmental factors are likely
to be involved.

Association with thymus pathology (either thymic
hyperplasia or thymoma) has only rarely been reported and
this has a direct implication on therapeutic management of
patients as thymectomy is not indicated in the current clinical
practice (Marx et al., 2013; Clifford et al., 2019).

MuSK-MG affects predominantly women (up to
9:1 female:male ratio), especially young females in their third
decade (Evoli et al., 2003; Guptill et al., 2011) and it is reported
rarely in elders and children (Pasnoor et al., 2010; Skjei et al.,
2013). This is in contrast with the distribution of AChR-MG in
which an increase of incidence in older males has been observed
over the last few decades (Carr et al., 2010).

CLINICAL FEATURES

Like other diseases that affect neuromuscular transmission, the
main clinical characteristic of MuSK-MG is the fluctuating
weakness and fatigability of the skeletal muscles, which improve
with rest and worsen after exercise. However, a diagnosis
of MuSK-MG can be challenging as clinical signs of the
disease, and pattern of muscle involvement can differ in
several ways from other forms of myasthenia. In particular,
symptom fluctuation may be subtle and, therefore, go unnoticed.
Moreover, proximal limb involvement can be mild or even
absent while respiratory distress and other bulbar symptoms,
such as difficulties in swallowing, chewing, and speaking, can

be severe and rapidly progressive. The misinterpretation of
these symptoms, which could support a diagnosis of a primary
myopathy or motor neuron disorder (Huijbers et al., 2016),
may contribute to a delay in the recognition and treatment of
MuSK-MG patients.

Ocular manifestations, usually consistent with mild and
symmetrical ophthalmoparesis and ptosis (drooping and
weakness of the eyelid), were initially thought to be less
prominent in MuSK-MG as they were reported to be the only
symptom at onset in 36% of MuSK-MG cases compared to
60% of AChR-MG (Guptill et al., 2011). However, a recent
retrospective analysis of Italian patients showed that the
involvement of extra-ocular muscles was present in more than
96% of the population studied, with a frequency comparable to
AChR-MG, and represents the first manifestation of the disease
in almost 60% of cases (Evoli et al., 2017). On the other hand, the
purely ocular disease is considered to be particularly rare—or at
least underdiagnosed—as all the patients in both those studies
evolved into generalized MG over time.

A highly specific clinical feature of MuSK-MG is the
involvement of bulbar and respiratory muscles, which affects
most of the patients and can be particularly severe. Patients
usually experience variable degrees of dysarthria (often with nasal
voice), dysphagia (mainly for fluids and associated sometimes
with weight loss), dysphonia, and dyspnoea (Evoli, 2006;
Ohta et al., 2007; Pasnoor et al., 2010; Guptill et al., 2011).
Respiratory crises are particularly frequent (up to 35% of cases)
representing a serious life-threatening event and are described
more commonly compared to AChR-MG (Vincent et al., 2003;
Deymeer et al., 2007). The weakness of neck and axial muscles
is usually associated with bulbar symptoms and, in patients
with a long history of severe disease, facial and tongue atrophy
represents a common finding (Evoli et al., 2003; Farrugia
et al., 2006b). When muscle atrophy occurs, it is clinically
associated with non-fluctuating weakness, myopathic changes in
the electrophysiology recordings, and fatty tissue infiltration at
the muscle MRI scans.

PATHOPHYSIOLOGY OF MuSK-MG

The AChR Clustering Pathway
To understand how autoantibodies directed against MuSK
impair transmission at the NMJ, leading to the full clinical
spectrum of myasthenia, it is necessary to understand the key
function of MuSK in the development and maintenance of the
NMJ and particularly in the clustering of AChRs (Figure 1).
MuSK is essential during the early stages of NMJ development,
mediating the signaling between the motor nerve terminal and
the muscle fiber, and guiding innervation by the growing motor
nerve towards areas where pre-patterned AChR clusters are
expressed (DeChiara et al., 1996; Glass et al., 1996b; Flanagan-
Steet et al., 2005; Panzer et al., 2006).

The signaling molecule that triggers all the downstream
events of the AChR clustering pathway is a heparan-sulfate
proteoglycan called agrin, which is secreted by the motor nerve
terminal and binds to its receptor, low-density lipoprotein
receptor-related protein 4 (LRP4), expressed on the muscular
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FIGURE 1 | Schematic representation of the neuromuscular junction (NMJ) and the clustering pathway of acetylcholine receptors (AChRs). (A) On the muscle
post-synaptic membrane, low density lipoprotein receptor-related protein 4 (LRP4) and Muscle Specific Kinase (MuSK) form a loose tetramer, and, at this stage,
AChRs are dispersed along the sarcolemma. (B) Agrin is secreted by the motor nerve terminal into the synaptic cleft and interacts with LRP4 inducing a
conformational change in the LRP4-MuSK tetramer. This leads to MuSK activation through an auto-phosphorylation loop of the tyrosine residues in its
intracytoplasmatic domain. (C) The recruitment of DOK7 amplifies MuSK phosphorylation and triggers the phosphorylation cascade downstream that involves
several intermediate proteins including Crk, Ckr-l, Abl, and Scr. Concomitantly, a subsidiary pathway leads to cytoskeletal rearrangements through the activation of
Rac1 and Rho GTPases. The clustering pathway culminates in the phosphorylation of the subunits of the AChR and the recruitment of rapsyn, which anchors the
AChR clusters to the underlying actin filaments. Furthermore, LRP4 participates in presynaptic development through a retrograde signal which increases the
clustering of ACh vesicles in the motor nerve terminal. (D) Via the extracellular matrix (ECM), MuSK interacts also with ColQ which, in turn, is attached in tetramers to
the enzyme acetylcholinesterase (AChE) responsible for the hydrolysis of acetylcholine (ACh) after its binding to the AChR.

sarcolemma (Godfrey et al., 1984; McMahan, 1990; Glass et al.,
1996a; Zhang et al., 2008; Figures 1A,B). LRP4 plays a double
role in synapsis maturation: it mediates agrin-induced MuSK
activation and, through a retrograde-signaling to the motor
axon, it contributes to the pre-synaptic maturation increasing
the clustering of acetylcholine vesicles (Wu et al., 2012; Yumoto
et al., 2012; Figure 1C). Alongside agrin, laminin-121 and other
proteins of the laminin family, which are synthesized by the
muscle cell and expressed in the basal lamina, are essential in

shaping the final structure of the NMJ. They contribute to the
formation of the junctional folds and balance the growth of the
pre-synaptic components of the NMJ such as the synaptic bouton
of the nerve terminal and the Schwann cells (Noakes et al., 1995;
Patton et al., 2001).

When agrin binds to the first β-propeller (BP) domain
of LRP4 (Zhang et al., 2011), it strengthens a heteromeric
tetramer with MuSK in a 2:2 stoichiometry. This conformational
change in LRP4-MuSK interaction triggers the auto- and trans-
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phosphorylation of MuSK intracytoplasmic domain and the
beginning of a phosphorylation cascade that culminates with
the clustering of AChRs (Zong et al., 2012; Figure 1B). To
sustain MuSK activation and stimulate the downstream pathway,
however, the recruitment of an additional intracellular adaptor,
the Downstream of Kinase 7 (DOK7), is necessary. DOK7, in the
form of a dimer, interacts with the intracytoplasmic domain of
MuSK, enhancing the trans-phosphorylation of MuSK’s tyrosine
residues (Bergamin et al., 2010).

MuSK and DOK7 activate each other and this reciprocal
activation triggers all the downstream events, which have
been only partially defined. Following MuSK-DOK7 activation,
several other adaptor proteins are phosphorylated and recruited,
in particular Crk and Crk-L (Hallock et al., 2010), as well as
other kinases, such as Abl (Finn et al., 2003), Scr (Mittaud
et al., 2001), and the GTPases Rac1 and Rho which induce
cytoskeleton modifications contributing to the maturation of
AChR clusters (Weston et al., 2003; Bai et al., 2018). The
whole cascade converges into the phosphorylation of the
AChR subunits and rapsyn; rapsyn is a structural protein that
self-aggregates providing a scaffold that anchors AChRs with the
actin cytoskeleton—through the mediation of microtubule actin
cross-linking factor 1 (MACF1)—to form the mature clusters
(Borges and Ferns, 2001; Lee et al., 2009; Zuber and Unwin, 2013;
Oury et al., 2019; Xing et al., 2019; Figure 1C).

To prevent the formation of AChR clusters in extrasynaptic
sites, and to reduce the risk of tetanic contraction caused by an
overstimulation of the muscle, several negative regulators control
the clustering pathway and the expression of AChRs on the
muscle membrane. One of the most important of these regulators
is acetylcholine itself which downregulates the expression of
AChRs. During neuromuscular transmission, ACh binds to the
AChRs and subsequently is removed by acetylcholinesterase
(AChE), within the extracellular matrix (ECM), that hydrolyzes
acetylcholine to choline and acetate. AChE is bound to ColQ, the
collagen that is arranged as trimers to form a triple helix. AChE
binds to the collagen tails of ColQ in the form of tetramers (Krejci
et al., 1991; Gašperši č et al., 1999). ColQ is located in the ECM,
where it is anchored via MuSK to the synapse (Cartaud et al.,
2004; Figure 1D).

In the absence of AChE, sustained ACh stimulation induces
a prolonged Ca++ influx which activates calpain, a protease
constitutively inhibited by rapsyn, triggering AChR cluster
dispersal mediated by Cdk5 (Lin et al., 2005; Chen et al., 2007).
While in AChR-MG an excess of ACh caused by treatment
with AChE inhibitors does not contribute significantly to
AChR loss, perhaps because it is effectively counterbalanced
by the activation of a functional MuSK-DOK7 pathway, AChE
inhibitors exacerbate MuSK-MG symptoms; this is likely due to a
downregulation of the AChR following the ACh increase without
the counterbalancing provided by the MuSK pathway (see the
following section regarding treatment). Also, the prolongation
of endplate currents observed in a MuSK-MG mouse model
(Patel et al., 2014) suggests that MuSK antibodies that interfere
with the interaction between MuSK and ColQ (Kawakami et al.,
2011; to which AChE is attached) might reduce the catalytic
activity of the AChE further contributing to the resistance

of MuSK-MG patients to treatment with AChE inhibitor
(Patel et al., 2014).

Another negative regulator of the clustering pathway is
the SRC homology two domain-containing phosphotyrosine
phosphatase 2 (SHP2). This phosphatase is activated by MuSK
through the intermediate action of Src and SIRPα1 proteins and,
in a negative feedback loop, it reduces MuSK phosphorylation
(Zhao et al., 2007). SHP2 is thought to also play a role during
embryonic development by preventing the formation of AChR
clusters in extra-synaptic sites that are not directly in contact
with the motor nerve terminal (Qian et al., 2008). From a clinical
perspective, targeting this or other negative regulators of AChR
clustering could represent a potential strategy to develop novel
and specific therapeutic approaches.

MuSK Antibodies—Discovery and
Pathogenicity Studies
The constant and finely-tuned activation of the agrin-LRP4-
MuSK-DOK7 pathway maintains the AChRs in high-density
clusters on the post-synaptic membrane that is vital for the
correct function of the NMJ. Indeed, clustered receptors are
optimal to respond to the signal transmitted by the motor nerve
terminal, channeling the depolarization down into the folds
where the opening of the voltage-gated sodium channels triggers
the muscle action potential.

The existence of a distinct target for patients with MG who
did not have AChR antibodies had been proposed as early as
1976 (Lindstrom et al., 1976) and demonstrated, in principle,
in 1986 in which immunoglobulin preparations from AChR-Ab
negative myasthenic patients were able to impair neuromuscular
function (Mossman et al., 1986). At that time, a specific target was
not identified but, retrospectively, more than half the patients
used were positive for MuSK antibodies (AV unpublished data).
Eventually, the existence of an IgG antibody was shown by
demonstrating the binding of AChR-Ab negative patient IgG
to the TE671 human immortalized muscle cells (Blaes et al.,
2000; Scuderi et al., 2002). In 1996, the Yancopoulos group
at Regerneron Inc USA had discovered MuSK as an essential
protein in muscle development restricted to the NMJ (Glass
et al., 1996a). MuSK was thus a very good candidate for the
missing target and this was demonstrated by showing binding to
COS cells expressing recombinant MuSK, and by binding to the
recombinant extracellular domain of MuSK in an ELISA. Also,
MuSK IgG antibodies inhibited agrin-induced AChR clustering
on C2C12 myotubes (Hoch et al., 2001). MuSK was shown
independently to be immunoprecipitated and identified by mass
spectroscopy by the Evoli group (Scuderi et al., 2002) and the
approach to immunoprecipitate MuSK from the TE671 cells
confirmed and optimized by Littleton et al. (2009).

One of the most intriguing aspects of the pathogenicity of
MuSK antibodies resides within the nature of the antibodies
themselves. Compared to AChR-MG, where autoantibodies
are mainly of the IgG1 and less frequently IgG3 subclasses
(Vincent and Newsom-Davis, 1982), MuSK antibodies are,
on the contrary, mostly IgG4s (McConville et al., 2004).
Unlike IgG1-3 antibodies, IgG4s are functionally monovalent
(Figure 2). This is because single amino acid differences between
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IgG1 and IgG4 in the hinge region of the CH3 backbone
allow for greater stereometric flexibility (Figures 2A,B). As
a consequence, intrachain (instead of interchain) disulfide
bridges form under reducing conditions, thereby leaving the
two half-molecules of IgG4 without covalent connection (van
der Neut Kolfschoten et al., 2007). Further single amino acid
differences in the CH3 domain reduce noncovalent interactions
between the heavy chains (Figure 2B). Taken together this allows
the Fab-arm exchange phenomenon (reviewed in Vidarsson
et al., 2014) by which each half-antibody exchanges with other
half-antibodies that are randomly selected from the pool of total
IgG4 half-antibodies (Figure 2C). As a result, most if not all
IgG4 MuSK antibodies are monovalent, rather than divalent, for
their antigen (Koneczny et al., 2017), which does not allow for
divalent-dependent internalization of the antigen, a mechanism
widely recognized in antibody-mediated diseases. Additional
single amino acid differences in the CH2 domain of IgG4 render
it unable to bind to C1q to activate the complement cascade or
FcγR to activate immune cells. Instead, IgG4 antibodies can only
block the function of a protein or inhibit its interaction with other
proteins (reviewed in Koneczny, 2018).

With the discovery of MuSK as the antigen, both in vitro and
in vivo models provided strong evidence of the pathogenicity
of MuSK antibodies. Subsequent experiments carried out
on different animal models—either passively immunized
with MG patients’ plasma or actively immunized with
purified recombinant MuSK—showed clinical symptoms
and/or impaired neuromuscular transmission consistent with
the myasthenic phenotype, including muscle weakness and
fatigability, reduction of endplate AChR numbers, and reduction
of endplate potential (EPP) and miniature EPP amplitudes
(Shigemoto et al., 2006; Cole et al., 2010; Klooster et al.,
2012; Viegas et al., 2012). Notably, delayed-synapsing muscles
(specifically diaphragm, sternomastoid and tibialis posterior), in
which synaptogenesis requires a longer period to complete, were
more severely affected in a MuSK immunized model compared
to fast-synapsing muscles (intercostal, adductor longus and
tibialis anterior; Xu et al., 2006). This suggests that differences in
muscle development could affect susceptibility to the effects of
MuSK antibodies and might partially explain the clinical pattern
of weakness in MuSK-MG.

Insights regarding the pathogenic mechanism by which
MuSK antibodies cause myasthenia were provided by further
in vitro experiments performed on cultured myotubes, which are
derived from the mouse C2C12 immortalized muscle cell line. In
mouse myotubes incubated with plasma or purified antibodies
obtained from MuSK-MG patients, MuSK phosphorylation
was markedly reduced (Huijbers et al., 2013; Koneczny et al.,
2013); and not restored by recombinant agrin. Moreover, AChR
clustering was substantially reduced (Hoch et al., 2001; Koneczny
et al., 2013; Huda et al., 2020). The inhibition of MuSK
phosphorylation was shown to be dependent on IgG4 antibodies,
which prevented the binding of LRP4 to MuSK (Huijbers et al.,
2013; Koneczny et al., 2013).

Figure 3 shows an example of the in vitro effect of
MuSK purified IgG4 antibodies on C2C12 myotubes for AChR
clustering and MuSK phosphorylation. In this established model,

FIGURE 2 | Structural determinants of IgG4 subclass antibodies. (A)
IgG4 consists of two heavy (H) and two light (L) chains, each with one variable
(V) domain, and one (CL) or three (CH1–CH3) constant domains. In the hinge
region, the two heavy chains are connected covalently by two interchain
disulfide bridges. The variable domains and the first constant domain form the
Fab fragment, which binds the antigen, while the hinge and the CH2–CH3
domains form the Fc region which provides effector function such as binding
of C1q or Fc gamma receptors. (B) IgG1 and IgG4 have over 90% sequence
homology, but single amino acid differences affect the structure and function
of the antibody. Three relevant examples are serine at position 228 instead of
a proline, allowing for structural flexibility and a switch to intrachain disulfide
bridges. Proline at position 331 prevents binding of C1q, and arginine at
position 409 leads to reduced non-covalent interactions between the two
heavy chains. (C) Under reducing conditions (e.g., 1 mM glutathione),
IgG4 can undergo Fab-arm exchange. The interchain disulfide bridges
change to intrachain disulfide bridges, disconnecting the two half-molecules
of the antibody. These then stochastically recombine with other
half-molecules, forming bi-specific antibodies. Under reducing conditions, the
different states of IgG4 are in equilibrium.

to study the clustering of AChRs, myotubes are exposed to
the compound/sample of interest (such as recombinant agrin,
patients’ plasmas, or purified antibody preparations) up to 16 h to
allow full cluster maturation. The AChR clusters are then labeled
with fluorescent α–bungarotoxin, a toxin purified from the krait
snake venom that binds specifically and irreversibly to the α

subunit of the AChR (Changeux et al., 1970). The shape, size,
and number of AChR clusters are then analyzed and quantified.
Typically, myotubes express few spontaneous AChR clusters
(Figure 3A—DMEM). After overnight incubation with agrin, the
number of clusters dramatically increases (Figure 3A—agrin)
but this is prevented by the presence of MuSK antibodies
(Figure 3C—MuSK IgG4 + agrin). Alongside the analysis
of AChR clustering, MuSK phosphorylation can be detected
through western blotting after incubation of the cells with the
antibodies and immunoprecipitation of MuSK. A representative
western blot is shown in Figure 3B. The western blot membrane
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FIGURE 3 | Effects of MuSK IgG4 antibodies on AChR clustering and MuSK phosphorylation on C2C12 mouse myotubes. (A) Myotubes form few spontaneous
AChR clusters (upper panel—DMEM) but, after physiological stimulation with agrin, their number increase markedly (middle panel—agrin). However, when the
myotubes are exposed to MuSK antibodies, agrin-induced AChR clustering is severely impaired (lower panel—MuSK IgG4). Images are taken with an Olympus
IX71 fluorescence microscope at 20× magnifications. Scale bar represents 50 µm. (B) Example of western blots to analyze MuSK phosphorylation. On the left, blot
probed for phosphorylated tyrosine residues; on the right, the same blot is stripped and reprobed for MuSK expression. MuSK corresponds to a band at 97 kDa.
MuSK phosphorylation is typically not detectable in the presence of medium only (first column—DMEM). After incubation with agrin for 45 min, MuSK
phosphorylation increases markedly (second column—agrin) but this is prevented in the presence of MuSK IgG4s (third column—MuSK IgG4). Unpublished work,
similar to Koneczny et al. (2013) and Huda et al. (2020).

is first probed with an anti-phosphotyrosine antibody and the
bands corresponding to MuSK identified at 97 kDa (Figure 3B,
left). The level of phosphorylation is then normalized to the
total expression of MuSK which is detected on the same
nitrocellulose membrane that has been stripped and reprobed
with a specific anti-MuSK antibody (Figure 3B, right). Basal
MuSK phosphorylation is usually barely detectable in normal
myotubes but increases sharply after agrin incubation (bands
shown in Figure 3B are after 45 min of exposure). Consistently
with the inhibition of AChR clustering, MuSK-IgG4 antibodies
prevent the increase of MuSK phosphorylation in the presence of
normal agrin stimulation.

MuSK antibodies were demonstrated to prevent the
interaction between LRP4 and MuSK (Koneczny et al., 2013;
Figure 4A). They target mainly the first Ig-like domain of
MuSK, an epitope which is located on the extracellular part of
the protein and mediates LRP4-MuSK binding (McConville
et al., 2004; Otsuka et al., 2015). According to this pathogenic
model, the disruption of the functional tetramer formed
by MuSK and LRP4 prevents MuSK from being activated
following agrin-LRP4 binding (Huijbers et al., 2013; Küçükerden
et al., 2016). MuSK is therefore not able to respond to agrin
stimulation and, consequently, the entire AChR clustering
cascade is inhibited. The on-going turnover of AChRs and

dispersal by acetylcholine (see above) leads ultimately to the
reduction in AChR clusters on the post-synaptic membrane
of the NMJ. Moreover, in vivo models of MuSK-MG lack the
presynaptic adaptive increase of ACh release (quantal content)
observed in AChR-MG models (Mori et al., 2012; Viegas et al.,
2012; Patel et al., 2014). A likely explanation is that MuSK
antibodies disrupt the retrograde signaling mediated by LRP4,
which increases the release of acetylcholine compensating
the dispersal of AChRs (Figure 4A). An additional proposed
mechanism of MuSK antibodies, that could be available to
both IgG 1–3 and monovalent IgG4 autoantibodies, could be
to block the ColQ-MuSK interaction (Figure 4B; Kawakami
et al., 2011). This could reduce AChE at the MuSK-MG synapse
and, conversely, increase the concentration of ACh within the
synapse and causing dispersal of the receptors; it is proposed that
this could be responsible for the hypersensitivity to treatment
with AChE inhibitors in MuSK MG patients (Evoli et al., 2008;
Morsch et al., 2013).

Another Player of the Game: The IgG1,
2 and 3 Subclass Antibodies
Alongside the prominent, and better-characterized, MuSK
IgG4 antibody population, a variable proportion of MuSK IgG1,
2 and 3 antibodies are usually detectable in most patients. The
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FIGURE 4 | Proposed pathological mechanisms of MuSK autoantibodies at
the NMJ. (A) In MuSK-MG, autoantibodies of the IgG4 subclass bind to the
ectodomain of MuSK preventing its interaction with LRP4 and therefore block
down-stream signaling. The phosphorylation cascade is therefore inhibited
causing the ultimate dispersal of AChR clusters. Loss of retrograde signaling
mediated by LRP4 may also explain the absence of presynaptic adaptive
increase of ACh vesicles observed in MuSK-MG animal models which are
otherwise characteristic in AChR-MG. (B) Block of ColQ-MuSK binding by
MuSK autoantibodies has been proposed to be a pathogenic mechanism
that may lead to a loss of AChE from the ECM at the NMJ. (C) Divalent
binding of commercial or cloned (monospecific) MuSK antibodies has been
proposed to cause MuSK dimerization and activation, leading to ectopic,
extra-synaptic AChR clusters. These would not participate in neuromuscular
transmission as they would lack adjacent motoneuron terminals. For the
formation of ectopic AChR clusters, AChR may also be recruited from
synapses thus depleting the NMJ from AChR. (D) In vivo MuSK antibodies
(IgG1–3) may recruit C1q and activate the classical complement pathway,
causing complement-mediated damage at the NMJ. (E) MuSK antibodies
could also cross-link MuSK and lead to increased internalization of MuSK,
thus effectively depleting MuSK from the muscle membrane and cause a loss
of agrin-LRP4-MuSK-DOK7 signal transduction.

role and importance of these antibody subclasses are still a matter
of debate but there is evidence that IgG1-3s could also actively
contribute to the pathogenic process of MuSK-MG. Similar to

IgG4s, MuSK IgG1-3s are indeed able to disperse in vitro agrin-
induced AChR clusters in C2C12 myotubes, even though they do
not inhibit the LRP4-MuSK interaction (Koneczny et al., 2013).
In the same study, IgG1-3s also prevented cluster formation
in an additional in vitro model in which AChR clusters were
constitutively induced in the myotubes by the overexpression
of DOK7 rather than by the normal stimulation with agrin.
As DOK7 acts downstream of MuSK, these findings suggest
that the effect of MuSK IgG1-3s may not be limited to the
potential disruption of LRP4-MuSK-DOK7 interaction but could
also involve other parts of the AChR clustering pathway.

In addition to these findings, in vivo evidence of IgG1-3
pathogenicity is provided by a model in which a mouse
knockout of murine IgG1-equivalent to human IgG4-developed
myasthenic features when immunized against MuSK. In this case,
the immune response was sustained by the murine equivalent
of human IgG1-3 antibodies (Küçükerden et al., 2016) and the
authors suggested that both complement activation and direct
blocking of LRP4-MuSK interaction could be the underlying
mechanisms of the disease.

Initial insights on the pathogenic mechanism through which
MuSK IgG1-3s might act is suggested by two recent in vitro
studies in which monoclonal MuSK antibodies were generated
from patient-derived clonal MuSK-specific B cells and plasma
cells and tested on C2C12 myotubes (Huijbers et al., 2019; Takata
et al., 2019). These antibodies were engineered and produced
as divalent proteins irrespective of their original subclasses
(either IgG1, 2 or 3 or IgG4). In the absence of physiological
agrin stimulation, these monoclonal antibodies actively increased
MuSK phosphorylation (likely due to their divalent binding to
two MuSK molecules) and, at the same time, AChR clustering
was inhibited. Interestingly, divalent MuSK antibodies were
found to induce low levels of AChR clustering, which were
suggested to result in extra-synaptic AChR clusters that may
deplete AChR from synapses (Figure 4C). Nevertheless, the
number of induced AChR clusters was very low. Mutations in the
kinase domain of MUSK which increases MuSK phosphorylation
while impairing the clustering of AChRs have also been
reported recently (Rodríguez Cruz et al., 2020) suggesting that
a non-physiological MuSK activation could be detrimental for
the formation of clusters. Since gain-of-function mutations and
MuSK-activating antibodies both impair AChR clustering, there
are new and still unanswered questions regarding the precise
mechanisms through which MuSK phosphorylation regulates
the clustering pathway. Further potential mechanisms that have
been suggested for MuSK IgG1-3s are activation of complement
(Figure 4D; Tüzün et al., 2011) and cross-linking and endocytosis
of MuSK (Figure 4E; Cole et al., 2010). These are unlikely to
be mechanisms of IgG4s, as it cannot bind C1q and activate
complement, and is bi-specific and unable to cross-link MuSK.
The mechanisms are, however, in theory, available to MuSK
IgG1-3 subclass antibodies.

DIAGNOSIS OF MuSK-MG

As for other disorders of the NMJ, the diagnosis of MuSK-MG is
based on clinical symptomatology, electromyography recording,
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and antibody detection. Clinical suspicion arises when the
patient presents with typical myasthenic features, namely
fluctuating muscle weakness and fatigability, diplopia and/or
eyelid ptosis, and predominant involvement of bulbar and
respiratory muscles. Additional empirical evidence that supports
the diagnosis of MuSK-MG is the lack of response—or even
the worsening of symptoms—following administration of AChE
inhibitors (Evoli et al., 2003; Guptill et al., 2011). Although
the exact mechanism that sustains this effect is not completely
understood, in vivo studies showed that MuSK-MG models lack
the presynaptic adaptive increase of ACh release observed in
AChR-Ab models (Mori et al., 2012; Viegas et al., 2012; Patel
et al., 2014). Furthermore, a loss of AChE from the synapse
as a consequence of a block of ColQ-MuSK interaction has
been proposed (Kawakami et al., 2011). Following treatment
with AChE inhibitors, the higher amount of ACh released into
the synaptic cleft could increase the physiological dispersal of
AChRs, which in turn would not be compensated by a functional
agrin-LRP4-MuSK activation, therefore worsening the condition
(Morsch et al., 2013).

When performed on clinically affected muscles (usually face
and neck), electrophysiological studies with decrement and/or
single-fiber jitter recording represent a useful tool to support
the diagnosis of myasthenia, while studies on limb muscles
may be negative (Farrugia et al., 2006a). Nevertheless, particular
attention must be taken in the interpretation of electrophysiology
results in cases of suspected MuSK-MG as misleading signs
of denervation and neuromyotonia has been reported in the
presence of MuSK antibodies (Simon et al., 2013; Furuta et al.,
2015; Huijbers et al., 2016). Therefore, the whole clinical picture
of the patient should always be evaluated carefully.

The detection of MuSK antibodies in patients’ sera represents
the gold standard to confirm a clinical diagnosis of MuSK-
MG. Three different laboratory techniques are available to detect
MuSK antibodies: the radioimmunoprecipitation assay (RIA),
ELISA, and the cell-based assay (CBA). The RIA represents
the most common and specific test, reaching almost 100% of
specificity (although it is difficult to estimate its sensitivity
due to the variability in the proportion of MuSK-MG patients
among the different populations studied). The assay involves
immunoprecipitation of the extracellular domain of 125I-MuSK
incubated with patient sera (Matthews et al., 2004; McConville
et al., 2004). MuSK ELISAs are commercially available and
occasionally used in research studies, but we observed that a
small fraction of MuSK antibody-positive patient sera tested by
RIA was not recognized as positive in ELISA (Koneczny et al.,
2017). Alternatively, a CBA can be used, avoiding the need for
radioactivity and providing a more physiological environment
of the antigen, as MuSK is expressed in mammalian cells,
warranting appropriate glycosylation, folding and positioning at
the cell surface. A typical CBA is shown in Figure 5 in which HEK
293 cells are transfected with recombinant MuSK tagged with
a fluorescent protein (in this case mCherry) and then exposed
to different dilutions of serum from MuSK-MG patients and
healthy individuals (used as control). MuSK antibodies attached
to the cell surface are then detected with a secondary fluorescent
anti-human antibody. Positivity is graded according to the degree

of cell surface fluorescence and co-localization with labeled
MuSK-transfected cells (Leite et al., 2008; Huda et al., 2017). The
use of the CBA on patients who were seronegative by RIA—for
both AChR and MuSK antibodies—slightly increased MuSK
antibody detection. On those patients detected only with the
MuSK CBA, it is worth noting that myasthenic symptoms were
reported to be milder and their antibodies were less effective in
inhibiting AChR clustering in in vitro assays (Huda et al., 2017).

TREATMENT OF MuSK-MG

In general terms, myasthenia gravis can be considered one of
the few treatable neurological disorders in which a complete and
stable remission can be achieved for a significant proportion
of patients. However, the form caused by antibodies against
MuSK often represents a difficult therapeutic challenge due to
its severity and often poor response to treatment.

Symptomatic Drugs
As mentioned above, symptomatic therapy with
acetylcholinesterase inhibitors is often ineffective and,
conversely, can induce exacerbation of myasthenia (Evoli
et al., 2003; Guptill et al., 2011). Another symptomatic drug,
3,4-diaminopyridine that improves neuromuscular transmission
by increasing the presynaptic release of ACh vesicles, showed
promising results when tested in an in vivo model (Morsch et al.,
2013) and when administered on a few selected pediatric and
adult MuSK-MG patients (Skjei et al., 2013; Evoli et al., 2016).
Increasing the release of ACh vesicles without affecting the
duration of ACh in the synaptic cleft could be one reason why
the 3,4-diaminopyridine is more effective than ACh-esterase
inhibitors. The β-adrenergic agonists salbutamol and ephedrine
have been successfully used in the treatment of congenital
myasthenic syndromes, specifically with mutations in AGRN,
DOK7, COLQ, and MUSK (Lee et al., 2018; Owen et al., 2018),
and also showed effectiveness when tested on a MuSK-MG
patient (Haran et al., 2013). In addition to the evidence provided
by empirical clinical experience, the use of sympathomimetic
drugs in myasthenic syndromes is supported by evidence
regarding the role of sympathetic innervation in maintaining
shape, size, and function of NMJs (Khan et al., 2016). In this
study, chemical sympathectomy induced a reduction in size
and complexity of the NMJs, and a concomitant decrease in
amplitude and time to peak of the compound muscle action
potentials (CMAP) in model animals. These effects were rescued
by sympathomimetics. Although this treatment approach
appears to be promising, randomized clinical trials are still
needed to evaluate systematically the potential efficacy, and
safety, in MuSK-MG.

Finally, it is worth mentioning that counteracting the specific
pathogenic effects of IgG4 antibodies on MuSK phosphorylation
could represent a novel approach in the development of new
symptomatic treatments for MuSK-MG. A recent in vitro
study showed that the selective inhibition of an intracellular
phosphatase, the SH2 domain-containing phosphatase 2 (SHP2),
can increase MuSK phosphorylation and prevent AChR clusters
from dispersal when C2C12 myotubes were exposed to MuSK
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FIGURE 5 | Cell-based assay (CBA) of MuSK IgG4 antibody subclasses. HEK293 cells are transfected with MuSK-mCherry (in red; A,D) and exposed to MuSK-MG
IgG4 antibodies (lower panels) or antibodies purified from a healthy individual as control (upper panel). MuSK antibodies attached to the cell surface are then
detected with a secondary fluorescent antibody specific for the IgG subclasses of interest (in green; B,E). The merged image from healthy control shows the absence
of co-localization between MuSK-transfected HEK cells and purified antibodies (C). Conversely, MuSK IgG4 antibodies give a very strong positive signal (E) with full
colocalization with MuSK in the merge picture (F). Images are taken with an Olympus IX71 fluorescence microscope at 40× magnifications. Scale bar represents 50
µm. Unpublished work, similar to Huda et al. (2017).

IgG4 antibodies, preventing their detrimental effects (Huda et al.,
2020). A similar approach to preserve the integrity of the NMJ
was performed in SOD1-G93A mice, a model of motor neuron
disease, which were treated with a monoclonal antibody to MuSK
that directly increases MuSK phosphorylation (Cantor et al.,
2018). In this case, boosting the activation of MuSK slowed the
course of the experimental disease, preventing the progression of
diaphragm denervation, and prolonged the overall lifespan of the
animals. Although different models and experimental techniques
were used in the two aforementioned studies, their results suggest
that modulating MuSK or downstream phosphorylation could
represent a promising way towards the development of new
selective treatments for disorders affecting the NMJ.

Corticosteroids and Other
Immunomodulatory Treatments
Overall, the general guidelines for the use of steroids and other
immunosuppressants do not differ between MuSK- and AChR-
MG, and treatment should be tailored according to the individual
response of each patient. Steroids, in particular prednisone
and prednisolone, are generally introduced early on for their
effectiveness in controlling symptoms. Response to steroids is
variable and, compared to AChR-MG, a higher proportion
of MuSK-MG patients require high doses and prolonged
treatment to achieve full control of the disease (Guptill and
Sanders, 2010; Evoli et al., 2012). The major issue of long-term
administration of steroids concerns the occurrence of relevant
side effects such as increased blood pressure, risk of diabetes,
overweight, osteoporosis, and possibly increasing a tendency
to muscle atrophy already significant in MuSK-MG patients

(Benveniste et al., 2005; Farrugia et al., 2006b). For these reasons,
once full symptom control is reached, the steroids should be
decreased progressively to achieve the lowest dose that maintains
pharmacological remission. Immunosuppressive drugs, such as
azathioprine and mycophenolate, are often introduced as steroid-
sparing agents when it is not possible to wean the patient
from a long-term high dose of steroids. However, a high
proportion of MuSK-MG patients require combined therapy
with immunosuppressants and steroids to achieve satisfactory
symptom control, further highlighting an overall lower response
to treatments compared to AChR-MG (Evoli et al., 2008, 2012;
Sanders and Evoli, 2010).

The treatment of severe relapses, with mainly bulbar
symptomatology, and life-threatening myasthenic crisis are
similar between MuSK- and AChR-MG. Acute administration of
intravenous immunoglobulins (IVIg) and plasma exchange are
both usually effective (for the latter up to 96% of positive response
irrespective of patients’ antibody status) with rapid control of
the symptoms which last for about 4–6 weeks (Usmani et al.,
2019). Although considered equal in the treatment of myasthenia
(Rønager et al., 2001), plasma exchange has been reported to
be faster and more effective compared to IVIg in MuSK-MG
patients (Guptill and Sanders, 2010; Pasnoor et al., 2010) and,
therefore, should be prioritized.

Refractory MG patients, in whom at least two independent
immunosuppressive treatments have been carried out at
therapeutic dosage without benefit in controlling the disease,
should be considered for treatment with rituximab, a monoclonal
chimeric IgG1 that depletes B lymphocytes through specific
binding to the CD20 transmembrane antigen (Maddison et al.,
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2011; Kaegi et al., 2019; Di Stefano et al., 2020). In MuSK-MG
patients, rituximab treatment appears to be particularly effective
and this could be because IgG4 antibodies sustain the main
pathogenic mechanism of the disease. Short-lived plasma cells
producing IgG4 antibodies may be more susceptible to the
drug as indicated by studies on other diseases caused by
IgG4 antibodies (such as pemphigus and IgG4-related disease)
in which significant clinical improvement and reduction in
antibody titers were observed (Khosroshahi et al., 2010; Díaz-
Manera et al., 2012; Carruthers et al., 2015; Kamisawa and
Okazaki, 2017; Kurihara et al., 2019). The use of rituximab
treatment in MuSK-MG is supported by several case reports,
local studies, and, more recently, by bigger nation-wide group
analysis (Hain et al., 2006; Khosroshahi et al., 2010; Nowak
et al., 2011; Díaz-Manera et al., 2012; Keung et al., 2013; Hehir
et al., 2017; Topakian et al., 2019). Currently, treatment with
rituximab in MuSK-MG has a level IV evidence according to
the latest multicenter prospective review conducted by Hehir
et al. (2017). Although randomized clinical trials still need
to be performed, all the studies conducted so far consistently
indicate rituximab’s long-lasting effectiveness and safety for

MuSK-MG patients, and an increase of its use in current
clinical practice. Considering the high rate of positive response,
it would be advisable that rituximab treatment is considered
also for those severe patients who require a high level of
immunosuppression even if they do not meet the criteria of
refractory disease.
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The neuromuscular junction (NMJ) is a highly developed synapse linking motor neuron
activity with muscle contraction. A complex of molecular cascades together with the
specialized NMJ architecture ensures that each action potential arriving at the motor
nerve terminal is translated into an action potential in the muscle fiber. The muscle-type
nicotinic acetylcholine receptor (AChR) is a key molecular component located at the
postsynaptic muscle membrane responsible for the generation of the endplate potential
(EPP), which usually exceeds the threshold potential necessary to activate voltage-gated
sodium channels and triggers a muscle action potential. Two AChR isoforms are found
in mammalian muscle. The fetal isoform is present in prenatal stages and is involved
in the development of the neuromuscular system whereas the adult isoform prevails
thereafter, except after denervation when the fetal form is re-expressed throughout the
muscle. This review will summarize the structural and functional differences between
the two isoforms and outline congenital and autoimmune myasthenic syndromes that
involve the isoform specific AChR subunits.

Keywords: fetal acetylcholine receptor, adult acetylcholine receptor, ion channel, myasthenia, neuromuscular
junction, muscle development

STRUCTURAL DETERMINANTS OF FUNCTIONAL
DIFFERENCES BETWEEN FETAL AND ADULT AChRS

The nicotinic AChR in muscle forms a heteropentamer consisting of two α-, one β-, and one
δ-subunit with one γ-subunit in the fetal AChR isoform that is replaced by an ε-subunit in the
adult AChR isoform (Figure 1A). All AChR subunits have a large extracellular N-terminal domain
containing a signature sequence of 13 residues flanked by cysteines (C130-C144 in the human
γ-subunit and C128-C142 in the human ε-subunit), four transmembrane domains (M1-M4) and
a cytoplasmic loop domain of variable size and amino acid sequence between the M3 and M4
transmembrane helices (145 amino acids in the human γ-subunit and 128 amino acids in the
human ε-subunit) (Figure 1B). Various functional differences between fetal and adult AChRs have
been linked to structural differences between the γ- and ε-subunit (Table 1), but a generalization
of the conclusions is limited by the variety of experiments performed in different species, which is
important to consider especially in the context of human disease.
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FIGURE 1 | Structural differences between the γ- and ε-subunit. (A) AChR consisting of five subunits with the fetal specific γ-subunit or the adult specific ε-subunit.
Each subunit has four helical transmembrane domains M1-M4. The αγ/αε and αδ agonist binding sites are located between the corresponding subunits (yellow
ellipses). (B) AChR subunit with N-terminal extracellular domain containing the Cys-loop, four transmembrane domains and a cytoplasmic loop domain between M3
and M4. In human, a consensus sequence for phosphorylation by protein kinase A (RRXSX, where X is any amino acid) is only present in the M3-M4 loop of the
ε-subunit (red asterisk) without any corresponding sequence in the γ-subunit (residues 370–374 in the ε-subunit, i.e., RRASS). (C) At the αγ binding site, the
favorable free energy resulting from the change of ACh affinities upon transformation of the AChR from the resting into the open-channel state is provided by the five
aromatic core residues αY93, αW149, αY190, αY198, and γW55 from discontinuous sections of the primary sequence that rearrange close to the binding site upon
agonist binding. The relative conformation of the aromatic core is stabilized by four other residues (γL104, γS111, γP112, and γD113) increasing the affinity of the αγ

binding site to the agonist. (D) At the αε binding site, acetylcholine binding energy is provided by only three (instead of five) aromatic core residues (αW149, αY190,
and αY198), resulting in a lower affinity to the agonist (with residues contributing to acetylcholine binding energy in red). (E) The majority of the amino acid residues of
the pore forming M2 domain is highly conserved across paralogs and species. The γ- and ε-subunits differ at only three amino acid residues in mouse and Xenopus,
and at two residues in human (yellow circles). The AChR isoform specific conductance was shown to be determined by amino acid residues within the M2 domain (in
mouse and Xenopus) and both flanking regions (in mouse) (amino acids in red).
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TABLE 1 | Functional differences between the fetal and adult AChR.

Fetal AChR Adult AChR References Species

Subunits α2βδγ α2βδε

Time of occurrence Up to 2nd postnatal week Thereafter Sakmann and Brenner, 1978 Rat

Up to 31st prenatal week, with
low-level expression from sub- and
perisynaptic nuclei thereafter in human

Thereafter Hesselmans et al., 1993 Human

Location in adult muscle Extrajunctional and junctional Junctional Berg et al., 1972 Rat

Brenner et al., 1990 Rat

Gu and Hall, 1988 Rat

Expression in extraocular muscles En grappe endplates En plaque endplates Fraterman et al., 2006 Rat

En grappe endplates En plaque endplates Missias et al., 1996 Mouse

En grappe/en plaque endplates En grappe/en plaque endplates Kaminski et al., 1996 Rat

Conductance 40 pS 60 pS Mishina et al., 1986 Calf

53 pS 75 pS Bouzat et al., 1994 Mouse

Open time 7.2 ms 2.3 ms Mishina et al., 1986 Calf

5.7 ms 1.6 ms Kopta and Steinbach, 1994 Mouse

7.9 ms 4.1 ms Newland et al., 1995 Human

Ca2+ permeability Lower Higher Villarroel and Sakmann, 1996 Rat

Fucile et al., 2006 Human

Ragozzino et al., 1998 Mouse

Resting affinity to ACh, kD 0.75 nM 22.11 nM Nayak et al., 2014) Mouse

Resting affinity to choline kD 1.29 µM 27.30 µM Nayak et al., 2014 Mouse

Affinity to 125 I-α-bungarotoxin, kD 0.04 nM 0.10 nM Vincent et al., 1998 Human

AChR Affinity to Acetylcholine and
Channel Open Time
Each AChR has two agonist binding sites located in the
extracellular domain at the interface between the principal α-
subunits and the adjacent complementary γ-/ε- or δ-subunit
(Figures 1A,C,D). The αγ site was shown to have a ∼35–40-
fold higher affinity for acetylcholine compared with the αδ and
αε sites in mice (Nayak et al., 2014), resulting in a∼3-fold longer
mean open time of fetal AChRs as compared with adult AChRs
(Kopta and Steinbach, 1994). Different loops from discontinuous
sections of the subunit primary sequences rearrange close to the
binding sites upon agonist binding (Unwin, 2005), and a core of
five aromatic amino acids from different loops were shown to be
required for the stabilization of the agonist (Figures 1C,D): αY93
(loop A), αW149 (loop B), αY190 (loop C), αY198 (loop C) and
γW55 (loop D) (or εW55 and δW57, respectively) (Nayak et al.,
2014, 2016). At the αδ and αε sites, the free energy corresponding
to the ACh affinity change in the open-channel versus resting
state is mainly provided by αW149, αY190 and αY198, which
together contribute −5.1 kcal/M at the αε site and −5.3 kcal/M
at the αδ site (−10.4 kcal/M for αδ and αε together). At αγ, by
contrast, αY93 and (especially) γW55 additionally contribute to
the favorable free energy reaching a total of −7.1 kcal/M at the
αγ site and of −12.4 kcal/M at the αγ site together with the
αδ site (Nayak et al., 2014). However, as the core of aromatic
amino acids does not differ between the three agonist binding
sites, the more favorable free energy at the αγ site as compared
to the αδ and αε sites must be attributed to residues in other
sections of the γ-subunit, which modify the relative conformation
of the aromatic core at the αγ site. Using molecular dynamic

simulations and single channel electrophysiology, three residues
in loop E (S111, P112, and D113) and one residue in the β5-
β5′ linker (L104) near the core of the γ-subunit (C4 group)
were shown to influence affinity (Figures 1C,D; Nayak et al.,
2016). In constructs harboring those four residues in the δ- or
ε-subunit (αδC4γ or αεC4γ ), the exchange of the C4 group largely
swapped fetal versus adult AChR affinities and open-channel
lifetimes (although not accounting completely for the differences
in fetal and adult AChR affinities). Further analyses revealed that
the C4 group changed the aromatic core into a more compact,
organized and stable conformation, with W55 now significantly
contributing to AChR affinity in the αδC4γ and αεC4γ constructs
(Nayak et al., 2016).

The difference between fetal and adult mean open times was
also reported to be determined by a 30-residue segment within
the M3-M4 cytoplasmic loop at its C-terminal end as part of
an amphipathic helix (Bouzat et al., 1994). In addition, two
residues at the N-terminal end of the M4 domain (L458 and
M460) were shown to contribute to long duration openings of
fetal AChRs, and increased the mean open time of adult AChRs
when introduced into the ε-subunit (Bouzat et al., 1994).

AChR Conductance
Both AChR isoforms are selective for cations (Adams et al.,
1980), the conductance of which is determined by the charge
distribution along the ion permeation pathway formed by the
second transmembrane (M2) domain of each of the AChR
subunits (Unwin, 1995). Negatively charged residues adjacent to
the extra- and intracellular portion of the pore together with
the hydrophobic lining of the pore are major determinants of
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channel conductance (Imoto et al., 1988). In the closed AChR
conformation, the hydrophobic residues of the pore prevent
ion permeation by restricting water occupancy (Beckstein et al.,
2001; Song and Corry, 2009). Upon AChR activation, the
hydrophobic gate is relieved by widening of the pore due to a
displacement of the M2 domains that allows the hydration of
the pore and the conduction of ions (Miyazawa et al., 2003;
Unwin and Fujiyoshi, 2012).

Adult AChRs are characterized by higher conductance (60
pS) as compared to the fetal AChR (40 pS) (Mishina et al.,
1986). Using rat constructs in Xenopus oocytes, the exchange
of the four transmembrane domains M1-M4 between γ- and
ε-subunits was shown to completely reverse the difference in
conductance between fetal and adult AChRs (Herlitze et al.,
1996). Further analyses revealed that the major determinant of
the difference in conductance was located in the M2 domains
(Figure 1E), which differ at only three residues between the γ-
and ε-subunit in mouse. Two of these residues (γA277 and γT278
versus εS276 and εI277) together with residues flanking the M2
domains (γK268 and γK293 versus εQ267 and εQ292) were
shown to determine key differences in AChR isoform specific
conductance (Herlitze et al., 1996). The significance of the M2
domain for AChR conductance was confirmed by experiments
using Xenopus constructs, that also differed at three residues
between the γ- and ε-subunit and where the exchange of two
residues (γN273 and γI274 versus εS279 and εV280) contributed
to a 20% decrease of the adult AChR conductance and a 22%
increase of the fetal AChR conductance (Sullivan et al., 1999).
As another effect of the εS279N and εV280I mutations, the mean
channel open time of adult AChRs was prolonged 3.5-fold, and
the γN273S mutation was associated with a 2.5-times decreased
mean channel open time of the fetal AChR (with no additional
effect of the γI274V mutation) (Sullivan et al., 1999). These
findings were in contrast to experiments using mouse constructs
that reported no contribution of the γ- and ε-subunit M2
domains to the AChR isoform specific difference in channel open
times (Bouzat et al., 1994), thus revealing significant differences
between amphibian and mammalian AChRs with respect to the
structural determinants of fetal and adult AChR function.

AChR Desensitization and Recovery
From Desensitization
Desensitization corresponds to an accumulation of receptors
in an agonist-bound but non-conducting conformational state
(Sakmann et al., 1980; Colquhoun and Ogden, 1988), with a
desensitization gate distinct from the activation gate (Auerbach
and Akk, 1998; Wilson and Karlin, 2001) that was shown
to be located at the intracellular portion of the M2 domain
(Wilson and Karlin, 2001). Experiments in different models
and using different applications of the patch-clamp technique
revealed highly variable time constants of desensitization onset
ranging from milliseconds (Paradiso and Brehm, 1998; Jahn
et al., 2001; Krampfl et al., 2002) to seconds (Hopfield et al.,
1988; Wagoner and Pallotta, 1988) or even minutes (Chesnut,
1983). With phosphorylation of the M3-M4 cytoplasmic AChR
domains resulting in facilitation of desensitization and recovery

from desensitization (Huganir et al., 1986; Hopfield et al., 1988;
Hoffman et al., 1994; Paradiso and Brehm, 1998), it was possible
that post-translational AChR modification together with different
applications of the patch-clamp technique contributed to the
varying desensitization time constants in different experimental
models and between the two AChR isoforms (Auerbach and
Akk, 1998; Paradiso and Brehm, 1998; Jahn et al., 2001; Krampfl
et al., 2002). In a systematic analysis of desensitization and
recovery from desensitization using muscle and non-muscle cell
lines expressing human AChRs, recovery from desensitization
was found to be faster in adult as compared to fetal human
AChRs, with similar desensitization time constants between the
two AChR isoforms (Cetin et al., 2019). Further analyses revealed
that the M3-M4 cytoplasmic domain was a major determinant
of the AChR isoform specific difference in recovery kinetics,
as its exchange between the γ- and ε-subunit in chimeric
constructs was sufficient to reverse recovery from desensitization
between either of the AChR isoforms. Protein kinase A mediated
phosphorylation of a consensus site only present in the M3-M4
cytoplasmic domain of the ε-subunit (Figure 1B) could have led
to the observed difference in recovery kinetics between fetal and
adult AChRs but this was not investigated further.

REGULATION OF FETAL AND ADULT
AChR EXPRESSION

The Conversion From Fetal to Adult
AChRs Is Part of the NMJ Maturation
Efficient neuromuscular transmission strongly depends on the
tuned coordination of structural and molecular interactions
between motor neurons and muscle fibers during neuromuscular
junction (NMJ) development. Rodent NMJs have been
extensively studied and helped to gain insight into some of the
fundamental processes involved in NMJ maturation. Soon after
myoblasts fuse to form myotubes and before innervation, fetal
AChRs are evenly distributed along muscle fibers (Figure 2A)
and, when motor nerves reach the diaphragm in mice around
embryonic day 12.5 (E12.5), the AChRs start to aggregate at the
myotube center to form primitive clusters (Lin et al., 2001; Yang
et al., 2001). This nerve-independent prepatterning has been
suggested to be involved in axon guidance activity (Lin et al.,
2008), and was shown to require the expression of postsynaptic
muscle-specific kinase (MuSK) (Kim and Burden, 2008) and
low-density lipoprotein related protein 4 (LRP4) (Weatherbee
et al., 2006). Wnt signaling was also suggested to contribute to
prepatterning in myotubes (Jing et al., 2009; Zhang et al., 2012).

Muscle innervation undergoes a substantial change during
NMJ development. The period between E13.5 and E18 in mice
is dominated by co-innervation of NMJs by multiple axons,
most of which are eliminated in the first two postnatal weeks
(Tapia et al., 2012). In a single study on human muscle, by
contrast, elimination of multiple innervation occurred prenatally
between the sixteenth and twenty-fifth week of gestation
(Hesselmans et al., 1993). Synapse elimination in mice was
associated with the disappearance of temporally correlating
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FIGURE 2 | Factors determining fetal and adult AChR expression at the NMJ. Before innervation, fetal AChRs are evenly distributed at the surface of mouse
myotubes (A), but aggregate to clusters at the myotube center between E13.5 and E18 (i.e., prepatterning), when myotubes start to become innervated (B). The
exact mechanism of prepatterning is unclear but was suggested to be nerve-independent and require MuSK, LRP4 and Wnt signaling. The first 2 weeks after birth
are dominated by synapse elimination resulting in singly innervated muscle fibers, and electrical activation and nerve-released agrin determine the conversion from
fetal to adult AChRs, with the latter predominantly expressed in the adult muscle (C). AChR, acetylcholine receptor; GABP, GA-binding protein; JNK, c-Jun
NH2-terminal kinase; MDF, myogenic determination factor; MuSK, muscle-specific kinase; LRP4, low-density lipoprotein related protein 4; PKC, protein kinase C.

motor neuron activity based on the reduced gap junctional
coupling of motor neurons (Personius and Balice-Gordon, 2001).
As a result, asynchronous activation of the endplate region
determines the elimination of the less active axonal input
and, consecutively, gain of territory by the more active input
(Personius et al., 2007). In rodents, the transition from multiple
to single muscle fiber innervation coincides with the repression
of γ-subunit mRNA and increasing ε-subunit mRNA levels
transcribed from subjunctional myonuclei, whereas in human
muscle, the conversion from fetal to adult AChR expression
was shown to take place weeks after the transition from poly-
to mononeuronal innervation (Hesselmans et al., 1993), and
γ-subunit expression is maintained at low levels throughout

life. Upon denervation and in human conditions that result in
axonal damage (Gattenlohner et al., 2002) or lower motor neuron
dysfunction such as amyotrophic lateral sclerosis (Tsujihata et al.,
2001), there is an upregulation of γ-subunit expression (in slow-
twitch fibers). Re-expression of the fetal AChR also occurs upon
denervation in rat (Witzemann et al., 1989), mouse (Merlie
et al., 1984; Goldman et al., 1988) and chicken muscle (Tsay
and Schmidt, 1989), and was shown to correlate with increasing
γ-subunit mRNA levels (Witzemann et al., 1989). In cases of
denervation shortly after birth, the reciprocal change of γ-
and ε-subunit mRNA levels is absent, and instead there is an
increase of mRNA levels of all AChR subunits, with ε-subunit
mRNA increasing postnatally in denervated muscle as it does
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in normal muscle (Witzemann et al., 1989). The generation of
action potentials in the muscle fiber by activation of AChRs
via nerve-released acetylcholine and the endplate potential was
shown to be crucial for the regulation of AChR subunit mRNA
expression (Sanes and Lichtman, 1999), with disinhibition of
AChR subunit mRNA transcription in extrasynaptic nuclei upon
denervation (Goldman et al., 1988) or pharmacological blockade
of postsynaptic AChRs by α-bungarotoxin (Asher et al., 1991).

Determinants of the Developmental
AChR γ- to ε-Subunit Transition in
Rodents
Most of the data on neuromuscular development derives from
experiments with rodents, and partly chicken (Klarsfeld et al.,
1989; Huang et al., 1992), and might not necessarily apply to
the human situation. Therefore, this section focuses on the NMJ
development in rodents, and human specific features will be
outlined later in section “Developmental AChR γ- to ε-Subunit
Transition in Human.”

The AChR isoform conversion is accomplished by
complementary γ- and ε-subunit mRNA expression and
integrates two different mechanisms that depend on motor
neuron innervation. Electrical stimulation of the muscle fiber
has a repressive impact on AChR gene transcription in muscle,
whereas nerve-released signals increase AChR gene transcription
in subsynaptic nuclei, thereby concentrating AChR surface
expression to the postsynaptic membrane (Missias et al., 1996;
Sanes and Lichtman, 1999; Schaeffer et al., 2001). The γ-
and ε-subunit genes respond differently to these regulatory
mechanisms, leading to a distinct expression pattern in
subsynaptic and extrasynaptic nuclei during NMJ development
(Missias et al., 1996). The γ-subunit gene is activated in all
myonuclei during the initial period of myotube formation,
becomes restricted to subsynaptic nuclei around the time of
innervation, and disappears almost completely after birth in mice
(Sakmann and Brenner, 1978). The ε-subunit, by contrast, is
expressed in the adult muscle and from subsynaptic nuclei only.

Complex molecular pathways have been reported to underlie
the mechanisms that control the differential γ- and ε-subunit
mRNA expression, i.e., electrical muscle fiber activity and binding
of motor neuron derived factors, although the exact signal
cascades have not been fully unraveled yet (Tintignac et al., 2015).
Depolarization of the muscle membrane by action potentials
leads to an increase of cytosolic calcium resulting in activation
of protein kinase C (Klarsfeld et al., 1989; Huang et al., 1992),
which in turn phosphorylates and down-regulates the activity
of myogenic determination factors (MDFs) (Eftimie et al., 1991;
Huang et al., 1992; Figures 2B,C). MDFs comprise a number of
transcriptional activators that recognize a 6 bp CANNTG motif
(where N can be any nucleotide) or E-box present in the promoter
region of several AChR subunit genes (Liu et al., 2000). The
PKC-mediated inhibition of MDFs activity thereby results in a
reduction of AChR subunit mRNA transcription in extrasynaptic
nuclei. In subsynaptic nuclei, by contrast, transcription is under
the control of nerve-released factors such as agrin (Jones
et al., 1996). Agrin is a basal lamina proteoglycan that forms

tetrameric agrin-LRP4 complexes and enhances phosphorylation
and activation of MuSK (Zong et al., 2012), which in turn
induces AChR subunit gene transcription via Rac-GTPase and
c-Jun NH2-terminal kinase (JNK) (Lacazette et al., 2003; Escher
et al., 2005) resulting in the phosphorylation of GA-binding
protein GABPα/GABPβ dimers, both members of the Ets family
of transcription factors (Schaeffer et al., 1998; Schaeffer et al.,
2001). Phosphorylated GABPα/GABPβ dimers target the N-box
containing the CCGGAA consensus sequence present in all
AChR subunit gene promoters (Duclert et al., 1993; Koike et al.,
1995; Fromm and Burden, 1998) and enhance AChR subunit
gene transcription from subsynaptic nuclei (Figure 2C).

The Time Course of AChR γ- to ε-Subunit
Transition Depends on the Muscle Fiber
Type
Motor units in mammalian muscle differ in their contractile
properties and pattern of activity. Slow-twitch muscle fibers
are innervated by motor neurons that fire in long trains of
lower frequencies ranging between 10 and 20 Hz. Fast-twitch
muscle fibers, by contrast, are innervated by motor neurons firing
at short bursts of higher frequencies around 100 Hz (Hennig
and Lomo, 1985). Immunohistochemistry of mouse muscles at
different developmental stages using γ- or ε-subunit specific
antibodies revealed that the subunit transition was delayed
by about a week in the slow-twitch soleus muscle (with fetal
AChRs still present at the NMJ up to P30) as compared to
the fast-twitch extensor digitorum longus muscle (Missias et al.,
1996). Their level increases in conditions associated with axonal
damage and denervation in both human (Gattenlohner et al.,
2002) and rodents (Kues et al., 1995; Wang et al., 2006). In
human, however, the increased γ-subunit transcript levels were
limited to slow-twitch fibers only (corresponding to the delayed
subunit transition in slow-twitch fibers), with no up-regulation
in denervated fast-twitch fibers, whereas in mouse models
the upregulation of γ-subunit transcription can occur in both
slow- and fast-twitch muscle fibers (Seaberg et al., 2015; Wang
et al., 2016). It was thus hypothesized that γ-subunit expression
is controlled by a muscle fiber type-restricted transcriptional
program in human (Gattenlohner et al., 2002), the underlying
mechanisms of which are yet to be revealed.

Retention of Fetal AChR Expression
Traits in Adult Extraocular Muscles
Extraocular muscles (EOMs) are characterized by specific
functional and antigenic features (Kaminski et al., 1990; Yu Wai
Man et al., 2005; Fraterman et al., 2006), but as mouse or rat
tissue was used in most experimental studies, the data might not
necessarily reflect human physiology.

As compared to limb muscles, EOMs are characterized by
higher motor neuron firing rates, and consist of a mixture
of both multiply innervated slow-twitch or tonic fibers and
singly innervated fast-twitch fibers, with singly innervated
fibers exhibiting the highest discharge frequencies (>600 Hz in
monkeys; Robinson, 1970). In mice, around 80% of the EOM
fibers are singly innervated and have an en plaque endplate in
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the muscle midbelly (Khanna et al., 2003), whereas 20% of the
fibers are multiply innervated and characterized by en grappe
endplates scattered along the proximal and distal end of the
EOM, arising from one or more motor neurons (Porter and
Baker, 1996; Khanna et al., 2003). In singly innervated fibers,
firing of motor neurons generate action potentials that lead to
fast-twitch contractions. Multiply innervated fibers, by contrast,
have a slow-twitch or tonic mode of contraction activated
focally at each synapse without the generation or propagation
of action potentials (Chiarandini and Stefani, 1979). The two
types of endplates differ in the transcriptional expression of
AChR isoform specific subunits in rats, with ε-subunit mRNA
restricted to en plaque endplates and γ-subunit mRNA to en
grappe endplates (Fraterman et al., 2006). The same conclusion
was made before in experiments using AChR isoform specific
antibodies on mouse EOMs, with adult AChR expression
restricted to en plaque endplates and fetal AChR expression to
en grappe endplates (Missias et al., 1996). Yet another study on
the γ- and ε-subunit immunoreactivity in rat EOMs reported
contrasting results with binding of fetal and adult AChR specific
antibodies to both en plaque and en grappe endplates (Kaminski
et al., 1996). Several explanations were discussed to potentially
underlie these discrepancies including species and age differences
but also differences between global and orbital portions of EOMs
(Missias et al., 1996; Fraterman et al., 2006).

Total ε-subunit mRNA levels were shown to be higher in
EOMs compared to limb or intercostal muscles in human
(MacLennan et al., 1997), reflecting the high density of endplates
and thus high density of subsynaptic nuclei synthesizing AChR
mRNAs. As AChR surface expression was not examined,
however, a direct correlation of γ- or ε-subunit mRNA levels with
fetal or adult AChR surface expression might be limited. The
subunit conversion time course in fast-twitch singly innervated
EOM fibers is similar to that of fast-twitch limb muscles with no
detectable γ-subunit levels after 2 weeks postnatally in rodents
(Missias et al., 1996; Fraterman et al., 2006).

Developmental AChR γ- to ε-Subunit
Transition in Human
Neuromuscular junction development has extensively been
studied in rodents (Tintignac et al., 2015), revealing insight into
general mechanisms of synaptic transmission. Human NMJs and
AChRs share many common features with rodents, but there
are also important differences that need to be acknowledged,
especially in the context of human disease. The developmental
AChR γ- to ε-subunit transition occurs in the second to third
trimester in human (Hesselmans et al., 1993) and thus earlier
than in mice, in which the transition takes place in the first
2 weeks after birth with no detectable fetal AChR expression
thereafter (Sakmann and Brenner, 1978; Fischbach and Schuetze,
1980). In human, by contrast, γ-subunit mRNA continues to
be expressed at low levels from sub- and perisynaptic nuclei
(MacLennan et al., 1997; Croxen et al., 2001; Gattenlohner
et al., 2002). This is relevant in a group of genetic disorders
of the neuromuscular junction (i.e., congenital myasthenic
syndrome, CMS) with underlying null mutations of the CHRNE

gene coding for the ε-subunit (Croxen et al., 2001), as the
persistent low-level fetal AChR expression is sufficient to enable
neuromuscular transmission and patient survival. Mutant mice
lacking the ε-subunit, by contrast, die within 14 weeks after birth
(Missias et al., 1997).

SIGNIFICANCE OF FETAL AND ADULT
AChR EVOLUTION FOR NMJ FUNCTION

Two whole genome duplications taking place around 500 million
years ago (and before the divergence of the major vertebrate
lineages) followed by gene elimination expanded a set of 10
ancestral AChR subunit genes to 16 genes in mammals including
humans (Pedersen et al., 2019). As a result of the genomic
duplications, a common CHRNG/CHRNE ancestor gave rise to
the CHRNG and CHRNE genes in vertebrates coding for the
γ- and ε-subunit, respectively. In birds, however, the CHRNE
gene seems to be absent (Le Novere et al., 2002; Pedersen et al.,
2019). As the CHRNB1 gene was also found to be missing in
the chicken genome, it was suggested that in birds CHRNB1
and CHRNE may be located on microchromosomes that are
difficult to sequence due to their GC-rich content (Pedersen
et al., 2019). Alternatively, CHRNE could also have been lost in
birds. This is supported by electrophysiological studies revealing
that the mean AChR open time in mature chicken muscle is as
long as that of fetal AChRs (Schuetze, 1980; Harvey and Van
Helden, 1981) and lacks the decrease typically associated with
the conversion from fetal to adult AChRs (Sakmann and Brenner,
1978). Interestingly, γ-subunit transcripts could only be detected
before embryonic day 16, diminished thereafter and re-appeared
only after denervation in chicken muscle tissue, suggesting the
existence of another AChR subunit analogous to the ε-subunit
in the adult chicken muscle (Moss et al., 1987, 1989). It was
hypothesized that an AChR harboring an alternative subunit
would have channel properties indistinguishable from a receptor
containing the γ-subunit, or alternatively would comprise just α-,
β-, and δ-subunits (Moss et al., 1987).

The γ- and ε-subunit expression in a great variety of species
(Tsunoyama and Gojobori, 1998; Pedersen et al., 2019) is likely
to have resulted from positive selection, as neither of the two
subunits underwent gene elimination, but the physiological
significance of the developmental conversion from fetal to adult
AChRs remains largely unknown. Fetal AChRs are likely to be
important for the prepatterning of AChR clusters in a central
band during NMJ development and before innervation. In
fact, using chimeric mice with a γε -subunit (containing the
C-terminal 382 amino acids of the ε-subunit) instead of the γ-
subunit, prepatterning was substantially altered with formation
of functional neuromuscular synapses outside the central, narrow
endplate band region in the diaphragm (Koenen et al., 2005).
One function of fetal AChRs could thus be to ensure a proper
innervation pattern. In developing fibers, it was hypothesized
that fetal AChRs may also facilitate neuromuscular transmission
after innervation by allowing more charge to enter the cell
during a single opening of average duration as compared to
adult AChRs (Tintignac et al., 2015), which might be required
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for normal neuromuscular development. This is supported by
experiments in rat soleus muscle, in which miniature endplate
currents (mepcs) were shown to trigger spontaneous contractions
of neonatal muscle fibers (expressing fetal AChRs) but not of
adult muscle fibers (Jaramillo et al., 1988). The injection of
both fetal- (i.e., low-amplitude and long-duration) and adult-type
(i.e., high-amplitude and short-duration) mepcs into the same
embryonic muscle fiber caused miniature endplate potentials of
nearly the same amplitude but only fetal-type mepcs triggered
action potentials. It was therefore concluded that the longer
duration of fetal-type mepcs was essential for the excitation of
embryonic muscle fibers. However, the spontaneous contractions
elicited by fetal-type mepcs disappeared upon muscle fiber
growth, which may have resulted from decreasing muscle fiber
impedance rather than from the switch to the adult AChR
isoform (Jaramillo et al., 1988). In another theory it was
speculated that the higher sensitivity of the fetal AChR to
choline could have a synergistic effect on the endplate current
in developing fibers (Nayak et al., 2014), with the background
level of choline shown to be especially high in fetal serum
(Zeisel and Niculescu, 2006). Adult AChRs, by contrast, are
characterized by faster recovery rates from desensitization (Cetin
et al., 2019), and their appearance in the adult muscle could
provide an adaptation to increasing motor neuron firing rates
after birth, facilitating a robust and reproducible high-frequent
neuromuscular transmission by preventing adult AChRs from
accumulation in desensitized states. The robust high-frequent
neuromuscular transmission could further be supported by the
shorter mean open-channel time of adult AChRs and the faster
decay of the associated endplate currents, as the depression of
macroscopic currents upon repetitive stimulation was shown
to depend on the particular balance between gating, entry into
desensitization and the acetylcholine dissociation rate constants;
this was confirmed by a study using mouse constructs, in which
adult AChRs associated with faster deactivation (corresponding
to a higher acetylcholine dissociation rate constant) and slower
gating kinetics were less prone to desensitization (Elenes et al.,
2006). And finally, the higher Ca2+ permeability of adult AChRs
(with a fractional Ca2+ current of 4.2% as compared to 2.1% in
the fetal isoform) could have additional physiological relevance
in the regulation of neuromuscular synapse efficacy (Ragozzino
et al., 1998). Transsynaptic retrograde modulation of presynaptic
secretion mechanisms by the localized Ca2+ influx into the
postsynaptic muscle cell was reported in developing Xenopus
neuromuscular synapses (Cash et al., 1996), and autoregulatory
AChR phosphorylation induced by intracellular Ca2+ was shown
in rat myotubes (Miles et al., 1994).

FETAL OR ADULT AChR ISOFORM
RELATED MYASTHENIC SYNDROMES

Myasthenia Gravis
Myasthenia gravis (MG) is an autoimmune disorder of the
neuromuscular junction and mediated by autoantibodies binding
to molecular targets at the postsynaptic muscle membrane. MG
is clinically characterized by muscle weakness and increased

fatiguability of limb, bulbar and/or extraocular muscles (Cetin
and Vincent, 2018). Autoantibodies directed against the muscle
AChR (AChR-Abs) can be detected in about 80% of patients
with generalized MG and 50% of patients with MG restricted
to the EOMs (ocular MG) (Lindstrom et al., 1976; Vincent
and Newsom-Davis, 1985). There is no clear evidence for a
correlation of AChR-Ab titers with disease severity between
individuals (Vincent and Newsom Davis, 1980; Roses et al.,
1981), although ocular MG patients tend to have lower AChR-
Ab concentrations (Vincent and Newsom Davis, 1980). Within
an individual undergoing treatment, however, there is usually a
good correlation between the fall in antibody levels and clinical
improvement; both reversing if the treatment (e.g., plasma
exchange) is stopped (Newsom-Davis et al., 1979).

The AChR-Abs appear to be polyclonal and heterogenous even
in individual patients and were shown to target the extracellular
domains of all five subunits including the γ- or ε-subunit
(Vincent and Newsom-Davis, 1979; Vincent et al., 1987; Tzartos
et al., 1998; Kostelidou et al., 2007; Zisimopoulou et al., 2008),
with a relatively high but variable proportion of the antibodies
binding to the main immunogenic region on the two α-subunits
(Tzartos et al., 1982; Whiting et al., 1986). Antibodies with
preferential binding to the γ- or the ε-subunit can more often
be found in ocular MG patients (Vincent and Newsom-Davis,
1982; MacLennan et al., 1997; Shi et al., 2012). Using cell-
based assays expressing fetal or adult AChRs, the proportion
of MG patients with γ- or ε-subunit specific AChR-Abs was
higher in ocular MG (12 and 14%, respectively) as compared to
generalized MG (2 and 7%, respectively) (Shi et al., 2012). Using
radioimmunoprecipitation assays, AChR-Abs from ocular MG
patients were shown to react better with adult AChRs (Vincent
and Newsom-Davis, 1982; MacLennan et al., 1997), in contrast
to the earlier suggestion that the preferential involvement of
the EOMs in ocular MG patients was a result of fetal AChR
expression by these muscles (Horton et al., 1993; Oda, 1993). The
higher susceptibility of EOMs in MG was instead ascribed to a
lower safety factor of singly innervated fast-twitch fibers resulting
from less prominent postsynaptic folds with fewer AChRs on
the postsynaptic membrane (Kaminski et al., 1990; Yu Wai Man
et al., 2005). Moreover, women with very high levels of antibodies
that inhibit the ion channel activity of fetal AChRs, but not adult
AChRs (see below), do not have predominant ocular symptoms.

Higher motor neuron firing frequencies could further
contribute to a lower safety factor by increasing the release
of acetylcholine from the presynaptic terminal sufficiently to
overcome the catalytic activity of the acetylcholine esterase,
thus leading to prolongation of the lifetime of acetylcholine in
the synaptic cleft and accumulation of AChRs in desensitized
states (Magleby and Pallotta, 1981; Ruzzier and Scuka, 1986;
Giniatullin et al., 1993). Additionally, prolonged high frequency
vesicle release can lead to depletion of presynaptic vesicles
with consequent reduction of the quantal content (Kaminski
et al., 1990). In multiply innervated tonic fibers, on the other
hand, contraction depends directly on the depolarization of
the postsynaptic membrane induced by the endplate current
rather than a sodium channel-dependent action potential
(Kaminski et al., 1990; Yu Wai Man et al., 2005). EOMs also
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differ immunologically from limb muscles in that complement
regulatory genes are expressed in lower levels that may contribute
to the susceptibility of EOMs to MG (Porter et al., 2001; Kaminski
et al., 2004), with preferential involvement of EOMs at lower
AChR-Ab titers (Vincent and Newsom Davis, 1980).

Neonatal Myasthenic Syndromes Due to
Placental Transfer of Maternal AChR-Abs
Neonates born to mothers with MG can sometimes develop
transient neonatal MG (TNMG) due to placental transfer of
AChR-IgG-Abs (Papazian, 1992; Vernet-Der Garabedian et al.,
1994). In cases with restriction of fetal movement in utero
during the second trimester, the clinical picture is characterized
by multiple joint contractures or skeletal deformities such
as scoliosis and lung hypoplasia. This condition is termed
arthrogryposis multiplex congenita (AMC) and often associated
with the requirement of the neonates for assisted ventilation
or with prenatal or neonatal death (Vincent et al., 1995).
AMC is sometimes classified as the most severe form of
the fetal acetylcholine receptor inactivation syndrome (FARIS),
which sometimes follows TNMG with the development of a
persistent myopathy predominantly affecting facial and bulbar
muscles, hearing loss, pyloric stenosis and central nervous system
involvement in early childhood (Oskoui et al., 2008; Hacohen
et al., 2015; Allen et al., 2016). Mothers of myasthenic neonates
can have clinically manifest MG, and the treatment of those
mothers after diagnosis can lead to the subsequent birth of
healthy babies. In babies with AMC, however, some mothers are
asymptomatic with unrecognized disease (Barnes et al., 1995;
Vincent et al., 1995; Riemersma et al., 1996), suggesting that the
AChR-Abs are different from those usually found in MG. In
fact, AChR-Abs in AMC (and FARIS) preferably bind to fetal
AChRs (Vincent et al., 1995; Hacohen et al., 2015), whereas
AChR-Abs crossing the placenta in TNMG commonly bind to
both fetal and adult AChRs via the shared α-subunits (Vernet-
Der Garabedian et al., 1994). Fetal AChR-Abs were also more
common in women who developed MG after pregnancy as
compared with women who presented before pregnancy, and
were therefore hypothesized to be induced by the fetus (Matthews
et al., 2002). These antibodies were shown to inhibit fetal but not
adult AChR function (Vincent et al., 1995), with 80% current
reduction within 2 min application of serum from mothers of
neonates born with AMC (Cetin et al., 2020). When injected into
pregnant mice, a proportion of the mouse embryos showed fixed
joint deformities, were paralyzed or stillborn (Jacobson et al.,
1999), confirming the pathogenic role of the fetal AChR-Abs.

CHRNG Associated Congenital
Myasthenic Syndrome
Mutations of the AChR γ-subunit gene CHRNG have been
found to underlie Escobar type multiple pterygium syndrome
(Hoffmann et al., 2006; Morgan et al., 2006), an autosomal
recessive form of AMC characterized by webbing (pterygia),
congenital fixed joint deformities and scoliosis (Escobar et al.,
1978; Rajab et al., 2005). Respiratory distress, intrauterine death
and stillbirths are common. The developmental abnormalities

result from the truncation or low expression of the γ-
subunit, with loss of fetal AChR function at sensitive times
of neuromuscular development (Murray and Drachman, 1969;
Hammond and Donnenfeld, 1995). The AChR subunits have to
be assembled in the endoplasmic reticulum before the receptor
can be inserted into the plasma membrane, starting with the
formation of an αβγ trimer and sequential addition of a δ-
and a second α-subunit (Green and Claudio, 1993; Wanamaker
et al., 2003). If the γ-subunit is missing, the receptor cannot
reach the cell surface resulting in AChR deficiency (Hoffmann
et al., 2006). Patients usually show little or no progression of
their condition and no myasthenic symptoms after birth, as
neuromuscular transmission continues to be mediated by the
adult AChR, although they may display residual developmental
abnormalities such as webbing of the neck and between the
fingers. The survival of some cases in which the γ-subunit
is missing due to truncating mutations within the N-terminal
region would indicate at least some early low-level expression of
the ε-subunit (Hesselmans et al., 1993).

CHRNE Associated Congenital
Myasthenic Syndrome
Mutations of the AChR ε-subunit gene CHRNE are the most
frequent and depending on the ethnic population may account
for over 30% of cases with congenital myasthenic syndromes
(Engel et al., 2003, 2015; Finlayson et al., 2013). Mutations
are found along the entire gene including the promoter
region (Nichols et al., 1999; Engel et al., 2015) and result in
protein truncation, missense mutation of essential residues or
in reduced levels of ε-subunit mRNA expression. The defects
are heterogeneous and include AChR deficiency, slow-channel,
fast-channel and low-conductance syndromes (Ohno et al.,
1997; Webster et al., 2012; Rodriguez Cruz et al., 2018). The
high prevalence of CHRNE mutations has been attributed to
the phenotypic rescue by the persistent low-level expression
of the γ-subunit that is sufficient to enable patients with ε-
subunit null alleles to survive (Croxen et al., 2001; Cossins
et al., 2004). The phenotypic spectrum of CHRNE associated
primary AChR deficiency is variable and ranges from mild
to severe, but most patients are characterized by marked
ophthalmoparesis (Engel et al., 1996; Burke et al., 2004; Rodriguez
Cruz et al., 2015), which could be related to the exceptionally
high motor neuron firing frequencies of extraocular muscles
(Yu Wai Man et al., 2005), requiring fast recovery rates from
AChR desensitization for efficient neuromuscular transmission.
Neuromuscular transmission in patients with CHRNE null
mutations, however, has to depend on the fetal AChR with
slow recovery rates from desensitization. Fetal AChRs could
accrue into desensitized states and might be unable to promote
efficient neuromuscular transmission at high motor neuron firing
frequencies (Cetin et al., 2019).

CONCLUDING REMARKS

The transition from fetal to adult AChR expression during NMJ
development represents a characteristic feature in mammals with
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complex regulatory mechanisms mediated by the fine-tuned
electrical and molecular communication between nerve and
muscle. Intensive research of the past decades produced insight
into functional differences between both AChR isoforms and has
helped to understand better their physiological significance and
their role in different myasthenic syndromes. However, some key
aspects of fetal and adult AChR function remain to be answered.
Especially the elucidation of the structural determinants of
desensitization and recovery from desensitization in fetal and
adult AChRs and their evaluation in animal models could
further help to unravel the significance of desensitization in NMJ
physiology and disease.
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The neuromuscular junction (NMJ) is a prototypic chemical synapse between the spinal
motor neuron and the motor endplate. Gene expression profiles of the motor endplate
are not fully elucidated. Collagen Q (ColQ) is a collagenic tail subunit of asymmetric
forms of acetylcholinesterase and is driven by two distinct promoters. pColQ1 is
active throughout the slow-twitch muscle, whereas pColQ1a is active at the motor
endplate of fast-twitch muscle. We made a transgenic mouse line that expresses
nuclear localization signal (NLS)-attached Cre recombinase under the control of pColQ1a
(pColQ1a-Cre mouse). RiboTag mouse expresses an HA-tagged ribosomal subunit,
RPL22, in cells expressing Cre recombinase. We generated pColQ1a-Cre:RiboTag
mouse, and confirmed that HA-tagged RPL22 was enriched at the NMJ of tibialis anterior
(TA) muscle. Next, we confirmed that Chrne and Musk that are specifically expressed
at the NMJ were indeed enriched in HA-immunoprecipitated (IP) RNA, whereas Sox10
and S100b, markers for Schwann cells, and Icam1, a marker for vascular endothelial
cells, and Pax3, a marker for muscle satellite cells, were scarcely detected. Gene set
enrichment analysis (GSEA) of RNA-seq data showed that “phosphatidylinositol signaling
system” and “extracellular matrix receptor interaction” were enriched at the motor
endplate. Subsequent analysis revealed that genes encoding diacylglycerol kinases,
phosphatidylinositol kinases, phospholipases, integrins, and laminins were enriched at
the motor endplate. We first characterized the gene expression profile under translation
at the motor endplate of TA muscle using the RiboTag technique. We expect that our
gene expression profiling will help elucidate molecular mechanisms of the development,
maintenance, and pathology of the NMJ.

Keywords: neuromuscular junction, motor endplate, collagen Q, ribotag mouse, gene expression profile

INTRODUCTION

Neuromuscular junction (NMJ) is a prototypic synapse between the spinal motor neuron and the
motor endplate (Hirsch, 2007; Ohno et al., 2017). At the NMJ, acetylcholinesterase (AChE) rapidly
hydrolyzes acetylcholine (ACh) released from the nerve terminal (Ohno et al., 1998; Gaspersic
et al., 1999). At the NMJ, a globular form of AChE makes a homomeric tetramer. One, two, and
three tetrameric AChE are bound to triple-helical collagen Q (ColQ) to make asymmetric A4, A8,
and A12 forms, and are anchored to the synaptic basal lamina (Nazim et al., 2017). Transcription of
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Colq is driven by two distinct promoters of pColQ1 and pColQ1a
(Figure 1A; Krejci et al., 1999; Lee et al., 2004; Ting et al.,
2005). pColQ1 is active throughout the slow-twitch muscle.
pColQ1 starts transcription from Colq exon 1 to generate
A4 and A8 forms. In contrast, pColQ1a is active at the
NMJ, but not at the extrajunctional regions, of the fast-twitch
muscle. pColQ1a starts transcription from Colq exon 1a to
predominantly generate A12 form. Human pColQ1a carries
consensus sequences for transcriptional factors E-protein (E-
box, CANNTG), NFAT (GGAAA), c-Ets transcription factor
[c-Ets, (C/A)GGA(A/T)], Elk-1, N-box (CCGGAA), and MEF2
(CTAAAAATAA), which play essential roles in muscle-specific
and NMJ-specific transcriptional activities (Lee et al., 2004).

Massive parallel sequencing of RNA (RNA-seq) enabled the
identification of gene expression profiles in specific tissues
and cells at an unprecedented level of accuracy. Also, tissue-
specific and cell-type-specific transcriptomic profiling is made
available by fluorescence-activated cell sorting (FACS), laser
capture microdissection, and single-cell RNA-seq (scRNA-seq;
Kim et al., 2015). However, gene expression profiles can be
artificially changed in the course of FACS and scRNA-seq
procedures. In laser capture microdissection, target cells are
frequently contaminated by surrounding cells, because target
cells should be free from laser burns. RiboTag mouse technique
was developed to circumvent these disadvantages (Sanz et al.,
2009). RiboTag mouse carries an RPL22 subunit of the ribosome
with a hemagglutinin tag at the C-terminal end (RPL22-
HA), and its expression is induced by Cre recombinase (Sanz
et al., 2009). Cell-type-specific expression of Cre recombinase
thus enables isolation of total mRNA under translation in a
cell-type-specific manner.

In our study, we first generated a transgenic pColQ1a-
Cre mouse that specifically expresses Cre recombinase in the
subsynaptic nuclei of fast-twitch muscle. As far as we know, no
transgenic mouse has been generated to express Cre recombinase
at the motor endplate. We confirmed that Cre recombinase
is highly expressed at the NMJ of fast-twitch muscle, but
not of slow-twitch muscle, in the pColQ1a-Cre mouse. To
characterize gene expression profiles at the motor endplate of
fast-twitch muscle, we made pColQ1a-Cre:RiboTag mouse that
expresses RPL22-HA only at the motor endplate. Quantitative
RT-PCR (qRT-PCR) showed that mRNA immunoprecipitated
with the HA tag from tibialis anterior (TA) muscle of pColQ1a-
Cre:RiboTag mouse was enriched for motor endplate-specific
genes, and mostly depleted for genes specific for Schwann
cells and vascular endothelial cells. RNA-seq analysis of
HA-immunoprecipitated mRNA revealed enrichment of genes
encoding diacylglycerol kinases, phosphatidylinositol kinases,
phospholipases, integrins, and laminins.

MATERIALS AND METHODS

Construction of Plasmids
A Cre cDNA originating from Type I topoisomerase of
bacteriophage P1 fragment was amplified from a pAAV-Cre
plasmid (AAV-401, Cell Biolabs). The nuclear localization signal
(NLS) of the SV40 large T antigen sequence (5’-GAGCACCA

FIGURE 1 | Mouse pColQ1a promoter expresses Cre at the neuromuscular
junction (NMJ) of the tibialis anterior (TA) muscle. (A) Mouse Colq is driven by
two distinct promoters. pColQ1 drives transcription from exon 1, whereas
pColQ1a drives transcription from exon 1a. PCR primers (Supplementary
Table S1) to amplify a 3519-bp fragment of pColQ1a are indicated by arrows.
(B) Schematic of pCMV-Cre and pColQ1a-Cre. pCMV or pColQ1a was fused
to the nuclear localization signal (NLS) sequence and the Cre recombinase
gene. P1 and P2 arrows indicate the positions of genotyping primers.
Putative binding motifs of transcription factors (E-box, NFAT, c-Ets, and
N-box) are indicated (Lee et al., 2004). (C) The protocol of muscle
electroporation. (D) Representative immunostaining of Cre (green) and
Alexa594-conjugated α-bungarotoxin-staining for AChR (red) of teased TA
muscle fibers at 5 days after electroporation of the indicated plasmids. The
nuclei were stained with DAPI. Scale bar = 30 µm. (E) Ratios of Cre-positive
NMJs in teased TA muscle fibers electroporated with pCMV-Cre and
pColQ1a-Cre in 4 pCMV-Cre mice (n = 136 fibers, respectively) and
5 pColQ1a-Cre mice (n = 147 fibers). P < 0.001 by Fisher’s exact test (see
Supplementary Table S3 for individual counts). (F) Representative images
showing NMJ-specific expression of Cre in teased TA muscle fibers but not in
teased soleus muscle fibers of the pColQ1a-Cre mouse. Teased muscle
fibers were stained with anti-Cre antibody (green) and

(Continued)
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FIGURE 1 | Continued
Alexa594-conjugated α-bungarotoxin 594 (red). Nuclei were stained with
DAPI. Scale bar = 30 µm. (G) Distribution of Cre-positive signals along teased
muscle fibers of TA and soleus muscles of the pColQ1a-Cre mouse. The total
number of teased muscle fibers is shown in parentheses. P < 0.001 by
Fisher’s exact test (see Supplementary Table S4 for individual counts).

TGCCAAAAAAGAAGAGAAAGGTATCCAATTTAC-3’) was
synthesized by Sigma–Aldrich. A 3519-bp mouse pColQ1a
promoter (positions 31,557,371–31,553,853 on chromosome
14 according to GRCm38/mm10) was amplified by PCR using
genomic DNA of C57BL/6 mouse. We ligated pColQ1a, NLS,
and Cre cDNA to generate pColQ1a-Cre (Figure 1B). As a
control, we generated pCMV-Cre. Primers for PCR are shown
in Supplementary Table S1. Plasmids were purified with the
EndoFree Megaprep DNA Purification System (Qiagen). The
absence of artifacts in the plasmid inserts was confirmed by
Sanger sequencing.

Immunofluorescent Staining
TA and soleus muscles were harvested and fixed in 4%
paraformaldehyde (PFA) for 1 h and were teased into muscle
fibers in phosphate-buffered saline (PBS). The teased fibers were
incubated in 100 mM glycine in PBS for 15 min at room
temperature (RT). The fibers were washed in PBS three times
for 15 min each and were incubated in a blocking buffer
(2% bovine serum albumin, 5% goat serum, and 0.5% Triton
X-100 in PBS) for 1 h at RT. After blocking, the fibers
were incubated with mouse monoclonal anti-Cre recombinase
antibody (1:100, MAB3120, Millipore) or anti-HA antibody
(1:200, Covance) in a blocking buffer overnight at 4◦C. After
washed in 0.1% Triton X-100 in PBS several times, the fibers were
incubated with FITC-conjugated goat anti-mouse IgG (1:100,
FI2000, Vector Laboratories). AChR was stained with Alexa
594-conjugated α-bungarotoxin (1:500, B13423, Invitrogen) for
2 h at RT. Finally, the fibers were covered by a coverslip
with Vectashield with 4’,6-diamidino-2-phenylindole (DAPI;
Vector Laboratories). Fluorescence signals were quantified by
the IX71 microscope (Olympus) equipped with the MetaMorph
imaging software (Molecular Devices).

Frozen sections of TA muscle at 10 µm were incubated
with a primary antibody (anti-HA antibody at 1:200, Covance)
overnight at 4◦C. The sections were added with FITC-conjugated
goat anti-mouse IgG (1:100, FI2000, Vector Laboratories)
and Alexa 594-conjugated α-bungarotoxin (1:500, B13423,
Invitrogen) followed by incubation for 1 h at RT. Finally, the
sections were covered by a coverslip with Vectashield with DAPI,
and fluorescence signals were quantified as stated above.

Electroporation of Plasmids Into Mouse TA
and Soleus Muscle
All mouse experiments were approved by the Animal Care and
Use Committee of the Nagoya University Graduate School of
Medicine and were performed following the relevant guidelines.
Under deep anesthesia of a 6-week-old C57BL/6 mouse, 36 U
hyaluronidase (H4272, SIGMA) was injected into the TA muscle
2 h before injection of pCMV-Cre or pColQ1a-Cre. Then, 50 µl

of each plasmid (1,000 ng/µl) was injected into the TA or soleus
muscle and applied electrical pulses at 50 volts. The electric
pulses were delivered in parallel to themuscle fibers with forceps-
shaped electrodes (CUY650P3, Nepa Gene) connected to an
electric pulse generator (NEPA21, Nepa Gene). The electrical
pulses were comprised of three pulses of a rectangular wave
for 25 ms at a rate of 3 Hz, followed by three pulses of the
opposite polarity with the same protocol. TA or soleus muscle
was harvested on day 5 after electroporation.

Generation of pColQ1a-Cre Mouse
A fragment of pColQ1a-Cre (Figure 1B) was microinjected
into fertilized eggs of C57BL/6 mouse. The microinjection and
subsequent transfer to foster mothers were technically supported
by the Division of Experimental Animals, Nagoya University
Graduate School of Medicine.

Generation of pColQ1a-Cre:RiboTag
Mouse
RiboTag mice were kindly provided by Dr. Taiji Matsusaka at
Tokai University under the permission of Dr. Paul S. Amieux
at Western Washington University (Sanz et al., 2009). RiboTag
mouse was mated to pColQ1a-Cre mouse to obtain pColQ1a-
Cre:RiboTag mouse.

Immunoprecipitation Assays
Immunoprecipitation (IP) of pooled TA muscles of 6-week-
old pColQ1a-Cre:RiboTag mice was performed as described
previously with minor modifications (Sanz et al., 2009). Briefly,
TA muscle was mashed by FastPrep 24 Instrument (MBP) in an
IP buffer (50 mMTris-HCl, pH 7.5, 100 mMKCl, 12 mMMgCl2,
1% Nonidet P-40, 1 mM DTT, 400 units/ml Toyobo RNase
Inhibitor, 1 mg/ml heparin, 100 µg/ml cycloheximide, and the
cOmplete protease inhibitor (one tablet in 25 ml, Roche). Then,
anti-HA antibody (1:300, Covance) was added to 1,200 µl of
cleared homogenates and incubated for 6 h at 4◦C. Then protein
G magnetic beads (Dynabeads, Invitrogen) in an IP buffer were
added and incubated overnight at 4◦C. After incubation, beads
were washed four times for 5 min in a high-salt buffer (50 mM
Tris-HCl, pH 7.5, 300 mM KCl, 12 mM MgCl2, 1% Nonidet
P-40, 1 mMDTT, and 100 µg/ml cycloheximide) in the presence
of 400 units/ml RNase Inhibitor (Toyobo) and the cOmpleteTM

protease inhibitor (one tablet in 25 ml, Roche). RNA was eluted
in an RLT buffer with β-mercaptoethanol (Qiagen) and was
purified by RNeasy Micro Kit (Qiagen) with DNase treatment.
Total RNA was quantified and its quality was evaluated by RNA
integrity number (RIN; Schroeder et al., 2006) representing the
quality and integrity of RNA using an Agilent 2100 Bioanalyzer
with the RNA 6000 Pico kit (Agilent Technologies).

Gene Expression Analysis
After confirming that the RIN was higher than 7.0, total
RNA was reverse-transcribed using random hexamer primers
(Thermo Fisher Scientific) and ReverTra Ace (Toyobo).
Quantitative RT-PCR (qRT-PCR) was performed with the
LightCycler 480 (Roche Applied Science) using the TB
Green Premix ExTaq II (Takara Bio). Gene expression
levels were normalized to that of glyceraldehyde-3-phosphate
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dehydrogenase (Gapdh), and also to the ratio of input RNA.
For both IP RNA and input RNA, TA muscles of 10, 11,
12, and 16 pColQ1a-Cre:Ribotag mice were pooled into four
independent samples to be analyzed in quadruplicate. qRT-PCR
primers are indicated in Supplementary Table S2.

High-Throughput RNA Sequencing
(RNA-Seq)
In the four pooled pairs of IP RNA and input RNA samples
stated above, a pair of samples arising from 11 pColQ1a-
Cre:Ribotag mice had the highest RIN in both IP RNA and
input RNA, and was subjected to RNA-seq. Quality of the RNA
samples was checked using both an Agilent TapeStation and
an Agilent 2100 Bioanalyzer with the RNA 6000 Nano Kit,
and the following thresholds were applied: quantity (>100 ng),
concentration (>1 ng/µl), no contamination of DNA, no
degradation of RNA confirmed by rRNA peaks (18S, 28S), and
RIN (>7.0). RNA-seq of Input RNA and IP RNA was performed
at Macrogen and BGI, respectively. At both companies, a
sequencing library was prepared using the TruSeq Stranded
mRNA kit (Illumina), and the library was read on Illumina
NovaSeq 6000 (150 bp paired-end reads). As the amount of
IP RNA remained low even after pooling TA muscles, IP
RNA was linearly amplified by the Smart-seq2 protocols (Picelli
et al., 2014). Raw reads were mapped to the mouse reference
genome (NCBI37/mm9) using STAR version 2.5.3a (Dobin et al.,
2013) with standard options for the long RNA-seq pipeline by
ENCODE (Consortium, 2012). Transcripts per million (TPM)
of each gene was calculated by RSEM version 1.3.1 with default
parameters (Li and Dewey, 2011).

Gene Set Enrichment Analysis (GSEA)
We performed pathway analysis with Gene Set Enrichment
Analysis (GSEA1; Vickers et al., 2008) using the following
parameters: the number of permutations was 1,000; the
phenotype labels were ‘‘IP vs. input;’’ the collapse/remap to gene
symbols was ‘‘collapse;’’ the permutation type was configured to
the ‘‘gene set’’ to avoid the potential problem of small sample
size; and the chip platformwas ‘‘Mouse Gene Symbol Remapping
to Human Orthologs MSigDB.v7.1.chip.’’ The KEGG subset of
canonical pathways (186 gene sets) was used as a reference
gene set. Nominal p-value <0.05 and false-discovery rate (FDR)
q-value <0.25 were used as the cut-off criteria (Reimand et al.,
2019).

RESULTS

Mouse pColQ1a Promoter Expresses Cre
at the NMJ of the TA Muscle
Transcriptions of the mouse ColQ gene start from exons 1 and
1a, which are driven by pColQ1 and pColQ1a promoters,
respectively (Figure 1A). A 3519-bp DNA fragment of mouse
pColQ1a was amplified by PCR and was added 5′ to the nuclear
localization signal (NLS) and Cre cDNA to generate a pColQ1a-
Cre plasmid (Figure 1B). As the skeletal muscle fibers are

1http://software.broadinstitute.org/gsea/index.jsp

comprised of multi-nucleated cells, NLS-mediated confinement
of Cre in the nuclei was essential.

To confirm that pColQ1a-Cre expresses Cre specifically in the
subsynaptic nuclei of TA muscle, we introduced pColQ1a-Cre in
the mouse hindlimb by electroporation (Figure 1C; Murakami
et al., 2003; Young and Dean, 2015). pCMV-Cre was used as a
control. The TA and soleus muscles were teased into single fibers
to visualize the NMJs. pCMV-Cre expressed Cre throughout TA
muscle, and only 12.5% of Cre-positive areas were overlapped
with AChR-positive areas. In contrast, pColQ1a-Cre expressed
Cre at the NMJ of TA muscle, and 86.4% of Cre-positive
areas were overlapped with AChR-positive areas (Figures 1D,E
and Supplementary Table S3). These results indicate that the
pColQ1a promoter drove the subsynaptic expression of Cre in
the TA muscle.

Next, we generated a transgenicmouse line carrying pColQ1a-
Cre. The expression of Cre was again examined in teased
muscle fibers of the TA and soleus muscles, which are
mostly comprised of fast-twitch and slow-twitch muscle fibers,
respectively (Figure 1F). In TA muscle, 63.6% of teased muscle
fibers expressed Cre at the NMJ. In contrast, in soleus muscle, the
ratio was only 14.9%. Notably, 52.5% of the soleus muscle fibers
did not express Cre either at the NMJ or at the extrajunctional
regions (Figure 1G and Supplementary Table S4). These results
indicate that the 3519-bp fragment of the mouse pColQ1a
promoter region restricted the expression of Cre at the NMJs of
fast-twitch muscle but not of slow-twitch muscle.

pColQ1a-Cre:Ribotag Mouse Expresses
HA-Tagged Ribosomal Protein RPL22 at
the NMJ of TA Muscle
We next mated our pColQ1a-Cre mouse with RiboTag mouse
(Sanz et al., 2009). The generated pColQ1a-Cre:Ribotag mouse
should express HA-tagged ribosomal protein RPL22 specifically
at the motor endplate of fast-twitch muscle. To verify that
the HA-tagged ribosomes were expressed specifically at the
NMJ in pColQ1a-Cre:RiboTag mice, we immunostained the
HA-tag in cross-sections of TA muscle (Figure 2A) and teased
TA muscle fibers (Figure 2B). Staining for the HA-tag was
mostly overlapped with α-bungarotoxin-stained AChR in cross-
sections of TA muscle (Figure 2A) and teased TA muscle fibers
(Figure 2B).

Enrichment of NMJ-Specific Genes and
Paucity of Genes in Other Cell Types in TA
Muscle of pColQ1a-Cre:Ribotag Mouse
To identify gene expression profiles at the motor endplate of
TA muscle, we immunoprecipitated mRNA under translation
using an anti-HA antibody, which was compared with input
RNA (Figure 2C). We obtained ∼30 ng of immunoprecipitated
(IP) RNA and ∼200 ng of input RNA by pooling TA muscles
of 11 pColQ1a-Cre:RiboTag mice. As a control, we confirmed
that only 0.67 ng RNA was immunoprecipitated by anti-HA
antibody by pooling TA muscles of eight wild type mice. We
confirmed that the RNA integrity numbers (RIN), representing
the quality of RNA, of the IP and input RNA were more than
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FIGURE 2 | pColQ1a-Cre:Ribotag mouse to disclose a gene expression profile at the motor endplate TA muscle. (A,B) Immunofluorescence staining of TA muscle
of wild-type and pColQ1a-Cre:RiboTag mice. Muscle sections (A) and teased muscle fibers (B) are stained with anti-HA antibody (green) and Alexa594-conjugated
α-bungarotoxin 594 (red). Nuclei are stained with DAPI. Scale bar = 15 µm. (C) Schematic of the RiboTag technique for gene expression profiling at the motor
endplate of TA muscle. (D,E) Agilent Technologies 2100 Bioanalyzer PicoChip outputs showing the quality of immunoprecipitated (IP) RNA (D) and input RNA (E).
(F) qRT-PCR of NMJ-specific Chrne, Musk, and Utrn genes, Schwann cell-specific Sox10 and S100b, vascular endothelial cell-specific Icam1, and muscle satellite
cell-specific Pax3. Gene expression level in IP RNA was normalized to that of Gapdh, and also to the ratio in input RNA. TA muscles of 10, 11, 12, and
16 pColQ1a-Cre:Ribotag mice were pooled into four independent samples, and were analyzed in quadruplicate (n = 4). Mean and SD is indicated. *p < 0.05,
**p < 0.01 and ***p < 0.001 by paired Student’s t-test.
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7.0 (Figures 2D,E). We first verified that expressions of Chrne,
MuSK, and Utrn that should be concentrated in the subsynaptic
nuclei were enriched in IP RNA (Figure 2F). In contrast, markers
for Schwann cells (Sox10 and S100b), vascular endothelial
cells (Icam1), and muscle satellite cells (Pax3) were markedly
attenuated in IP RNA (Figure 2F). Therefore, IP RNA of TA
muscles of pColQ1a-Cre:RiboTag mice were highly enriched
in motor endplate-specific genes with scarce contamination of
genes from adjacent cells at the NMJ.

Differential Gene Expression (DGE)
Analysis Reveals Genes That Are Up- or
Down-Regulated at the Motor Endplate of
TA Muscle
To extensively characterize a gene expression profile under
translation at the motor endplate of TA muscle, we performed
RNA-seq analysis of IP RNA and input RNA. A scatter plot
of transcripts per million (TPM) of 22,383 protein-coding
genes in IP RNA and input RNA showed that the coefficient
of determination (r2) was 0.6225 (Figure 3A). As have been
previously applied in other studies (Srivastava et al., 2017; Wang
et al., 2019), we arbitrarily filtered genes with TPM >0.5 and
fold change (IP/input or input/IP) >10. Differential gene
expression (DGE) analysis identified 1177 genes: 1153 genes
were upregulated and 24 genes were downregulated in the
subsynaptic nuclei of TA muscle. The top 20 upregulated genes
and the top 20 downregulated genes are graphically shown in
Figures 3B,C, respectively.

Gene Set Enrichment Analysis (GSEA)
Reveals Key Gene Sets That Are Enriched
at the Motor Endplate of TA Muscle
To further characterize gene sets that were specifically enriched
at the motor endplate of TA muscle, we performed GSEA
using 186 gene sets retrieved from the Kyoto Encyclopedia of
Genes and Genomes (KEGG) database. We found that two
gene sets of ‘‘phosphatidylinositol signaling system’’ and ‘‘ECM
receptor interaction’’ were enriched at the motor endplate
(nominal p < 0.05, FDR q < 0.25; Figures 4A–C and
Supplementary Table S5). We also made a set of genes
that are expressed at the motor endplate and are associated
with myasthenia gravis and postsynaptic congenital myasthenic
syndromes such as Chrne, Musk, and Dok7. GSEA analysis
showed that these genes were enriched at the motor endplate
of TA muscle but without statistical significance, which was
likely due to the limited number of genes (p = 0.070,
Supplementary Figure S1 and Supplementary Table S5). The
gene set ‘‘phosphatidylinositol signaling system’’ included genes
encoding diacylglycerol kinases (DGK∗), phosphatidylinositol
kinases (PIK∗), and phospholipases (PL∗). Similarly, the gene set
‘‘ECM receptor interaction’’ included genes encoding integrins
(ITG∗) and laminins (LAM∗). We made our own gene sets for
the five gene families and performed GSEA analysis, and found
that these genes were indeed enriched at the motor endplate of
TA muscle (Figures 4D–I and Supplementary Table S5).

FIGURE 3 | Differentially expressed genes between IP RNA and input RNA
of the TA muscle. (A) Scatter plot of gene expressions in transcripts per
million (TPM) between IP RNA and input RNA. The coefficient of
determination (r2) is indicated. Representative upregulated (B) and
downregulated (C) genes that were ranked top 20 each.

DISCUSSION

We first confirmed that pColQ1a drives the expression of
NLS-tagged Cre recombinase specifically at the motor endplate
of TA muscle (Figure 1), and made a transgenic pColQ1a-
Cre mouse line. We then mated RiboTag mouse with the
pColQ1a-Cre mouse to make pColQ1a-Cre:RiboTag mouse,
which expressed an HA-tagged RPL22 specifically at the motor
endplate of TA muscle (Figure 2) and enabled NMJ-specific
gene expression profiling. mRNA under translation at the
motor endplate was co-immunoprecipitated by an anti-HA
antibody (Figure 2C). We confirmed that motor endplate-
specific Chrne and Musk were enriched in IP RNA, whereas
Schwann cell-specific Sox10 and S100b, vascular endothelial
cell-specific Icam1, and muscle satellite cell-specific Pax3 were
much reduced in IP RNA (Figure 2F). We then analyzed IP RNA
by RNA-seq. We compared IP RNA with input RNA obtained
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FIGURE 4 | Gene sets enriched at the motor endplate of TA muscle by
Gene Set Enrichment Analysis (GSEA) analysis. (A–C) Two KEGG gene sets
were enriched at the motor endplate of TA muscle, which exceeded the
thresholds of nominal p-value < 0.05 and false-discovery rate (FDR)
q-value < 0.25. NES, normalized enrichment score of GSEA. (D–I)
Enrichment at the motor endplate of TA muscle of our gene sets inspired by
the two KEGG gene sets (A). Our own gene sets are not subsets of the two
KEGG gene sets but include additional relevant genes. See Supplementary
Table S5 for gene names and TPM values included in each gene set.

from whole TA muscle to characterize motor endplate-specific
gene expression profile of TA muscle (Figures 3, 4).

The mechanisms of NMJ-specific transcriptions of ColQ has
been previously reported. Laser capture microdissection of the

mouse NMJ revealed NMJ-specific expression of ColQ in the
extraocular muscles (Ketterer et al., 2010) and the TA muscle
(Nazarian et al., 2005; Ketterer et al., 2010). The NMJ-specific
expression of ColQ is mediated by transcriptional upregulation
at the NMJ and transcriptional downregulation in the extra-
junctional regions. The E-box (CANNTG) in pColQ1a binds
to the myogenic differentiation factors (MDFs) of the MyoD
family and drives muscle-specific gene expression (Lee et al.,
2004). Contrarily, muscle action potentials suppress the E-box
at the extra-junctional regions to drive NMJ-specific expression
of an E-box-bearing gene (Ting et al., 2005). Transcription of
most muscle-specific genes, however, are not suppressed by
electrical activity, and other unidentified cis-elements are likely
to be operational to achieve electrical transcriptional suppression
(Ohno et al., 1999). Transcriptional upregulation of pColQ1a at
the NMJ is mediated by the N-box (CCGGAA; Lee et al., 2004).
The N-box (CGGAA) is also the neuregulin-response element in
mouse Chrnd encoding the δ subunit of acetylcholine receptor
(AChR; Fromm and Burden, 1998) and in ratChrne encoding the
AChR ε subunit (Sapru et al., 1998). Similar involvement of the
neuregulin-responsive N-box in the NMJ-specific transcription
of ColQ in mouse have also been reported (Lee et al., 2004; Ting
et al., 2005). Also, specific activation of pColQ1 and pColQ1a
in slow- and fast-twitch muscles, respectively, is mediated by a
slow upstream regulatory element (SURE) in pColQ1 and a fast
intronic regulatory element (FIRE) in pColQ1a (Lee et al., 2004;
Ting et al., 2005).

Cell-type-specific expression analysis has gained popularity in
the past decades and is of particular importance to understand
the biology of certain cell types or structures. The NMJ
is one such complicated example consisting of presynaptic,
synaptic, and postsynaptic components within a complex tissue
environment (Slater, 2017; Huang et al., 2019). As stated above,
NMJ-specific gene expression profiles have been analyzed by
laser capture microdissection of extraocular muscles (Ketterer
et al., 2010) and TA muscle (Nazarian et al., 2005; Ketterer
et al., 2010), which, however, were inevitably contaminated with
vascular endothelial cells, lymphocytes, and terminal Schwann
cells. pColQ1a-Cre:RiboTag mouse enabled extensive profiling
of gene expressions under translation at the motor endplate of
TA muscle with minimal contamination of adjacent cells. Gene
expression profiling with RiboTag mouse inherently relies on
the tissue- or cell-type-specific expression of HA-tagged RPL22
(Sanz et al., 2009). Although pColQ1a was likely to be specifically
active at the motor endplate of TA muscle, the transgenic
pColQ1a-Cre mouse carried a 3519-bp fragment of the ColQ1a
promoter, which should have allowed a small amount of leaky
expression of Cre recombinase at extra-junctional regions. A
combination of laser capture microdissection and RiboTag may
elucidate more precise gene expression profiles of the NMJ.

GSEA analysis revealed that two gene sets of
‘‘phosphatidylinositol signaling system’’ and ‘‘ECM receptor
interaction’’ in the KEGG database were enriched at the
subsynaptic nuclei of TA muscle (Figures 4A–C). Inspection
of the two upregulated gene sets prompted us to make
our own gene sets that covered more relevant genes than
the KEGG database. Being prompted by the gene set of
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‘‘phosphatidylinositol signaling system,’’ we found that genes
encoding diacylglycerol kinases, phosphatidylinositol kinases,
and phospholipases were enriched at the motor endplate of
TA muscle (Figures 4D–G). Diacylglycerol kinases (DGK) are
enzymes that phosphorylate diacylglycerol to yield phosphatidic
acid. In the adult mouse, DGK-ζ encoded by DGKZ binds
to syntrophin on the sarcolemma and is concentrated at the
NMJ in a dystrophin-independent manner (Abramovici et al.,
2003). DGK-ζ is likely to control lipid-signaling pathways
to regulate actin organization (Abramovici et al., 2003). In
C. elegans, presynaptic diacylglycerol facilitates the release of
acetylcholine at NMJ, and DGK possibly regulates the abundance
of presynaptic diacylglycerol (Lackner et al., 1999). We showed
that DGK-η (DGKH) and DGK-θ (DGKQ) were 140-fold and
27-fold enriched at the motor endplate, respectively, and were
more enriched than DGK-ζ (DGKZ; Supplementary Table S5).
These and other DGKs may have undisclosed roles at the
motor endplate. Phospholipases are enzymes that hydrolyze
phospholipids into inositol phosphates and diacylglycerol, which
are implicated as second messengers for the subsequent cellular
events (Kadamur and Ross, 2013). Phospholipase C (PLC), one of
the major classes of phospholipases, evokes endplate responses
to acetylcholine in rodent skeletal muscle (Harborne et al.,
1987). Two other classes of phospholipases are likely to have
presynaptic roles. Phospholipase D blocks acetylcholine release
by reducing the number of active presynaptic-releasing sites
(Humeau et al., 2001). Phospholipase A2 regulates acetylcholine
release with an inhibitory or excitatory effect in several distinct
phases by controlling the Ca2+ or K+ channels (Fathi et al., 2001).
We showed that phospholipases D and A2 are also enriched
at the motor endplate (Supplementary Table S5), and these
phospholipases may exert their effects by signaling through the
motor endplate to the nerve terminal or by exerting undisclosed
roles at the motor endplate. Similarly, by being prompted by the
gene set of ‘‘ECM receptor interaction,’’ we found that genes
encoding integrins and laminins were enriched at the motor
endplate of TA muscle (Figures 4D,H,I). Integrins are cell
surface receptors that facilitate adhesion of ECM molecules.
The roles of integrins at the NMJ have been analyzed for
integrins α3 and α7β1. Integrin α3 regulates multiple aspects
of the development, function, and maintenance of the NMJ
(Ross et al., 2017). Integrin α3 is required for fully efficient
neurotransmission at the NMJ and also for the connection
of motor neurons to the muscle fibers (Ross et al., 2017).
Integrin α7β1 is concentrated at the postsynaptic NMJ in
human and mouse, and their abundance is slightly increased in
mdx mice in response to dystrophin deficiency (Hodges et al.,
1997). We showed that yet uncharacterized integrins α2b and
α10 were 163-fold and 68-fold enriched at the motor endplate
(Supplementary Table S5). These and other integrins may have
essential effects on the NMJ. Some laminins are also enriched
at the NMJ (Rogers and Nishimune, 2017). Laminins α5 and
β2 are enriched at the synaptic basal lamina, and laminin α4 is
surrounding the nerve terminal, whereas laminins α2, β1, and
γ1 are ubiquitously expressed on muscle fibers (Nishimune et al.,
2008; Singhal and Martin, 2011). We found that laminins α3 and
γ3 were 25-fold and 6-fold enriched at the motor endplate,

respectively (Supplementary Table S5), and these laminins may
have yet undisclosed roles at the NMJ.

To summarize, we have determined a gene expression profile
at the motor endplate of TA muscle, which was expected to
be minimally contaminated with adjacent cells at the NMJ. We
expect that our gene expression profiling will contribute to the
understanding of the molecular mechanisms of development,
maintenance, and pathology of the NMJ.
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TABLE S1 | Primer sequences for plasmid construction and genotyping.
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TABLE S3 | The Numbers of Cre-positive and Cre-negative NMJs in teased TA
muscle fibers electroporated with pCMV-Cre or pColQ1a-Cre.

TABLE S4 | Distribution of Cre-positive signals in teased muscle fibers of the TA
and soleus muscles of the pColQ1a-Cre mouse.
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A feature of thymomas is their frequent association with myasthenia gravis (MG), an
autoimmune disease characterized by the production of autoantibodies directed to
different targets at the neuromuscular junction. Indeed, almost 30–40% of thymomas are
found in patients with a type of MG termed thymoma-associated MG (TAMG). Recent
studies suggest that TAMG-associated thymomas could represent a molecularly distinct
subtype of thymic epithelial tumors (TETs), but few data are still available concerning the
epigenetic modifications occurring in TAMG tissues. The promoter methylation levels of
DNA repair (MLH1 and MGMT ) and tumor suppressor genes (CDKN2A and RASSF1A)
have been frequently investigated in TETs, but methylation data in TAMG tissues are
scarce and controversial. To further address this issue, we investigated MLH1, MGMT,
CDKN2A, and RASSF1A methylation levels in blood samples and surgically resected
thymomas from 69 patients with TAMG and in the adjacent normal thymus available
from 44 of them. Promoter methylation levels of MLH1, MGMT, CDKN2A, and RASSF1A
genes were not increased in cancer with respect to healthy tissues and did not correlate
with the histological or pathological features of the tumor or with the MG symptoms.
The present study suggests that hypermethylation of these genes is not frequent in
TAMG tissues.

Keywords: epigenetics, DNA methylation, CDKN2A, RASSF1A, MLH1, MGMT, thymoma, myasthenia gravis

INTRODUCTION

Myasthenia gravis (MG) is an autoimmune disease characterized by the production of
autoantibodies directed to different targets at the neuromuscular junction, in most of
the cases against the nicotinic acetylcholine receptor (AChR+ MG patients; Marx et al.,
2015). Thymomas are tumors that originate from epithelial cells of the thymus and are
often accompanied by non-neoplastic lymphocytic proliferation. These tumors are classified
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into five subtypes (A, AB, B1, B2, and B3) according to the tumor
cell morphology and to the proportion of associated immature
T cells (Marx et al., 2014). The Masaoka–Koga staging system
groups thymomas into four stages, namely stage I that includes
encapsulated tumors, stages II and III for tumors showing
direct local invasion, and stage IV for those with a metastatic
spread (Ried et al., 2016). One of the unique features of
thymomas is their frequent association with AChR+ MG,
so that about 30–40% of thymomas are found in patients
with a type of MG termed thymoma-associated MG (TAMG;
Marx et al., 2015).

Epigenetic modifications, and particularly the gene silencing
resulting from hypermethylation of tumor suppressor and DNA
repair genes, play a pivotal role in tumor development and
progression (Costa-Pinheiro et al., 2015). A recent whole-
genome methylation study has suggested that TAMG-associated
thymomas are epigenetically distinct from thymomas that
develop in people without MG (Bi et al., 2019). However, the
study compared very few samples (Bi et al., 2019), so that larger
studies are required to epigenetically characterize those tumors
and their different histological subtypes, as well as to understand
the links between the epigenetic modifications observed in
TAMG tissues and the severity of the MG symptoms.

The methylation levels of the DNA repair and tumor
suppressor genes MLH1, MGMT, CDKN2A, and RASSF1A
have frequently been investigated in thymic epithelial tumors
(TETs), including thymomas (Hirabayashi et al., 1997; Suzuki
et al., 2005; Chen et al., 2009; Hirose et al., 2009; Mokhtar
et al., 2014; Kajiura et al., 2017). Collectively, those studies
have shown that hypermethylation of those genes is more
frequent in thymic carcinomas than in thymomas, but most
of those studies did not clarify if thymoma samples were
from patients with TAMG or from patients without MG,
while others included very few TAMG-associated thymomas,
making it not possible to correlate the observed methylation
levels with tumor stage, histology, or MG symptoms; in
addition, no data were often available from adjacent normal
thymic tissues in order to compare the methylation levels
between pathological and healthy samples. Furthermore, most
of the available studies have been performed in Chinese or
Japanese populations and studies in Caucasians are limited
(Hirabayashi et al., 1997; Suzuki et al., 2005; Chen et al.,
2009; Hirose et al., 2009; Mokhtar et al., 2014; Kajiura et al.,
2017). A recent study was performed on 117 TETs using
multiplatform omics analyses and including 97 white, six black,
and 12 Asian samples and 32 thymomas from patients with
TAMG (Radovich et al., 2018). The study revealed an increased
prevalence of aneuploidy among MG+ thymomas, but the
MG status was not associated with any methylation signature
(Radovich et al., 2018).

The present study was performed to investigate if MLH1,
MGMT, CDKN2A, and RASSF1A genes are hypermethylated in
TAMG-associated thymomas with respect to the normal residual
thymuses or circulating lymphocytes of the same patients, and
if the methylation patterns of TAMG-associated thymomas
exhibit differences in relation to age, gender, and TAMG
clinical features.

METHODS

Study Population
The study was performed on available DNA samples from
a previously described dataset composed by 69 patients
with AChR+ TAMG of Caucasian origin, collected at the
Myasthenia Clinic of the Pisa University Hospital (Lopomo
et al., 2016). DNA samples were collected from both blood
and surgically resected tumor tissues of the 69 patients and
from the adjacent normal tissue, available from 44 of them.
Trained neurologists evaluated each patient, and the diagnosis
of MG was made based on the clinical symptoms together
with positivity to AChR antibodies. All the patients had
computed tomography (CT) scans of the chest followed by
thymectomy. The medical personnel of the Division of Thoracic
Surgery of the Pisa University Hospital assessed thymoma
staging and histology. MG symptoms of thymectomy were
assessed according to the MG Foundation of America (MGFA)
classification (Jaretzki et al., 2000). Ninety-seven percent of
the patients were taking steroids at the time of surgical
specimen collection. In addition, 10% of them were following
immunosuppressant and/or immunomodulatory therapy, 6%
followed a cisplatin-based chemotherapy prior to surgery, and
4% underwent radiotherapy. None of the patients included
in the study was treated with demethylating agents such as
DNA methyltransferase inhibitors (DNMTi). Each patient gave
an informed written consent for inclusion in the study that
was conducted in accordance with the Declaration of Helsinki
and approved by the Ethics Committee of the Pisa University
Hospital (Protocol number 21302/2015). Demographic and
clinical characteristics of the study population are shown
(Table 1).

Assessment of MLH1, MGMT, CDKN2A ,
and RASSF1A Promoter Methylation
An aliquot of 1 ml of peripheral blood in EDTA tubes, obtained
by venipuncture, and about 40 mg of tumor tissue and of
the adjacent normal tissue, which were clearly distinguishable,
obtained during thymectomy, were collected and stored at
−20◦C until DNA extraction. The adjacent normal tissue
was separated from the thymoma by macrodissection and
histologically controlled for absence of tumor contamination.
Genomic DNA was extracted using the QIAmp DNA Mini
Kit (Qiagen, Milan, Italy, Catalog N◦ 51304) following the
manufacturer’s protocol, from 200 µl of whole blood and
from about 20 mg of tissue. A Nano Drop ND 2000c
spectrophotometer (NanoDrop Thermo Fisher Scientific) was
used to quantify the extracted DNA. Two hundred nanograms
of DNA from each sample was treated with sodium bisulfite
in order to convert all unmethylated cytosines into uracil using
the EpiTect Bisulfite Kit (Qiagen, Catalog N◦ 59104). A sample
of completely unmethylated genomic DNA (amplified human
genomic DNA, completely unmethylated, Qiagen, Catalog N◦

59568) was used as control assay to check the bisulfite conversion
efficiency that resulted to be of 99% in average. Promoter
methylation was evaluated with methylation sensitive-high
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TABLE 1 | Demographic and clinicopathological characteristics of the studied population (adapted from Lopomo et al., 2016).

TAMG patients Age ± SD
(years)

Gender
N (%)

MG onset
N (%)

Thymoma
histology
N (%)

Masaoka-
Koga stage
N (%)

MGFA
classification
N (%)

Therapy*
N (%)

N = 69 55.5 ± 13.2 F: 37 (54)
M: 32 (46)

<50 years: 26 (38)
≥50 years: 43 (62)

A: 13 (18.8)
AB: 13 (18.8)
B1: 5 (7.2)
B2: 23 (33.4)
B3: 8 (11.6)
B2–B3: 5 (7.2)
NS: 2 (3.0)

I: 7 (10)
IIa: 15 (22)
IIb: 29 (42)
III: 7 (10)
IVa: 9 (13)
NS: 2 (3)

No symptoms 10
(14)
Class I: 18 (26)
Class IIa: 4 (6)
Class IIb: 12 (17.5)
Class IIIb: 17 (24.5)
Class IVa: 0 (0)
Class IVb: 4 (6)
Class V. 0 (0)
NS: 4 (6)

Steroids: 67 (97)
Immune: 7 (10)
Chemo: 4 (6)
Radio: 3 (4)

TAMG, thymoma-associated myasthenia gravis; MG, myasthenia gravis; F, females; M, males; N, number; NS, not specified; MGFA, MG Foundation of America, classification
at thymectomy; Immuno, immunomodulatory/immunosuppressant drugs (azathioprine, methotrexate, intravenous immunoglobulins, cyclosporine); Chemo, cisplatin-based
chemotherapy; Radio, radiotherapy. *Almost all the patients (97%) were taking steroids prior to and/or at the time of surgical specimen collection.

resolution melting (MS-HRM) analysis, using primers and
protocols previously developed and validated in our laboratory
and largely applied by our group for the analysis of gene-specific
methylation in human cancers (Migheli et al., 2013; Coppedè
et al., 2014). Primer sequences and annealing temperatures
(Ta) used during MS-HRM analysis, number of investigated
CpG sites, and length of the analyzed amplicons are reported
in Table 2. All the methodological details of the MS-HRM
analyses can be found elsewhere (Coppedè et al., 2014), and we
previously validated the MS-HRM protocols used in this study
with pyrosequencing, which is considered the gold standard
technique for DNA methylation investigations (Failli et al.,
2013; Migheli et al., 2013). Briefly, the MS-HRM analyses were
performed using a CFX96 Real-Time PCR detection system (Bio-
Rad, Milan) with the following protocol: 1 cycle of 95◦C for
12 min, 50 cycles of 95◦C for 30 s, gene-specific annealing
temperature (Table 2) for 45 s and 72◦C for 30 s, followed
by an HRM step of 95◦C for 10 s and 50◦C for 1 min,
65◦C for 15 s, and continuous acquisition to 95◦C at one
acquisition per 0.2◦C. PCR was performed in a final volume
of 10 µl, containing 5 µl of master mix (Qiagen, Catalog
N◦ 59445), 10 pmol of each primer, and 10 ng of bisulfite-
modified DNA template. Each reaction was performed in
duplicate, and we analyzed 10% of the samples independently on
separate occasions to verify the interassay variability. We mixed
fully methylated and unmethylated DNA samples (EpiTect
methylated and unmethylated human control DNA, bisulfite
converted, Qiagen, Milan, Italy, Catalog N◦ 59695) to generate
standard curves (Figure 1), and the methylation level of each

sample was quantified using an interpolation method developed
and described in our laboratory (Migheli et al., 2013). Three
positive and three negative controls were included in the
analyses. Positive controls are DNA samples from patients
with colorectal cancer that showed hypermethylation (promoter
methylation levels ranging from 70–100%) of the investigated
genes in the cancer but not in the adjacent healthy mucosa.
Negative controls are DNA samples from patients with colorectal
cancer that showed hypomethylation (promoter methylation
levels ranging from 1–5%) of the investigated genes in both
cancer and adjacent healthy mucosa (Supplementary Figure 1).
Both positive and negative controls were selected among DNA
samples whose methylation levels have previously been assessed
and validated in our laboratory (Coppedè et al., 2014).

Statistical Analyses
Differences in mean methylation levels among tissues
(thymomas, normal thymuses, and blood) were evaluated
with analysis of variance (ANOVA). ANOVA was also
used to evaluate the effect of clinical, demographic, and
pathological features, such as thymoma histology, tumor
staging, gender, MG onset, and symptoms, on the mean
methylation levels of the studied genes. Linear regression
analysis was performed to search for correlation between age
and methylation levels. Analyses were performed with the
MedCalc statistical software v. 12.5. We used the post hoc
Bonferroni’s correction tool in MedCalc to correct the p values
for the multiple comparisons among groups. The statistical
power of the study was evaluated with the clinical tool and

TABLE 2 | Primer sequences and annealing temperatures (Ta) used during MS-HRM analysis, amplicon length, and number of CpG sites for each gene.

Gene Primer sequences Ta Amplicon length (bp) CpG sites

MGMT F 5′-GCGTTTCGGATATGTTGGGATAAGT-3′

R 5′-AACGACCCAAACACTCACCAAA-3′
58◦ 110 12

MLH1 F 5′-AGTTTTAAAAACTGAATTAATAGGAAGAG-3′

R 5′-ACTACCCGCTACCTAAAAAAATATAC-3′
56◦ 81 5

CDKN2A F 5′-CGGAGGAAGAAAGAGGAGGGGT-3′

R 5′-CGCTACCTACTCTCCCCCTCT-3′
62◦ 93 7

RASSF1A F 5′-TCGGGTTTTATAGTTTTTGTATTTAGGTTTT-3′

R 5′-CCTCCCCCAAAATCCAAACTAA-3′
60◦ 87 7
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FIGURE 1 | Melting curves of the CDKN2A gene generated by samples with known methylation levels (0, 12.5, 25, 50, 75, and 100% methylation, respectively),
obtained by mixing the fully methylated and unmethylated standard DNA samples. A thymoma sample showing almost 0% promoter methylation is shown and
indicated with an arrow; its melting curve is very similar and partially juxtaposed to that of the completely unmethylated standard DNA (red curve).

calculators for medical professionals: ClinCalc1. The sample
size was chosen to have an a priori power of >80% to detect
mean methylation differences of 5% or higher among groups.
A post hoc analysis based on the distribution of methylation
data observed in our samples revealed that five samples per
group were enough to have 90% power to detect mean DNA
methylation differences of 5% or higher among groups, and that
including 40 samples per group allowed to have more than 80%
power to detect mean DNA methylation differences of 2% or
higher among groups.

RESULTS

Figure 2 shows the mean methylation levels of the studied
regions in blood, tumor tissue, and adjacent healthy thymic
tissue of the whole study cohort. MS-HRM analyses showed
that MLH1 methylation levels were very low in peripheral blood
(0.64 ± 0.13%), adjacent tumor tissue (0.40 ± 0.19%), and in
thymomas (0.19 ± 0.14%), and no overall difference among the
three tissues was observed (p = 0.08; Figure 2A). Particularly, no
differences inMLH1meanmethylation levels between peripheral
blood and adjacent healthy tissue (p = 0.68), between peripheral
blood and thymomas (p = 0.07) and between adjacent tumor
tissue and thymomas (p = 0.86) were detected. Figure 2B shows
the mean methylation levels of MGMT in peripheral blood
(0.30 ± 0.04%), adjacent healthy tissue (0.32 ± 0.05%), and
tumor tissue (0.16 ± 0.05%). Overall, there was no difference
among the three tissues (p = 0.07), and no differences in
MGMT mean methylation levels between peripheral blood and
adjacent tumor tissue (p = 1.00), between peripheral blood
and thymomas (p = 0.15), and between adjacent tumor tissue
and thymomas (p = 0.07) were detected. Figure 2C shows
the mean methylation levels of CDKN2A in peripheral blood

1http://clincalc.com/Stats/Power.aspx

(0.57 ± 0.10%), in healthy adjacent tissue (0.42 ± 0.11), and
in thymoma tissue (0.47 ± 0.10%). There was no overall
difference among the three tissues (p = 0.64). No differences
in CDKN2A mean methylation levels between peripheral blood
and adjacent tumor tissue (p = 1.00), between peripheral blood
and thymomas (p = 1.00), and between adjacent tumor tissue
and thymomas (p = 1.00) were detected. Figure 2D shows
the mean methylation levels of RASSF1A in peripheral blood
(0.84 ± 0.30%), in healthy adjacent tissue (1.32 ± 0.30), and
in thymoma tissue (1.41 ± 0.30%). Overall, no significant
difference was observed among the three investigated tissues
(p = 0.36). No differences in RASSF1A mean methylation
levels between peripheral blood and adjacent tumor tissue
(p = 0.80), between peripheral blood and thymomas (p = 0.56),
and between adjacent tumor tissue and thymomas (p = 1.00)
were detected. In addition, the comparison of the methylation
levels observed in the thymoma and in the normal thymus,
for each of the 44 patients with available healthy thymus, is
shown (Supplementary Figures 2–5). All the investigated genes
were largely demethylated in thymomas, and no correlation
with the demographic (age and gender) or clinical data
(tumor histology and grade) was observed (Supplementary
Table 1).

DISCUSSION

In the present study, we investigated the promoter methylation
levels of MLH1, MGMT, CDKN2A, and RASSF1A in blood and
tumor tissue DNA from 69 patients with TAMG, as well as
in the healthy thymic epithelial tissue adjacent to the tumor
available from 44 of them. The promoters of MLH1, MGMT,
CDKN2A, and RASSF1A genes resulted completely demethylated
in the studied samples, and no difference in average promoter
methylation levels was observed in the comparison of cancerous
and healthy thymic tissue. Similarly, no correlation with
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FIGURE 2 | Methylation levels of the studied genes in blood (red), healthy thymic tissue (blue), and tumor tissue (green). (A) MLH1. (B) MGMT. (C) CDKN2A.
(D) RASSF1A. All the investigated genes resulted largely hypomethylated in the studied tissues, and no significant difference among them was observed. Data are
shown as means ± SEM (mean standard error), and for each gene, we compared 69 blood samples, 69 thymomas, and 44 healthy thymuses. The p value reflects
the Bonferroni’s corrected p value of the comparison of mean methylation levels among the three groups.

demographic data of the patients or clinical characteristics of the
tumors was found.

We decided to investigate these four genes because their
methylation levels have frequently been investigated in TETs,
but their methylation levels in TAMG-associated thymomas
are still scarce. Collectively, previous studies in TETs have
shown that these genes are frequently hypermethylated in thymic
carcinomas, but studies investigating their methylation levels in
thymomas have provided conflicting and inconclusive results.
Moreover, those studies included very few TAMG-associated
thymomas (Hirabayashi et al., 1997; Suzuki et al., 2005; Chen
et al., 2009; Mokhtar et al., 2014; Kajiura et al., 2017).

Also genome-wide methylation data in TAMG are conflicting.
Indeed, the comparison of two TAMG-associated thymomas
and four thymomas from people without MG revealed that the
DNA methylation profiling of MG-associated thymomas was
significantly distinguished from that of non-MG thymomas (Bi
et al., 2019). However, a larger study on 117 TET samples,
that included 32 thymomas from patients with TAMG, showed
that the MG status was not associated with any methylation
signature (Radovich et al., 2018). These genome-wide studies,
however, do not show details on themethylation levels of the four
genes investigated in the present study, namely MGMT, MLH1,
CDKN2A, and RASSF1A.
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For all these reasons, we designed the present study to
deeply investigate MGMT, MLH1, CDKN2A, and RASSF1A
methylation levels in a cohort of Caucasian TAMG samples
large enough to evaluate the contribution of tumor stage
and histology, as well as those of the MG clinical subtypes,
to the observed findings. Our investigation revealed that all
of MLH1, MGMT, CDKN2A, and RASSF1A gene promoters
were completely demethylated in TAMG samples, with average
methylation levels of about 1–2%. At best of our knowledge,
no previous study compared MLH1, MGMT, CDKN2A, and
RASSF1A gene methylation levels among thymoma samples,
healthy thymic samples, and circulating blood DNA from the
same patients, and the present study revealed that MLH1,
MGMT, CDKN2A, and RASSF1A genes showed similar and very
low methylation patterns in the three investigated tissues, and
no difference was observed between pathological and healthy
thymus. Similarly, no correlation was found between gene
methylation levels and the histological or clinical characteristics
of the tumors. Unfortunately, we could not collect RNA samples
from our patients in order to perform gene expression analysis.
However, we used quantitative MS-HRM protocols previously
validated with pyrosequencing (Migheli et al., 2013; Coppedè
et al., 2014) and/or with DNA methylation arrays (Coppedè
et al., 2017). These protocols were able to quantify from
very low methylation levels of about 0–1% up to 80–100%
promoter methylation (Coppedè et al., 2014, 2017), and we
previously demonstrated that very low methylation levels of
these genes (1–2% in average) are found in healthy tissues,
including blood DNA from healthy people or the healthy
colonic mucosa (Coppedè et al., 2014, 2017). By contrast,
methylation levels of 80% or higher were frequently observed
in colorectal cancer specimens, resulting in loss of protein
expression (Coppedè et al., 2014). Collectively, the present
study suggests that the promoter methylation levels of MLH1,
MGMT, CDKN2A, and RASSF1A genes are very low in TAMG
samples and are comparable with those observed in healthy
tissues. A previous study performed by us in the same cohort
revealed no difference in the methylation levels of DNA
methyltransferase genes (DNMT1, DNMT3A, and DNMT3B)
between thymomas and healthy thymus (Lopomo et al., 2016).
A more recent investigation in the same cohort revealed
that the GHSR gene was modestly hypermethylated only in
less than 30% of the samples (Coppedè et al., 2020), while
it resulted strongly hypermethylated in thymic carcinomas
(Kishibuchi et al., 2020).

One of the limits of the present study is the unavailability
of thymoma samples from individuals without MG to make
comparisons, so that we cannot understand whether the
almost-complete absence of methylation of the investigated
genes is a unique feature of TAMG-associated thymomas
or not. Larger studies are therefore needed, investigating
all in one point mutations, chromosome rearrangements, and
epigenetic signatures of the different TET subtypes. Another
limitation of the study is that all but two patients were
taking corticosteroids at the time of sample collection or
before. The methylation levels observed in these two patients
are not dissimilar from those observed in individuals taking

corticosteroids (Supplementary Figures 2–5), and all the
investigated genes were demethylated in their tissues. Further
studies are however required to clarify if corticosteroid treatment
could impair themethylation levels of the studied genes. Previous
studies in Asian samples have shown that MLH1, MGMT,
CDKN2A, and RASSF1A genes are hypomethylated in thymomas
as compared with thymic carcinomas or neuroendocrine tumors
(Hirabayashi et al., 1997; Suzuki et al., 2005; Chen et al.,
2009; Mokhtar et al., 2014; Kajiura et al., 2017). We have
not included thymic carcinomas or neuroendocrine tumors
in the present investigation to make comparisons, but all
the four genes were scarcely methylated in the thymoma
samples from Caucasian patients with TAMG included in the
present study.

In summary, the present study reveals that the promoter
methylation levels of MLH1, MGMT, CDKN2A, and RASSF1A
genes are not increased in thymomas with respect to the healthy
tissues of patients with MG and do not correlate with histological
or pathological features.
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Desmin, the major intermediate filament (IF) protein in muscle cells, interlinks neighboring
myofibrils and connects the whole myofibrillar apparatus to myonuclei, mitochondria,
and the sarcolemma. However, desmin is also known to be enriched at postsynaptic
membranes of neuromuscular junctions (NMJs). The pivotal role of the desmin IF
cytoskeletal network is underscored by the fact that over 120 mutations of the
human DES gene cause hereditary and sporadic myopathies and cardiomyopathies.
A subgroup of human desminopathies comprises autosomal recessive cases resulting
in the complete abolition of desmin protein. In these patients, who display a more
severe phenotype than the autosomal dominant cases, it has been reported that some
individuals also suffer from a myasthenic syndrome in addition to the classical occurrence
of myopathy and cardiomyopathy. Since further studies on the NMJ pathology are
hampered by the lack of available human striated muscle biopsy specimens, we
exploited homozygous desmin knock-out mice which closely mirror the striated muscle
pathology of human patients lacking desmin protein. Here, we report on the impact
of the lack of desmin on the structure and function of NMJs and the transcription of
genes coding for postsynaptic proteins. Desmin knock-out mice display a fragmentation
of NMJs in soleus, but not in the extensor digitorum longus muscle. Moreover,
soleus muscle fibers show larger NMJs. Further, transcription levels of acetylcholine
receptor (AChR) genes are increased in muscles from desmin knock-out mice, especially
of the AChRγ subunit, which is known as a marker of muscle fiber regeneration.
Electrophysiological recordings depicted a pathological decrement of nerve-dependent
endplate potentials and an increased rise time of the nerve-independent miniature
endplate potentials. The latter appears related to the fragmentation of NMJs in desmin
knockout mice. Our study highlights the essential role of desmin for the structural and
functional integrity of mammalian NMJs.

Keywords: desminopathy, skeletal muscle, neuromuscular junction, desmin, nicotinic acetylcholine receptor,
postsynaptic gene, myasthenic syndrome
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INTRODUCTION

Mutations of the human desmin gene on chromosome
2q35 cause a wide variety of hereditary and sporadic myopathies
and cardiomyopathies (Clemen et al., 2013). Desminopathies
exist in autosomal-dominant and -recessive subforms. While the
latter usually display a childhood-onset and amore severe cardiac
and skeletal muscle phenotype, the autosomal-dominant forms
are typically characterized by an adult-onset between the third
and the fourth decade of life (Clemen et al., 2013). Desmin, the
major intermediate filament (IF) protein of muscle cells, serves to
maintain myofibrillar cytoarchitecture and distributes externally
applied mechanical stress intracellularly (Paulin and Li, 2004).
Desmin and associated IFs form a 3-dimensional scaffold
around Z-disks whilst linking myofibrils and mechanically and
functionally connecting them to nuclei, mitochondria, and
sarcolemma (Schröder and Schoser, 2009). Over the last two
decades, more than 120 disease-causing desmin mutations have
been described; with the human R350P desmin mutation being
the most frequently reported gene defect in desminopathies
(Clemen et al., 20151).

The recessive desminopathies can further be divided into
subgroups. In one group mutant desmin protein is expressed,
whereas. in the other, desmin protein expression is completely
abolished (Carmignac et al., 2009; Henderson et al., 2013).
Desmin knock-out mice (Milner et al., 1996; Li et al., 1997),
which were published long before the first report on a human
patient lacking desmin are disease models for the second group
(Li et al., 1996). Notably, one study already demonstrated
that ablation of desmin protein expression in mice leads
to a disorganization of the Neuromuscular junctions (NMJs;
Agbulut et al., 2001).

Recently, two cousins with severe, infantile-onset and
generalized muscle weakness and fatigability were reported
in whom a homozygous DES truncating mutation leads to
the complete lack of desmin protein (Durmus et al., 2016).
In addition to myopathy and cardiomyopathy, these patients
developed a myasthenic syndrome, which was partially improved
in response to salbutamol treatment. Electrophysiological
analyses of the above-mentioned cousins revealed a decremental
response over 10% on repetitive nerve stimulation, indicated
a clinically relevant neuromuscular NMJ transmission defect
(Durmus et al., 2016).

Since appropriate human skeletal muscle biopsies from
intercostal muscles are not available from desmin knock-out
patients, we studied the structural and functional NMJ pathology
in desmin knock-out mice.

MATERIALS AND METHODS

Mice Strains
Homozygous desmin knock-out mice (B6J.129Sv-
Destm1Cba/Cscl2; breeding pairs were received by courtesy
from Denise Paulin, Université Pierre et Marie Curie,

1http://www.interfil.org/
2http://www.informatics.jax.org/allele/MGI:2159584

Paris, France; Li et al., 1996) and wild-type littermates aged
3 to 4, as well as 7 to 8 months of age, were used. Mouse
experiments were performed following animal welfare laws and
approved by the responsible local committee [animal protection
officer, Sachgebiet Tierschutzangelegenheiten, FAU Erlangen-
Nürnberg, AZ: I/39/EE006, TS-07/11). Mice were housed in
cages that were maintained in a roomwith temperature 22± 1◦C
and relative humidity 50–60% on a 12 h light/dark cycle. Water
and food were provided ad libitum.

Newton Meter
Muscle force was measured with all four limbs by Grip Strength
Test Meter (Bioseb, Chaville, France).

Electrophysiology
Nerve-Muscle Preparations and Extracellular
Recording
Electrophysiological recordings were essentially done as
previously described (Kravic et al., 2016, 2018). Isolated
diaphragm-phrenic nerve preparations were maintained in
Liley’s solution gassed with 95% O2 and 5% CO2 at room
temperature (Liley, 1956). The recording chamber had a volume
of ca. 1 ml and was perfused at a rate of 1 ml/min. The nerve was
drawn up into a suction electrode for stimulation with pulses
of 0.1 ms duration. The preparation was placed on the stage of
a Zeiss Axio Examiner Z1 microscope fitted with incident light
fluorescence illumination with filters for red (Zeiss filter set 20)
fluorescing fluorophore (Carl Zeiss MicroImaging, Göttingen).
At the beginning of the experiment, the compound muscle
action potential (cMAP) was recorded using a micropipette with
a tip diameter of ca. 10 µm, filled with a bathing solution. The
electrode was positioned so that the latency of the major negative
peak was minimized. The electrode was then positioned 100 µm
above the surface of the muscle and cMAP was recorded.

Intracellular Recording and Data Analysis
To block muscle action potentials, so that endplate potentials
(EPPs) and endplate currents (EPCs) could be recorded (Plomp
et al., 1992; Rogozhin et al., 2008) µ-conotoxin GIIIB (µ-CTX,
2 µM; Peptide Institute, Osaka) was added to Liley’s solution.
At the same time, AChRs were labeled by adding 0.5 × 10−8

M of rhodamine-α-bungarotoxin (BTX; Life Technologies,
Darmstadt) to the same solution. In some experiments, the effect
of the toxin wore off after 1–2 h and contractions resumed in
response to nerve stimulation. These preparations were then
exposed a second time to the toxin. Two intracellular electrodes
(resistance 10–15 M�) were inserted within 50 µm of the NMJs
under visual inspection (Rogozhin et al., 2008). The current
was passed through one electrode to maintain the membrane
potential within 2 mV of −75 mV while voltage transients
were recorded with the other. Signals were amplified by an
Axoclamp 900A and digitized at 40 kHz by a Digidata 1440A
under the control of pCLAMP 10 (Molecular Devices, Sunny
Vale). Voltage records were filtered at 3 kHz and current records
at 1 kHz (8-pole Bessel filter). Current transients were recorded
using the two-electrode voltage-clamp facility of the Axoclamp
900A. Clamp gains were usually 300–1,000, reducing the voltage

Frontiers in Molecular Neuroscience | www.frontiersin.org 2 October 2020 | Volume 13 | Article 567084154

http://www.interfil.org/
http://www.informatics.jax.org/allele/MGI:2159584
https://www.frontiersin.org/journals/molecular-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/molecular-neuroscience#articles


Eiber et al. Desmin at NMJ

FIGURE 1 | Desmin knock-out mice show reduced muscle strength and have a lower body weight with advancing age. (A) For 3–4 months old desmin knock-out
mice, a total of three wild-types and four mutant mice were measured. For 7–8 months old desmin knock-out mice, a total of four wild-types and five mutant mice
were measured. Statistical significance was determined by unpaired two-tailed t-test (**P < 0.01). (B) Newton meter measurements of muscle force of desmin
mutant mice showed significant muscle weakness. For 3–4 months old desmin knock-out mice, a total of three wild-types and four mutant mice were measured. For
7–8 months old desmin knock-out mice, a total of four wild-types and five mutant mice were measured. Statistical significance was determined by unpaired
two-tailed t-test (***P < 0.001).

transients to<3% of their unclamped amplitudes. At most NMJs,
50–100 spontaneous quantal events were recorded for 1 min.
Records were analyzed using pCLAMP 10. Spontaneous events
were extracted using the ‘‘template search’’ facility and edited
by the eye to remove obvious artifacts. Events recorded from
each NMJ were averaged and the amplitude, rise time, and single
exponential decay time were determined.

3D Imaging and Analysis
3D Imaging was essentially performed as previously described
(Durmus et al., 2016; Kravic et al., 2016). Mice were killed by CO2
affixation. Mouse soleus and extensor digitorum longus muscles
were dissected and fixed in 2% PFA for 2 h at 4◦C. Muscle
bundles containing 5–10 fibers were prepared and stained with
BTX 1:2,500 (Invitrogen) for 1 h at room temperature. Stained
bundles were washed three times 5 min in PBS and embedded
in Mowiol.

3D images of NMJs were taken with a 40× oil objective
(Zeiss Examiner E1). Images were deconvolved and analyzed
using different modules in AxioVision Software. The following
parameters were determined for each NMJ: volume, surface,
gray sum, gray mean, and the number of fragments. More than
100 NMJs were analyzed.

GO and Gene Set Enrichment Analysis
RNA sequencing was performed on RNA extracted from the
gastrocnemius muscle of 3-month-old wild-type and desmin
knock-out mice and is available by GEO accession number
GSE1545733. RNAwas extracted from five gastrocnemiusmuscle
per genotype and pooled to reduce variability. Raw data files
(fastq) were used to generate Bam files. Bam files of wild-type
and desmin knock-out samples were uploaded to the Galaxy
Server4 and gene expression wasmeasured using the tool ‘‘feature
counts’’ (Galaxy Version 1.6.4 + galaxy1) and an annotation file
of mouse genes (mm10). Feature counts were further used to

3www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE154573
4https://usegalaxy.eu/

determine differentially expressed genes by ‘‘DESeq2’’ (Galaxy
Version 2.11.40.5). Significantly regulated genes were ranked
according to their log2 fold change. Genes with a log2 fold
change ‘‘≥1’’ or ‘‘≤−1’’ were submitted to the Gene Ontology
enRIchment anaLysis and visuaLizAtion tool (GOrilla5) and
subsequently analyzed using REVIGO6. For GSEA, the list of
ranked genes was submitted to the Gene Set Enrichment Analysis
tool (GSEA7, Mootha et al., 2003; Subramanian et al., 2005) using
a gene-set list of genes specific for the GO term ‘‘NMJ’’ obtained
from AMIGO8).

Statistical Analysis
Data are presented as the mean values, and the error bars
indicate ± SEM. The significance is calculated by unpaired,
two-tailed t-test, or as indicated by the figure legends, and
provided as real P-values that are believed to be categorized for
different significance levels, like, ∗∗∗P < 0.001, ∗∗P < 0.01, or
∗P < 0.05.

RESULTS

Desmin Knock-Out Mice Show Reduced
Muscle Strength and Have a Lower Body
Weight With Advancing Age
First, we asked for phenotypical changes of desmin knock-out
mice in comparison with controls. Based on patient data, we
expect a loss of muscle grip strength in the desmin knock-out
mice. This might be accompanied by an impact on the
bodyweight of the mice. Moreover, since pathological disorders
of the skeletal muscles are often observed being age-dependent,
two age stages of the mice were examined, i.e., 3–4 and 7–8-
month-old mice. The weight of the mice turned out to be
reduced at both stages of age (Figure 1). The decrease in body

5http://cbl-gorilla.cs.technion.ac.il/
6http://revigo.irb.hr/
7https://www.gsea-msigdb.org/gsea/index.jsp
8http://amigo.geneontology.org/amigo
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FIGURE 2 | Soleus muscle of desmin knock-out mice show a higher degree
of fragmentation of their neuromuscular junctions (NMJs). (A) Representative
images of BTX wild-type and desmin knock-out homozygous NMJs of
oxidative soleus and glycolytic extensor digitorum longus muscles are shown.
Note, NMJs of oxidative soleus muscle are fragmented in the absence of
desmin. 3–4 months old mice were used. (B) Representative images of BTX
wild-type and desmin knock-out homozygous NMJs of oxidative soleus and
glycolytic extensor digitorum longus muscles are shown. Note, NMJs of
oxidative soleus muscle are fragmented in the absence of desmin.
7–8 months old mice were used.

weight in 3–4-month-old mice was indicated, but not statistically
significant (Figure 1A). In 7–8-month-old mice, the bodyweight
of the mutant mice dropped by more than 25% compared to
the controls (Figure 1A). This observed decrease in weight
of the desmin knock-out mice correlated with a decrease in
muscle strength (Figure 1B). At the age of 3–4 months, a

significant decrease of muscle grip strength was measured in
desmin knock-out mice in comparison with controls, and this
decrease was even more prominent at the age of 7–8 months with
approx. 30% (Figure 1B).

The NMJs of Desmin Knock-Out Mice
Show a Higher Degree of Fragmentation
Many perturbations of NMJs lead to structural disorders and are
often represented by fragmentation of NMJs (Li et al., 2018).
Here, NMJs of soleus and extensor digitorum longus muscles
were analyzed in 3–4 and 7–8 month old desmin knock-out
mice. Immunofluorescence stains of muscle fiber bundles with
BTX (rhodamine-α-bungarotoxin) revealed NMJs of extensor
digitorum longus muscles being non-fragmented in comparison
with controls regardless of the age (Figures 2A,B). Similar
treatment and analysis of muscle fiber bundles of soleus muscles,
however, showed a prominent and significant fragmentation
at both investigated age stages (Figures 2A,B). Quantitative
analysis of numbers of fragments per NMJ confirmed the
non-fragmented status of extensor digitorum longus NMJs
(Figures 3A,C). For the NMJs in soleus, it turned out that NMJs
with low fragmentation grade (1–5 fragments) are reduced by
more than 50% in desmin knock-out mice in comparison with
controls (Figures 3B,D). The number of fragmented NMJs was
increased by more than 10×-fold in both, NMJs composed of
6–10 and those with more than 10 fragments (Figures 3B,C).

Desmin Knock-Out Mice Display Enlarged
NMJs
To explore the in vivo role of desmin for the structural integrity
of NMJs, we used the whole-mount BTX stains of desmin
knock-out and control mouse muscle fibers for quantitative 3D
morphometrical analysis. Notably, the total volume of NMJs
appeared significantly enlarged in desmin knock-out mice when
compared to controls. This phenomenon was observed in soleus
in an age-independent fashion (Figures 4A,E), but not extensor
digitorum longus muscles. This change in volume was also
expected and reflected by a similar change in their ‘‘sum
fluorescence intensity’’ (Figures 4C,G). An increase in surface
area would also be expected from larger and at the same time
fragmented NMJs, and could be confirmed regardless of age
(Figures 4B,F). Further, we asked whether the ablation of desmin
protein impaired the intensity of BTX-labeled NMJs, which
was analyzed by measuring the ‘‘mean fluorescence intensity.’’
A change of the ‘‘mean fluorescence intensity’’ might reflect a
different number of AChRα subunits per NMJ in the absence of
desmin. Regardless of the fragmentation status and investigated
muscle type, no significant change of the ‘‘mean fluorescence
intensity’’ was found in desmin knock-out in comparison with
control muscles (Figures 4D,H).

Gene Set Enrichment Analysis of
Transcriptome Data Discloses a
Dysregulation of Synaptic Gene Expression
We asked for the reasons for NMJ fragmentation in the
desmin knock-out soleus. One of them might be a differentially
regulated synaptic gene expression in those muscle fibers. We
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FIGURE 3 | The soleus muscle of desmin knock-out mice shows a higher degree of fragmentation of their NMJs. (A,B) The extensor digitorum longus or soleus
muscle NMJs were categorized in groups according to their number of fragments. The number of NMJs in each group is given as the percentage of the total NMJ
number for each genotype. For extensor digitorum longus a total of 96 wild-types and 89 homozygous, for soleus muscle 90 wild-type and 103 homozygous NMJs
were counted (n = 3 mouse pairs). Mice were 3–4 months old. Statistical significance was determined by unpaired two-tailed t-test (*P < 0.05, ***P < 0.001). (C,D)
The extensor digitorum longus or soleus muscle NMJs were categorized in groups according to their number of fragments. The number of NMJs in each group is
given as the percentage of the total NMJ number for each genotype. For extensor digitorum longus a total of 102 wild-types and 95 homozygous, for soleus muscle
99 wild-type and 102 homozygous NMJs were counted (n = 3 mouse pairs). Mice were 7–8 months old. Statistical significance was determined by unpaired
two-tailed t-test (*P < 0.05).

elucidated the muscle transcriptome of desmin knock-out
mice in comparison with the wild-type littermate controls
by comparative RNA-Seq experiments. Employing GO term
analyses revealed mostly genes belonging to the ‘‘regulation
of multicellular organismal process’’ being upregulated
and ‘‘negative regulation of CD8-positive, alpha-beta T cell
differentiation’’ being downregulated (Figures 5A,B). These
topics do not necessarily reflect changes in NMJ biology. Since
synaptic gene expression is under-represented in total RNA
of muscles due to a very low number of synaptic nuclei in
comparison with extrasynaptic nuclei in muscle fibers, a closer
look at the synaptic genes and their log2fc was required and
indicated that NMJ-specific genes were differentially regulated in
the absence of desmin in comparison with controls (Figure 5C).
Therefore, Gene Set Enrichment Analysis (GSEA) with an
NMJ-specific gene list was carried out (Figure 5D).

Some usual suspects, which control the formation and
maintenance of the postsynaptic apparatus at NMJs, are the
different subunits of the AChRs, the scaffold protein Rapsyn,
the nerve-derived heparan sulfate proteoglycan Agrin, and its
receptors, co-receptors, and signaling pathway adaptors, Lrp4,

the muscle-specific receptor tyrosine kinase MuSK, and Dok7
(Herrmann et al., 2015). As proof, the desmin mRNA was
down-regulated in desmin knock-out muscles in comparison
to control; in principle means that it is absent as expected
in desmin knock-out mice. Notably, the expression of several
synaptic genes, like different Acetylcholine receptor (AChR)
subunits is statistically significantly up-regulated in desmin
knock-out fibers in comparison with controls (Figure 5C). In
contrast, the transcript amounts of the other synaptic candidate
genes, like Dok7, Rapsyn, and MuSK, were only slightly
down-regulated (Figure 5C).

Electrophysiological Recordings of Desmin
Knock-Out Mice Muscle Fibers Highlight a
Higher Decrement After Repetitive
Stimulation and Increased Rise Times of
mEPPs
To better understand the physiological consequences regarding
neuromuscular transmission in desmin knock-out mice, like
the potential occurrence of muscle fatigability, we next assessed
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FIGURE 4 | Desmin knock-out mice display enlarged NMJs in soleus muscle. (A–D) Hindlimb muscles of 3–4 months old wild-type and homozygous desmin
knock-out mice were dissected to stain fiber bundles with BTX. Imaging was done with a fluorescence microscope, and z-stacks were acquired for quantitative 3D
morphometry. (A–D) Box and Whisker plots depict the recorded average volume, surface, and sum fluorescence intensity per NMJ of indicated genotypes and
muscles. Note, surface, volume, and sum fluorescence intensity of NMJs are significantly higher in homozygous desmin knock-out mice in soleus muscle in
comparison to wild-type littermates. For extensor digitorum longus muscle a total of 96 wild-types and 89 homozygous NMJs, for soleus muscle 90 wild-type and
103 homozygous NMJs were counted (n = 3 mouse pairs). Statistical significance was determined by unpaired two-tailed t-test (*P < 0.05). (E–H) Hindlimb muscles
of 7–8 months old wild-type and homozygous desmin knock-out mice were dissected to stain fiber bundles with BTX. Imaging was done with a fluorescence
microscope, and z-stacks were acquired for quantitative 3D morphometry. (E–H) Box and Whisker plots depict the recorded average volume, surface, and sum
fluorescence intensity per NMJ of indicated genotypes and muscles. Note, surface, volume, and sum fluorescence intensity of NMJs are significantly higher in
homozygous desmin knock-out mice in soleus muscle in comparison to the controls. For extensor digitorum longus muscle a total of 102 wild-types and
95 homozygous NMJs, for soleus muscle 99 wild-type and 102 homozygous NMJs were counted (n = 3 mouse pairs). Statistical significance was determined by
unpaired two-tailed t-test (*P < 0.05, **P < 0.01).
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FIGURE 5 | Gene Set Enrichment Analysis of Transcriptome Data discloses a dysregulation of synaptic gene expression. RNA-Seq of five wild-types and
five desmin knock-out mouse tissue specimens derived from gastrocnemius/plantaris muscles revealed several differentially regulated genes. (A,B) GO Analysis was
performed with genes that were up- or downregulated at least 2-fold in desmin knock-out mice (up log2fc ≥1, down log2fc ≤ −1). (C) The table depicts a set of
NMJ-specific genes with their RNA-Seq expression results in the desmin knock-out genotype as compared to wild-type controls [log2fc, p-value: p (∗P ≤ 0.05; ∗∗P
≤ 0.01; ∗∗∗P ≤ 0.001)]. (D) Gene set enrichment blot from GSEA analysis of RNA-Seq data with the NMJ gene set. Normalized enrichment score (NES) and p-value
are listed at the bottom of the blot.

neuromuscular transmission by repetitive stimulation of the
phrenic nerve with 20 Hz trains for 10 s and calculated
the decrement of EPP amplitude (Figure 6A). We measured
a significant decremental response in both 3–4 and 7–8
months-old desmin knock-out mice in comparison with
controls (Figure 6A).

We also asked whether the absence of desmin impinges
functional channel characteristics of the AChRs. By monitoring
nerve-independently appearing miniature endplate potentials,
we neither detected a change in their frequency, amplitude nor
decay time constant (Figures 6B–D), but observed a significant
increase of the rise times of the miniature EPP (mEPP) in desmin
knock-out diaphragms in comparison with controls (Figure 6E).
This change was also visible by analyzing the rise time of the
mEPC (Figure 6F). Neither input resistance (data not shown)
nor EPP or EPC amplitudes were different comparing desmin
knock-out with control mice (Figures 6G,H). Quantal content
remained also unchanged in the comparison between desmin
knock-out and control mice (data not shown).

DISCUSSION

An extension of our previous work in human patients
lacking desmin (Durmus et al., 2016), we here analyzed the
structure and function of NMJ in patient-mimicking desmin
knock-out mice. For this purpose, two age bins (3–4 and

7–8 month old homozygous desmin knock-out mice) were
investigated to elucidate age-dependent effects. In keeping with
the myasthenic phenotype in the reported desmin knock-out
patients, our analysis depicted NMJ pathology on various levels.
Our morphological analysis denoted a fragmentation of NMJs
in soleus but not extensor digitorum longus muscle, thus
mirroring our previous findings in homozygous desmin R349P
knock-inmice, which only express R349Pmutant desmin protein
(Durmus et al., 2016).

For elucidating structural characteristics of the NMJs
in desmin knock-out mice, we applied a 3D quantitative
morphology analysis, a methodology which was previously
successfully employed (Durmus et al., 2016; Kravic et al., 2016;
Giacomazzi et al., 2017; Cescon et al., 2018; Eiber et al., 2019).
Here, we found that the increase of NMJ fragmentation not
only correlated with an increase of surface area like expected
(Figures 4B,F), but there was also an increase of the dimensions
of NMJs detectable in desmin knock-out mice in comparison
with control mice, reflected by an increase in volume and sum
fluorescence intensity (Figures 4A,C,E,G). This observation was
also present, though to a lower extent, in the desmin R349P
knock-in mice (Durmus et al., 2016).

In this study, we went further and asked for the reason of NMJ
fragmentation in the absence of desmin. A possible cause might
be different gene expression profiles of synaptic genes. Total
RNA sequencing was employed to enlighten the transcriptome
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FIGURE 6 | Electrophysiological recordings of desmin knock-out mice muscle fibers reveal a higher decrement after repetitive stimulation and increased rise times
of mEPPs. Recordings were done with wild-type and desmin knock-out soleus muscles in 3–4 months-old and 7–8 months-old mice. The graphs show these data
as follows: (A) Decrement of the endplate potential amplitude, (B) mEPP frequency, (C) mEPP amplitude, (D) mEPP decay time constant, (E) mEPP rise time, (F)
mEPC rise time, (G) EPP amplitude, and (H) EPC amplitude. Statistical significance was in all cases determined by unpaired two-tailed t-test (****P < 0.0001). Note,
in desmin knock-out mice the decrement of EPP amplitude was reduced and mEPP/mEPC rise times increased. All other parameters recorded were not changed
between wild-type and desmin knock-out genotypes.
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profile of desmin knock-out muscles. For technical reasons,
the total RNA of the gastrocnemius and plantaris muscles
were used for this study. Although it might have been more
adequate to use total RNA from soleus, we do not consider
that a problem because of the detected changes (see below)
and being aware that also the plantaris muscle contains a
decent amount of slow fiber types (Huraskin et al., 2016).
Almost all AChR subunit genes were upregulated in desmin
knock-out mice in comparison to the wild-type littermate
controls (Figure 5). This upregulation of AChR subunit genes
might indicate a high turnover dynamics of the clustered
AChRs, like being reported previously in another context (Eiber
et al., 2019). Even the transcription of the AChRγ subunit
was up-regulated (Figure 5), like it was shown for R349P
desmin knock-in mice, pointing to potential degenerative events
ongoing in the absence of desmin. The transcription of other
players at NMJs, like MuSK, Dok7, and Rapsyn, was not much
affected (Figure 5).

Finally, electrophysiological recordings were used to look
for physiological impairments of neuromuscular transmission
in desmin knock-out mice, which was not previously studied
using desmin R349P knock-in mice (Durmus et al., 2016). For
these recordings, soleus muscles of desmin knock-out mice
and controls were used. The decrement of endplate potential
amplitudes was reduced in desmin knock-out mice in an
age-independent manner (Figure 6A), and accompanied by
a surprising increase of rising times of mEPPs and mEPCs
in desmin knock-out mice (Figures 6E,F). The increased rise
times of mEPPs and mEPCs in knock-out mice shown in
Figures 6E,F might reflect the observed fragmentation of NMJs,
which also accounts for the greater decrement of EPP amplitude
with 20 Hz stimulation for 10 s than that in the control.
An increase of the rise time might also be the consequence
of myofibrillar changes or in a more direct fashion by the
specific interaction of desmin with synaptic proteins. We are
aware that our data does not clarify all questions. Of course,
it is obvious and tempting to assume that only NMJs of
the soleus muscle is fragmented, because this muscle is also
composed of fast type I fibers compared to the extensor
digitorum longus muscle being composed solely of type II
fibers. However, our preliminary studies point to an even
distribution of fragmented NMJs in the soleus muscle between
type I and type II fibers (unpublished data). It remains to
understand why then NMJs of soleus are fragmented, but not
of extensor digitorum longus muscle. Another question which
should be addressed in the future is whether the observed

changes between NMJs from soleus and extensor digitorum
longus muscle are associated with the changes in the myofiber
morphology; in other words, whether the NMJ aberrations could
be a result of changes in the fiber structure to understand
whether NMJ fragmentation is a primary or secondary effect.
To our knowledge, desmin knock-out mice were not analyzed
regarding changes in the fiber structure in a muscle-specific
manner previously. However, imaging studies did not reveal
obvious changes in sarcomere misalignment at the NMJs in
flexor digitorum brevis muscles of desmin knock-out mice
(Goodall et al., 2012). Our preliminary data (unpublished)
do not correlate with severe fiber structure changes being
present differently in soleus in comparison to extensor digitorum
longus muscle.

In summary, our data highlight the essential role of desmin for
the structural and functional integrity of NMJs in man and mice.
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The neuromuscular junction (NMJ) is a chemical synapse formed between a presynaptic
motor neuron and a postsynaptic muscle cell. NMJs in most vertebrate species share
many essential features; however, some differences distinguish human NMJs from
others. This review will describe the pre- and postsynaptic structures of human NMJs
and compare them to NMJs of laboratory animals. We will focus on age-dependent
declines in function and changes in the structure of human NMJs. Furthermore, we will
describe insights into the aging process revealed from mouse models of accelerated
aging. In addition, we will compare aging phenotypes to other human pathologies
that cause impairments of pre- and postsynaptic structures at NMJs. Finally, we will
discuss potential intervention approaches for attenuating age-related NMJ dysfunction
and sarcopenia in humans.

Keywords: active zone (AZ), aging, caloric restriction, exercise, laminin, neuromuscular disease, progeria,
synapse

INTRODUCTION

Synapses are required to maintain the proper function of the nervous system both in health
and during disease. The neuromuscular junction (NMJ) is a synapse critical for the transfer of
information between a presynaptic motor neuron and a postsynaptic muscle fiber at specialized
sites on the muscle plasma membrane called endplates. During development, motor neurons
seek out and find nascent endplates on the sarcolemmal surface (skeletal muscle fiber plasma
membrane) (Frank and Fischbach, 1979; Sanes and Lichtman, 2001). Innervation of muscle
fibers by motor neurons ensures proper control of skeletal muscle contraction through the
regulated release of neurotransmitters. Among vertebrate NMJs, the neurotransmitter acetylcholine
(ACh) is released from highly specialized sites at the presynaptic membrane called active
zones. By electron microscopy analysis, active zones appear as electron-dense projections on the
presynaptic membrane where synaptic vesicles fuse for subsequent exocytosis (Couteaux and
Pecot-Dechavassine, 1970; Tsuji, 2006). In human NMJs, freeze-fracture electron microscopy shows

Abbreviations: ACh, acetylcholine; AChR, acetylcholine receptors; ALS, amyotrophic lateral sclerosis; CMS, congenital
myasthenic syndromes; dSTORM, direct stochastic optical reconstruction microscopy; ERCC1, excision repair cross-
complementing group 1; LEMS, Lambert-Eaton myasthenia syndrome; LRP4, low-density lipoprotein receptor-related
protein 4; MuSK, muscle-specific kinase; MG, myasthenia gravis; MHC, myosin heavy chain isoform; mTOR,
mammalian/mechanistic Target of Rapamycin; NMJ, neuromuscular junction; SOD1, superoxide dismutase 1; STED,
stimulated emission depletion; SNAP25, synaptosomal associated protein-25; SNARE, soluble N-ethylmaleimide-sensitive
factor activating protein receptor; VGCC, voltage-gated calcium channels.
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double parallel rows of about 20 large particles in the
p-face of the presynaptic membrane, which was interpreted
as an active zone unit structure (Fukunaga et al., 1982).
The macromolecules in the active zones interact with docked
synaptic vesicles, which has been revealed in frog and mouse
NMJs by electron microscopy tomography (Harlow et al.,
2001; Nagwaney et al., 2009; Szule et al., 2012; Harlow et al.,
2013; Jung et al., 2018). These docked synaptic vesicle fuse
with the plasma membrane following calcium influx into
the presynaptic terminals with the help of SNARE (Soluble
N-ethylmaleimide-sensitive factor activating protein receptor)
proteins including SNAP-25, synaptobrevin/VAMP, and syntaxin
1 (Jahn and Scheller, 2006; Sudhof and Rothman, 2009). The
calcium influx required for neuromuscular transmission at adult
mammalian NMJs is primarily mediated by P/Q-type voltage-
gated calcium channels (VGCC) (Uchitel et al., 1992; Rosato
Siri and Uchitel, 1999). Electron microscopy studies have shown
that presynaptic active zones are positioned apposed to the
openings of post-synaptic junctional folds (Couteaux and Pecot-
Dechavassine, 1970; Patton et al., 2001). Junctional folds are
small invaginations of the postsynaptic membrane that increases
the area of acetylcholine receptors (AChRs) accumulation to
efficiently receive ACh released from motor nerve terminals
following depolarization by the action potential (Fertuck and
Salpeter, 1974, 1976; Anderson and Cohen, 1977; Frank and
Fischbach, 1979). Voltage-gated sodium channels are located
in the troughs of post-synaptic junctional folds to generate
action potentials (Caldwell, 2000). The activation of voltage-
gated sodium channels in mice is responsible for 15–20% of
the endplate potential (Hong and Chang, 1989). The high
density of voltage-gated sodium channels and the increased
local input resistance due to the narrow structure at the
junctional folds are expected to amplify the neurotransmission
for more efficient muscle depolarization (Wood and Slater,
2001). For the organization of postsynaptic specialization, agrin
(a proteoglycan) is released from nerve terminals and binds
to the low-density lipoprotein receptor (LDLR)-related protein
4 (LRP4) localized in the postsynaptic membrane (DeChiara
et al., 1996; Kim et al., 2008). The interaction of agrin
and LRP4 activates the protein tyrosine kinase function of
the co-receptor muscle-specific kinase (MuSK), which localize
together with AChR (Valenzuela et al., 1995). The activation
of MuSK is essential for the clustering of AChRs through the
AChR-associated protein Rapsyn (Apel et al., 1997; Lee et al.,
2009) and the organizer protein Dok-7 (Beeson et al., 2006;
Okada et al., 2006; Hallock et al., 2010).

Impairments of active zones are seen in pathological
conditions, including the autoimmune disease, Lambert–Eaton
myasthenia syndrome (LEMS), and Pierson’s syndrome. LEMS
is caused by autoantibodies including ones against P/Q-type
VGCCs, and Pierson syndrome occurs due to mutation in
lamb2 gene (Takamori et al., 2000; Zenker et al., 2004). Active
zone loss may occur in these diseases due to a disruption
in the interaction between muscle-derived laminin β2 (Sanes
and Hall, 1979; Hunter et al., 1989) and P/Q-type VGCC,
which is necessary for the active zone organization (Figure 1)
(Nishimune et al., 2004).

Although NMJs in most vertebrate species share many
essential features, there are also significant differences (Figure 1),
which will be described in this review. Human NMJs, are among
the smallest and release the smallest number of ACh containing
synaptic vesicles at the presynaptic terminal (Oda, 1984; Slater
et al., 1992; Slater, 2015, 2017). However, they have very extensive
postsynaptic junctional folds, which may amplify transmitter
action (Wokke et al., 1990; Slater et al., 1992). Human NMJs
are also susceptible to pathological processes and are targets
in several neurodegenerative conditions, including aging. This
review will focus on recent findings regarding human NMJs and
a comparison of what is known about other mammalian NMJs.
We will describe age-related changes at human NMJs and insights
about potential mechanisms of aging obtained from animal
models of accelerated aging. Furthermore, we will compare aging
to other human neurological diseases that cause impairments of
pre- and post-synaptic structures at NMJs.

STRUCTURE OF THE HUMAN
NEUROMUSCULAR JUNCTION

Human NMJs analyzed by freeze-fracture electron microscopy
show double parallel rows of large intramembranous particles on
the cytosolic half of a plasma membrane (the P-face), containing
3–15 particles per row spaced 20 nm apart (Fukunaga et al.,
1982). This structure is considered to represent an active zone
unit. Similar structures are identified in rodent and lizard NMJs,
which appear as double parallel rows of large intramembranous
particles on the P-face (Ellisman et al., 1976; Walrond and
Reese, 1985; Fukuoka et al., 1987). In humans, these active
zone units are distributed at a density of 2.6 active zones
per µm2 (Fukunaga et al., 1982). Similarly, active zone units
in adult mouse NMJs appear in discrete locations within one
presynaptic terminal of NMJs at a density of about 2.3–2.7 active
zones per µm2 (Fukunaga et al., 1983; Fukuoka et al., 1987;
Chen et al., 2012) (Table 1).

The application of super-resolution microscopy has revealed
distribution patterns of synaptic proteins across different species
at unprecedented details (Kittel et al., 2006; Willig et al., 2006;
Dani et al., 2010; Ehmann et al., 2014; Nishimune et al.,
2016; Jones et al., 2017). The molecular architecture of the
human NMJ has been recently investigated using confocal
and super-resolution microscopy (Jones et al., 2017). Confocal
microscopy of motor nerve terminals at human NMJs showed
distinctive “hotspots” of fluorescence of the synaptic vesicle
protein SV2. This distribution pattern was qualitatively different
from mouse nerve terminals, which showed homogeneity of
SV2 labeling (Jones et al., 2017). Additionally, direct Stochastic
Optical Reconstruction Microscopy (dSTORM) microscopy has
been used to assess the nanoscale distribution of synaptosomal
associated protein-25 (SNAP25), a SNARE protein in human
NMJs. Parallel imaging of human and mouse NMJs using
dSTORM revealed several differences between the two species.
The intensity of SNAP25 labeling, the density of SNAP25 puncta
within each bouton, the average area of SNAP25 puncta, and
the area of SNAP25 puncta as a percentage of the total synaptic

Frontiers in Molecular Neuroscience | www.frontiersin.org 2 November 2020 | Volume 13 | Article 568426164

https://www.frontiersin.org/journals/molecular-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/molecular-neuroscience#articles


fnmol-13-568426 November 10, 2020 Time: 16:2 # 3

Badawi and Nishimune Impairment of Aged Human NMJs

FIGURE 1 | Comparison between human and mouse neuromuscular junctions. Schematic diagrams show (A) human versus (B) mouse NMJs based on
nerve-specific stains (adapted from Jones et al., 2017). The NMJ size and axon diameter are significantly smaller in humans compared to mice. Scale bar, 10 µm.
A diagram depicting an active zone at the (C) human and (D) mouse NMJs. In mice, muscle-derived synapse organizer laminin β2 interacts with presynaptic
voltage-gated calcium channels (VGCC) to organize active zones (Nishimune et al., 2004). Super-resolution microscopy revealed the nanoscale localization of the
SNARE protein synaptosomal associated protein-25 (SNAP25) in human and mouse NMJs (Jones et al., 2017), active zone-specific proteins, and acetylcholine
receptors (AChR) in mice (Nishimune et al., 2016; York and Zheng, 2017), which are described in bold italic characters. The nanoscale localization of active
zone-specific proteins and acetylcholine receptors in human NMJs has not been revealed yet.

bouton area were all significantly greater in human NMJs
compared to mouse NMJs (Jones et al., 2017). The total area of
SNAP25 labeling per NMJ is similar in both humans and mice at
approximately 15 µm2 per NMJ (Table 1).

Interestingly, this SNAP25 puncta density (approximately
15 puncta per µm2) is very similar to the density of other
active zone proteins Bassoon, Piccolo and P/Q-type VGCC
(approximately 10 puncta per µm2) as revealed in mouse NMJs
by Stimulated Emission Depletion (STED) super-resolution
microscopy (Nishimune et al., 2016). Jones et al. (2017)
reported that they were unable to label human NMJs with
antibodies against Bassoon or Piccolo, suggesting possible
species-specific differences in these antigens (Jones et al.,
2017). Although the distribution pattern of these active zone-
specific proteins is unknown in human NMJs (Figure 1),
analysis of mouse NMJs revealed punctate and overlapping
patterns of active zone proteins Bassoon and P/Q-type VGCCs
(Nishimune et al., 2016). Interestingly, active zone protein
Piccolo does not co-localize with Bassoon. Instead, Piccolo
puncta sandwiched a Bassoon punctum in a side-by-side pattern
(Nishimune et al., 2016). Current progress in the understanding

of active zone nanoarchitecture and mechanisms underlying
active zone organization in mammalian NMJs has been reviewed
previously (Badawi and Nishimune, 2018). Future studies
using super-resolution microscopy will reveal a more detailed
subcellular localization of active zone proteins and address
species-specific differences that may exist.

The NMJ size relative to muscle fiber diameter is smaller
in humans compared to lower vertebrates (frogs and mice), as
revealed by electron microscopy (Slater et al., 1992) (Table 1).
Confocal microscopy also revealed that human NMJs have
a unique morphology, being significantly smaller and more
fragmented compared to mice and rats. The axon diameter is
3.69 fold smaller, and the average area of AChR clusters is
3.33 fold smaller in humans compared to mice (Jones et al.,
2017). The average number of AChRs in human vastus lateralis
muscle is 2.6 × 107, as determined by bungarotoxin binding
sites (Slater et al., 1992). In mice, the average number of AChRs
is 8.7 × 107 in the sternomastoid muscle and 3.1 × 107 in
the diaphragm, also determined by bungarotoxin binding sites
(Albuquerque et al., 1974). In general, AChRs in mice cluster
at a concentration of approximately 10,000 per µm2 in the
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TABLE 1 | Comparison between human and mouse NMJs.

Human Mouse

Pre-synaptic

Active zone size 153 × 96 nm
(Fukunaga et al., 1982)

80 × 73 nm
(Fukuoka et al., 1987)

Active zone
density

2.6 per µm2

(Fukunaga et al., 1982)
2.3–2.7 per µm2

(Fukunaga et al., 1983;
Fukuoka et al., 1987;
Chen et al., 2012)

Bassoon and PQ-VGCC
puncta density per NMJ

Not reported 5–6 puncta per µm2

(Nishimune et al., 2016)

SNAP25 puncta density
per NMJ

∼15 puncta per µm2

(Jones et al., 2017)
∼15 puncta per µm2

(Jones et al., 2017)

Quantal content 20–30 (Slater, 2017) 50–100 (Slater, 2017)

Nerve terminal
area

122.7 µm2

(Boehm et al., 2020)
304.0 µm2

(Boehm et al., 2020)

Post-synaptic

Endplate area 351.5 µm2

(Boehm et al., 2020)
678.2 µm2

(Boehm et al., 2020)

AChR number
per NMJ

1.3–3.4 × 107 (Pestronk et al.,
1985; Slater et al., 1992)

3.1–8.7 × 107

(Albuquerque et al., 1974)

Area of AChR clusters 71.7 µm2

(Boehm et al., 2020)
238.5 µm2

(Boehm et al., 2020)

postsynaptic membrane (Fertuck and Salpeter, 1976; Salpeter and
Loring, 1985). The degree of overlap between the presynaptic
motor nerve terminal and the post-synaptic component is similar
between humans and mice (Slater et al., 1992; Jones et al.,
2017). Although human NMJs are smaller than mouse NMJs,
human motor nerves innervate muscle fibers up to twice the
diameter of those in mice. The smaller size of human NMJs is
not due to increased body size and mass because the NMJ size of
mice and rats is similar, although rats are approximately 10-fold
larger than mice (Jones et al., 2017). Furthermore, human NMJs
have extensive folding of post-synaptic junctional folds, which
increases the local area of membrane about eight-fold while the
increase is about six-fold for mouse NMJs (Slater et al., 1992;
Slater, 2017), possibly resulting in post-synaptic amplification of
neurotransmitter action through the presence of voltage-gated
sodium channels in high density and the increased local input
resistance (Slater, 2017). On the postsynaptic side of the mouse
NMJ, dSTORM revealed the nanoscale distribution of AChRs
(York and Zheng, 2017). AChRs are concentrated at the mouth
of postsynaptic junctional folds directly apposed to active zones
of presynaptic terminals. The accumulation of AChRs under
presynaptic neurotransmitter release sites may allow effective
synaptic transmission (York and Zheng, 2017). The AChRs
of human NMJs have only been investigated at confocal-level
resolution and has not yet been analyzed using super-resolution
microscopy (Jones et al., 2017).

AGE-RELATED CHANGES IN THE
NEUROMUSCULAR JUNCTION

The elderly, those over 65 years, suffer from a progressive loss of
muscle mass (sarcopenia), strength, and function (for review see
Roubenoff, 2000; Manini et al., 2013; Gonzalez-Freire et al., 2014;

Willadt et al., 2018; Clark, 2019). These losses contribute to
decreased mobility, increased frailty, and risk for mortality (Fried
et al., 2001). Aging in humans results in a one to 1.5% loss
of strength per year after the 6th decade of life (Frontera
et al., 2000). In humans, approximately 10–20% of skeletal
muscle mass is lost by the 7th decade of life compared to
young adults (between 8 and 45 years) (Janssen et al., 2000;
Vandervoort, 2002; Mitchell et al., 2012). This loss in muscle
mass is likely due to motor unit loss (Lexell et al., 1988; Lexell,
1995) and subsequent atrophy of muscle fibers (Lexell et al.,
1988). The loss of muscle fibers by apoptosis seems to be at
an equal level between fast (Type II) and slow (Type I) muscle
fiber types in humans (Lexell et al., 1983). However, there is
preferential atrophy of fast fiber type compared with slow fiber
type (Lexell et al., 1988; Klein et al., 2003). In mice, one study
looking at muscle fiber type susceptibility in 29-month old mice
demonstrated that denervation was greater in the fast extensor
digitorum longus (EDL) muscle compared to the slow soleus
muscle (Chai et al., 2011). However, another study using 24-
month old mice showed no differences in denervation between
muscle fiber types (Valdez et al., 2012). Human autopsy studies
have shown that aging is associated with a gradual loss of
lumbar and cervical motor neurons (Kawamura et al., 1977;
Tomlinson and Irving, 1977; Mittal and Logmani, 1987; Zhang
et al., 1996). Mechanisms that lead to neuronal loss with aging
in humans may involve impaired trophic signaling from the
nervous system, local degeneration, increased oxidative stress
in motor neurons, and feedback from dysfunctional muscle
(Gonzalez-Freire et al., 2014).

Early studies have demonstrated age-related changes of
NMJ innervation and AChR distribution using silver and
cholinesterase staining in longitudinal sections of intercostal
muscles obtained from human cadavers (between 32 and 76 years
old) (Oda, 1984). Another study on autopsied subjects showed
a significant decrease in presynaptic membrane length and a
significant increase of postsynaptic membrane length of NMJs
with aging (Arizono et al., 1984). Electron microscopy showed
pre- and postsynaptic changes at the ultrastructural level (Wokke
et al., 1990). Aging was associated with irregularly shaped
presynaptic nerve terminals and the presence of junctional
folds without an opposing nerve terminal in longitudinal
sections of external intercostal muscles. Postsynaptically,
electron microscopy revealed increased length and branching
of the postsynaptic membrane, enlarged postsynaptic area,
and degeneration of junctional folds (Wokke et al., 1990).
Transverse-sections prepared from autopsied or biopsied vastus
lateralis muscle provided strong evidence for repeated cycles
of denervation-reinnervation, in which motor unit remodeling
and fiber type grouping occurred (Lindboe and Torvik, 1982;
Lexell and Downham, 1991; Mosole et al., 2014; Zampieri
et al., 2016). Histological analysis of aged human muscles also
showed a significant accumulation of severely atrophic, smaller
sized, and angulated fibers, which suggested reinnervation
failure in advanced age (Mosole et al., 2014). In aged rodent
muscles, rearrangement, clustering, and angulation of muscle
fibers in a motor unit have also been observed (Larsson, 1995;
Rowan et al., 2011).
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In contrast to previous studies, a study by Jones and colleagues
reported confocal micrographs of human NMJs in skeletal muscle
obtained from amputation surgery and suggested conservation
of synaptic structure across the lifespan (4th to 10th decades
of life) (Jones et al., 2017). They observed a mild increase in
axon diameter with increasing age. However, there were no
age-associated changes in the innervation or fragmentation of
NMJs in longitudinal sections of leg muscles, contradicting
the earlier studies demonstrating age-related changes of NMJ
innervation. They also report no significant change in the
endplate area or muscle fiber diameter with age in the
peroneus longus muscle (Jones et al., 2017). This finding is
consistent with light microscopy analysis of human external
intercostal muscles in which endplate size remained stable
among ages (between 4 and 77 years old), and there was no
sprouting of terminal axons (Wokke et al., 1990). A study
by Gambino et al. (1990) in human posterior cricoarytenoid
muscles (between 4 and 95 years old) demonstrated that there
is no significant increase in NMJ length and the number of
axonal terminal branches during adult life. It has also been
reported that measures of presynaptic and postsynaptic structural
relationships were maintained in the soleus muscle of the
24-month old rats despite aging-related changes (Deschenes
et al., 2013). Differences between the human studies may
be attributed to methodological disparities, which include
(1) amputated versus post-mortem autopsied material, (2)
light microscopy versus electron microscopy, (3) longitudinal-
sections versus transverse-sections, and (4) different muscle types
with potentially different susceptibility. Table 2 summarizes
the age-dependent changes of human NMJs and how they
compare to rodent NMJs.

Studies in mice have shown that aging leads to AChR cluster
fragmentation and progressive denervation of NMJs (Andonian
and Fahim, 1988; Valdez et al., 2010; Li et al., 2011; Willadt
et al., 2016, 2018). NMJ denervation precedes the degradation
of spinal motor neurons, suggesting a “dying back” neuropathy
or distal axonopathy during the aging of mice (Valdez et al.,
2010; Chai et al., 2011). We have observed that aging in mice
results in a reduced number and protein levels of presynaptic
active zones in innervated NMJs (Chen et al., 2012; Nishimune
et al., 2016). More specifically, there is selective degeneration of
active zone proteins, P/Q-type VGCC and Bassoon, at aged NMJs
of 29-month-old mice compared to that of 8-month-old mice
(Nishimune et al., 2016). However, Piccolo protein level at these
aged NMJs remained similar to that of adult NMJs, suggesting
that NMJ active zone proteins decrease selectively prior to
NMJ denervation during aging in mice. Our electrophysiology
study showed that the lack of Bassoon impairs P/Q-type VGCC
function (Nishimune et al., 2012). Thus, the loss of active zone
proteins in aged NMJs reduces synaptic vesicle release sites and
calcium influx, which may lead to denervation and a loss of
muscle strength. The effect of aging on presynaptic active zone
proteins in humans is unknown.

Age-related functional changes of human NMJs have been
analyzed using electromyography (EMG) to evaluate compound
muscle action potential (CMAP) and motor unit number
estimation (MUNE). Additionally, single-fiber EMG (SFEMG)

TABLE 2 | Age-dependent changes in human and rodent NMJs.

Human Rodent

Presynaptic changes

Active zone
density

Unknown Decreases (Chen et al., 2012)

Active
zone-specific
proteins

Unknown Selective degeneration of
bassoon, piccolo and P/Q type
VGCC protein level and density
per synapse (Chen et al., 2012;
Nishimune et al., 2012;
Nishimune et al., 2016)

Synaptic
vesicle density

Unknown Decreases (Fahim and Robbins,
1982; Banker et al., 1983)

Nerve terminal
branching

Increases (Oda, 1984), no
change (Gambino et al., 1990)

Increases (Fahim et al., 1983; Li
et al., 2011; Valdez et al., 2012)

Denervation Increases in intercoastal (Oda,
1984) and VL muscles (Lexell
and Downham, 1991; Mosole
et al., 2014; Zampieri et al.,
2016), no change in the
peroneus longus muscle
(Jones et al., 2017)

Increases in TA, plantaris, and
EDL muscle (Fahim and
Robbins, 1982; Deschenes
et al., 2010; Valdez et al., 2010;
Chai et al., 2011)

Postsynaptic changes

NMJ
fragmentation

No change in the peroneus
longus muscle
(Jones et al., 2017)

Increases in the EDL,
diaphragm, soleus,
sternomastoid, and TA muscles
(Andonian and Fahim, 1988;
Valdez et al., 2010; Li et al.,
2011; Willadt et al., 2016)

Endplate area Increases (Oda, 1984) and no
change (Wokke et al., 1990) in
intercostal muscles. No change
in the peroneus longus muscle
(Jones et al., 2017)

No change in the EDC, EDL,
GM, and soleus muscles
(Banker et al., 1983)

Postsynaptic
folds number
and regularity

Decreases (Arizono et al.,
1984; Wokke et al., 1990)

Decreases (Fahim and
Robbins, 1982)

The age range for human studies is 4–95 years, and the age range for rodent
studies is 21 days to 33 months (mice) and 56 days to 24 months (rats).
EDC, extensor digitorum communis; EDL, extensor digitorum longus; GM, gluteus
maximus; NMJ, neuromuscular junction; TA, tibialis anterior; VGCC, voltage-gated
calcium channel; VL, vastus lateralis.

has been used to analyze action potentials from individual muscle
fibers and the variation in time of two action potentials of the
same motor unit (jitter). The MUNE values of limb muscles
decrease in older humans compared to that of the young (Galea,
1996; McNeil et al., 2005; Power et al., 2010; Hourigan et al.,
2015; Piasecki et al., 2016). This decrease in MUNE values is
consistent with the gradual loss of motor neurons (Kawamura
et al., 1977; Tomlinson and Irving, 1977; Mittal and Logmani,
1987). In addition, MUNE values decrease in the skeletal muscles
of aged mice (Sheth et al., 2018; Chugh et al., 2020). In accordance
with the decrease of MUNE values and motor neuron number,
the CMAP decreases in old humans compared to that of the
young (Piasecki et al., 2016), and in aged mice compared to
young mice (Sheth et al., 2018). SFEMG studies have found mild
increases in jitter in some muscles suggesting a mild change in
neurotransmission efficiency in humans between 10 and 90 years
old (Bromberg and Scott, 1994).
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Age-related functional changes of rodent NMJs have been
studied using dissected nerve-muscle preparations, direct
stimulation of motor nerves, and intracellular recordings from
the muscle, which has not been done for human studies (Willadt
et al., 2018). Aged mice show decreased MUNE values, as
mentioned previously (Sheth et al., 2018; Chugh et al., 2020),
and age-related increase of the blockade of synaptic transmission
(Chugh et al., 2020). These findings seem consistent with
the NMJ denervation observed in old mice. However, many
studies of aged mice and rats revealed increases or no change
of miniature endplate potential (mEPP) amplitude, endplate
potential, and quantal content (Banker et al., 1983; Kelly and
Robbins, 1983; Smith, 1988; Fahim, 1997; Willadt et al., 2016).
Some of these changes may relate to the reduced Ca2+ clearance
rates in presynaptic terminals (Smith, 1988) or increased input
resistance postsynaptic membrane in some aged NMJs (Banker
et al., 1983; Fahim, 1997). These age-related changes may be
compensatory mechanisms for the reduced MUNE; however,
they do not seem to be in accordance with the age-related
increase of the blockade of synaptic transmission (Chugh
et al., 2020) or the NMJ denervation observed in old mice.
Furthermore, the increase of NMJ fragmentation observed
in aged mice was not associated with functional impairment
(Willadt et al., 2016).

Taken together, these results suggest that age-dependent
changes in structure and motor unit number (denervation) occur
in human NMJs, but further studies are needed to reveal the
relationship between functional and structural changes related
to the aging of NMJs. The sections below will discuss mouse
models that reproduce key phenotypes of neuromuscular and
cellular impairment seen during aging. We will also discuss
potential similarities in molecular pathways between aging and
neuromuscular disease because the phenotypes of human aging,
and that of neuromuscular disease model mice share defects in
pre- and postsynaptic NMJ structures.

INSIGHTS FROM ANIMAL MODELS OF
ACCELERATED AGING

Human progeroid syndromes are genetic disorders characterized
by a shortened lifespan and the premature development of
phenotypes, which are normally associated with advanced age
(Martin, 1978). Progeroid syndromes can occur as a result of a
single gene mutation (Martin, 1978; Warner and Sierra, 2003).
Therefore, mouse models of progeroid syndromes have been
developed to study the mechanisms and pathways involved in
aging. Mouse models of accelerated aging are useful because of
their short lifespan, the specific targeting of a single gene, and
the phenotypic similarities with physiological aging (Harkema
et al., 2016). Obtaining insights into the aging process can
lead to the identification of possible targets for sarcopenia
prevention. In the section below, we will discuss observations
made in few mouse models of accelerated aging and compare
them to neuromuscular aging phenotypes described in aged
mice and elderly humans. The following mouse models were
selected based on the association between the gene modifications

and neuromuscular dysfunction phenotypes. The selection is
not ment to cover all animal models of accelerated aging.
Many reviews provide a more extensive list of progeroid mouse
models associated with gene modifications resulting in additional
pathologic phenotypes implicated in physiological aging, for
example in the central nervous system, cardiovascular system,
bones, and joints (Carrero et al., 2016; Harkema et al., 2016;
Folgueras et al., 2018).

Zmpste24−/− Mice
Accelerated aging was observed in a mouse model with a deletion
of zinc metalloproteinase (Zmpste24) required for processing
of prelamin A to lamin A (Leung et al., 2001; Bergo et al.,
2002). Lamin A is a component of the nuclear envelope and
interacts with membrane-associated proteins to form the nuclear
lamina (Aebi et al., 1986). Lamin A has been suggested to
play a role in physiological aging (Scaffidi and Misteli, 2006)
because a gene mutation in Lamin A (Lmna) causes incomplete
processing of prelamin A protein and the affected children show
symptoms of premature aging (De Sandre-Giovannoli et al., 2003;
Eriksson et al., 2003). The Zmpste24−/− model has a defect in
prelamin A processing and is similar to the Hutchinson–Gilford
progeria syndrome (Bergo et al., 2002). Muscles of Zmpste24−/−

mice exhibit characteristics of sarcopenia, including both muscle
atrophy and weakness (Bergo et al., 2002; Greising et al.,
2012). More specifically, the contractile capacity of muscles
of the anterior leg (extensor hallucis longus, EDL and tibialis
anterior) were 30–90% weaker than those of control mice
(Greising et al., 2012). Consistently, hindlimb muscles (EDL,
tibialis anterior, soleus, and gastrocnemius) were 32–47% smaller
in the Zmpste24−/− mice and contained significantly more
collagen compared to control littermates (Greising et al., 2012).
Additionally, the ankle range of motion was 70% lower in
Zmpste24−/− than control mice. Combined together, muscle
atrophy, collagen accumulation, and abnormal joint mechanics
contribute to poor neuromuscular performance and muscle
weakness shown by Zmpste24−/− mice (Greising et al., 2012).
These phenotypes caused by decreased Zmpste24 activity are
similar to those seen in aged mice and elderly humans, suggesting
that defective lamin A processing plays a role in the aging process.
These observations are consistent with the recent demonstration
of age-related decline in the expression of lamin A/C in the
synaptic region of muscles and a role of lamin A/C in preventing
NMJ degeneration (Gao et al., 2020).

Bub1bH/H and Bub1b+/GTTA Mice
Accelerated sarcopenia and a shortened lifespan were observed in
mice with low levels of the spindle assembly checkpoint protein
BubR1, including Bub1bH/H mice with two hypomorphic alleles
and Bub1b+/GTTA mice with the human nonsense mutation
2211insGTTA (Baker et al., 2004; Wijshake et al., 2012). These
mice show a decrease in muscle fiber diameter in gastrocnemius,
paraspinal, and abdominal muscles, with increased intermuscular
fibrosis, and impaired regenerative capacity (Baker et al., 2008;
Wijshake et al., 2012). The effect of BubR1 deficiency on NMJ
structure and the innervation rate remain unknown. However,
BubR1 deficiency in Bub1bH/H mice is a trigger for Cdkn2a
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locus activation, which encodes the tumor suppressors p16Ink4a

and p19ARF (Baker et al., 2008). Both p16Ink4a and p19ARF are
effectors of cellular senescence (Baker et al., 2008) or a state of
irreversible growth arrest (Collado et al., 2007). The levels of the
senescence markers, p16Ink4a and p19ARF, were also found to be
elevated in the skeletal muscle of Bub1b+/GTTA mice (Wijshake
et al., 2012). The inducible clearance of p16Ink4a positive
senescent cells upon administration of a drug in Bub1bH/H

mice results in attenuation of sarcopenia and premature aging
(Baker et al., 2011). Furthermore, breeding Bub1bH/H mutant
mice on a p16Ink4a homozygous-null background attenuated
cellular senescence and premature aging in skeletal tissues, and
a 25% extension in lifespan compared to Bub1bH/H mice (Baker
et al., 2008). These results, combined with the decline of BubR1
expression in aged wild-type mice (Baker et al., 2004), suggest that
BubR1 may play a role in physiological aging.

Ercc11/− Mice
Genotoxic stress as a result of cumulative damage to DNA
is considered a dominant mechanism underlying aging
(Hoeijmakers, 2009). The excision repair cross-complementing
group 1 (ERCC1) gene functions in the nucleotide excision repair
pathway (Westerveld et al., 1984). Previous studies of ERCC1
deficient patients (Jaspers et al., 2007; Ahmad et al., 2010) and
ERCC1−/− mice (Weeda et al., 1997) have indicated that a loss of
ERCC1 nuclease function causes a premature aging degenerative
phenotype in several organ systems and juvenile death. The very
short lifespan of ERCC1−/− mice (which is less than 38 days)
hinders the investigation of age-dependent neurodegeneration.
Therefore, Weeda et al. (1997) also examined ERCC11/− mice
lacking one allele and having reduced activity in the other
allele due to a seven amino-acid carboxy-terminal truncation.
ERCC11/− mice have a shortened life span of 6–7 months, severe
locomotor deficits, and reduced ability to maintain balance (de
Waard et al., 2010). Grip strength and accelerating rotarod test
performances are reduced in ERCC11/− mice at 16 weeks of age.
Full and partial denervation of NMJs occurs in the lumbrical
muscles of ERCC11/− mice at 8 and 16 weeks. There is also
a significant increase in the number of motor endplates that
are innervated by more than one incoming axon collateral
in ERCC1/− mice (de Waard et al., 2010). This sprouting of new
collateral axonal branches occurs as a compensatory mechanism
to reinnervate denervated muscle fibers. These results suggest
that the accumulation of DNA damage may play a role in
neuronal aging and motor neuron vulnerability in aging.

Sod1−/− Mice
Oxidative stress is one of the leading theories on mechanisms
underlying age-related muscle denervation (Fulle et al., 2004;
Salmon et al., 2010). Reactive oxygen species-mediated oxidative
damage to proteins, lipids, and DNA are kept in check by
antioxidants under normal physiological conditions. However,
excessive reactive oxygen species production can overwhelm
the antioxidant defense, leading to increased oxidative damage
of cellular machinery (Park, 2015). Studies on the genetic
ablation of superoxide dismutase 1 (SOD1), a free radical

scavenging enzyme, have shown that superoxide (O2
−/HO2)

can be toxic, and the lack of Cu/Zn SOD contributes to a
deleterious phenotype in various model systems (Phillips et al.,
1989; Ho et al., 1998; McFadden et al., 1999; Sanchez et al., 2005;
Muller et al., 2006). Mice lacking Cu/Zn SOD1 (Sod1−/−) show
phenotypes that resemble an acceleration of normal age-related
sarcopenia (Muller et al., 2006) and exhibit a 30% reduction
in lifespan (Elchuri et al., 2005). Hindlimb muscle mass in
Sod1−/− mice is approximately 50% lower than in age-matched
wild-type mice. Skeletal muscle tissue from Sod1−/− mice
show increased oxidative damage of proteins, lipids, and DNA
compared to control mice. These differences are accompanied
by a 40% decrease in voluntary wheel running at 6 months of
age, and about 50% worse Rotarod performance in Sod1−/−

mice compared to wildtype littermates (Muller et al., 2006).
Interestingly, depletion of Cu/Zn SOD1 in either the motor
neuron or muscle alone is not sufficient to reproduce a sarcopenic
phenotype and that a loss of Cu/Zn SOD1 in both neurons
and muscle is required to generate atrophy (Zhang et al., 2013;
Sataranatarajan et al., 2015). Furthermore, Sod1−/− mice display
progressive NMJ denervation despite the absence of losses of
spinal cord motor neurons and ventral root axons (Flood et al.,
1999; Shefner et al., 1999; Jang et al., 2010; Fischer et al., 2011,
2012). Denervation and sprouting occur in these mice at 1–
4 months of age, preceding muscle fiber loss that occurs between
3 and 4 months of age (Muller et al., 2006; Fischer et al., 2011,
2012). Muscle denervation and abnormalities in motor axon
morphology of Sod1−/− mice are greater in the gastrocnemius
and tibialis anterior muscles compared to the soleus muscle
(Muller et al., 2006; Fischer et al., 2011, 2012). The gastrocnemius
and tibialis anterior muscles have a higher proportion of fast
muscle fibers, and the soleus muscle has a higher proportion of
slow muscle fibers. Therefore, fast muscles are more vulnerable to
NMJ denervation and muscle fiber loss in Sod1−/− mice, similar
to what occurs in humans aging studies (Lexell et al., 1988; Lexell,
1995). Myosin heavy chain isoform (MHC) type II (fast) muscle
fibers in elderly humans are more affected than MHC isoform
type I (slow) fibers during age-related NMJ denervation (Lexell
et al., 1988; Lexell, 1995). Overall, these results demonstrate that
Cu/Zn SOD1 is necessary for normal neuromuscular functions
and suppression of age-dependent neuromuscular degeneration.

These animal models show accelerated aging with defects
of the neuromuscular system including sarcopenia, axonal
sprouting, and denervation like physiological aging. These
mice provides opportunities to study NMJ changes, understand
pathological mechanisms, and identify therapeutic targets to
delay or prevent the onset of age-related neuromuscular
impairments.

COMPARISON WITH OTHER DISEASES
THAT AFFECT THE NMJ

The mechanisms that form NMJs during development or
degenerate NMJs in neuromuscular diseases may underlie the
mechanisms of physiological aging in humans. For example, a
loss in presynaptic active zones has been observed in NMJs of
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aged mice (Chen et al., 2012). Similarly, active zone structure is
impaired in human neurological diseases, including LEMS and
Pierson syndrome. LEMS patients develop autoantibodies against
P/Q-type VGCCs, which is thought to cause internalization of
P/Q-type VGCCs into nerve terminals (Lambert and Elmqvist,
1971; Fukunaga et al., 1982; Flink and Atchison, 2003). LEMS
patients exhibit a reduced number of NMJ active zones, reduced
synaptic transmission, weakened muscles, and fatigue (Lambert
and Elmqvist, 1971; Fukunaga et al., 1982) similar to what is
observed in aging. Interestingly, some LEMS patients develop
autoantibodies specifically against the domain of P/Q-type
VGCCs, where laminin β2 binds to (Takamori et al., 2000;
Nishimune et al., 2004). These autoantibodies may cause a loss
of interaction between the synapse organizer laminin β2 and
VGCCs, which may inhibit the organization of active zones.
Consistently, mice immunized with LEMS patient IgGs also show
a reduced number of active zones (Fukunaga et al., 1983). Thus,
the interaction between P/Q-type VGCCs and laminin β2 is
essential for organizing the presynaptic active zones. Meanwhile,
Pierson syndrome patients lack functional laminin β2 due to a
genetic mutation and show a reduction in active zones at the
NMJ, impairments in synaptic transmission including reduced
mEPP frequency and amplitude, and denervation (Zenker et al.,
2004; Maselli et al., 2009). These clinical characteristics of Pierson
syndrome are consistent with the phenotypes of laminin β2
knockout mice (Noakes et al., 1995). Together, these observations
suggest that laminin β2 plays an important role in active zone
organization in humans and a potential role in the maintenance
of active zones in aged NMJs.

Myasthenia gravis (MG), the most common disorder of NMJs,
is caused by autoantibodies against postsynaptic membrane
proteins (Conti-Fine et al., 2006; Vincent et al., 2006; Shigemoto
et al., 2010). The characteristic clinical features of MG include
fatigue, muscular atrophy, weakness, and ptosis (Slater et al.,
2006; Phillips and Vincent, 2016). Analyses of patient sera
showed that the majority of MG patients produce autoantibodies
against AChRs (∼85%). Autoantibodies against muscle-specific
kinase (MuSK) makeup ∼8% of MG patients and were found
in 70% of MG patients who lacked autoantibodies against
AChRs (Gilhus and Verschuuren, 2015; Binks et al., 2016).
Furthermore, autoantibodies against LRP4 were found in 2–
54% of MG patients who were negative for anti-AChR and
anti-MuSK antibodies (Higuchi et al., 2011; Zhang et al.,
2012; Zisimopoulou et al., 2014). Various studies using animal
models that received injections of MG patient IgG have shown
that these antibodies are pathogenic. AChR antibodies increase
the rate of AChR internalization, and a loss of AChRs at
the NMJ impairs neuromuscular transmission (Engel et al.,
1977; Phillips and Vincent, 2016). The postsynaptic membrane
shows a diminished response to ACh and a reduction in
EPPs and mEPPs amplitudes (Loutrari et al., 1992; Ruff and
Lennon, 2008). MG patients’ MuSK antibodies prevent the
assembly and activation of the agrin-LRP4-MuSK complex
necessary for NMJ maintenance (Huijbers et al., 2013; Otsuka
et al., 2015). MuSK and LRP4-immunized mice also show
impairments of neuromuscular transmission as well as a
reduction in the size of motor terminals apposing AChR clusters

at NMJs (Mori et al., 2012; Zhang et al., 2012; Mori et al., 2017).
Transverse-sections of muscles from MuSK-immunized rabbits
showed angular muscle fibers (Shigemoto et al., 2006) similar
to what is seen in transverse-sections of aged muscle fibers
(Larsson, 1995; Zampieri et al., 2016). LRP4-immunized mice
showed significantly decreased staining areas of the presynaptic
proteins, synaptophysin and bassoon, at NMJs compared to
controls (Mori et al., 2017). However, the normalized bassoon
staining area was unchanged compared to control mice because
the synapse area is also reduced in these mice (Mori et al.,
2017). It is worth noting that gene mutations in the agrin-LRP4-
MuSK-Dok7-rapsyn-AChR pathway, including the genes AGRN,
MUSK, DOK7, RAPSN, cause congenital myasthenic syndromes
(CMSs). CMSs are characterized by weakness and fatigue, similar
to MG (Rothbart, 1937). However, CMS is not a degenerative
disorder like aging but a developmental disorder, which has been
reviewed previously (Engel et al., 2010, 2015; Webster, 2018).
In aged mice, the agrin-LRP4-MuSK-AChR signaling pathway is
implicated in aging-associated NMJ deficits (Zhao et al., 2018).
LRP4 protein levels are decreased in aged muscles and restoring
the levels of LRP4 by transgenic expression or stabilization
with sarcoglycan alpha maintained NMJ innervation, alleviated
AChR fragmentation, and improved synaptic transmission (Zhao
et al., 2018). Furthermore, viral-mediated upregulation of DOK7
in aged mouse muscle significantly enhanced motor function,
muscle strength, NMJ innervation, and compound muscle action
potential amplitudes (Ueta et al., 2020). Thus, studying the role of
the agrin-LRP4-MuSK-Dok7-rapsyn-AChR signaling pathway in
aging has identified a potential therapeutic target for alleviating
NMJ decline in aging. This elucidation was helped by the
prior knowledge demonstrating the importance of this signaling
pathway for NMJ development, maintenance, and degeneration
in MG (Li et al., 2018).

Amyotrophic lateral sclerosis (ALS) is a neurodegenerative
disorder characterized by a gradual loss of motor neurons that
leads to paralysis and death (Brown, 1995). The first gene
mutations associated with familial ALS were identified in the
SOD1 gene (Rosen et al., 1993). These findings led to the
development of the transgenic mouse model for ALS expressing
the human SOD1 gene with glycine 93 to alanine (G93A)
mutation identified in patients (SOD1G93A mice) (Gurney et al.,
1994). SOD1G93A mice exhibit progressive denervation, motor
neuron loss, muscle weakness, and paralysis similar to ALS
patients (Gurney et al., 1994; Chiu et al., 1995; Tu et al., 1996;
Wong and Martin, 2010; Rocha et al., 2013; Dobrowolny et al.,
2018). NMJ denervation is observed as early as 47 days of age in
these mice (Kennel et al., 1996; Fischer et al., 2004) and precedes
both motor neuron loss (Gurney et al., 1994; Dadon-Nachum
et al., 2011) and muscle atrophy (Brooks et al., 2004; Marcuzzo
et al., 2011). These characteristics are similar to those observed
in the rodent models of aging (Chai et al., 2011; Valdez et al.,
2012) as well as in SOD1−/− mouse models of accelerated aging
(Shi et al., 2014). In addition, SOD1G93A mice display preferential
denervation of fast-twitch muscles (Atkin et al., 2005; Hegedus
et al., 2007, 2008). It has been suggested that both fast type muscle
and motor units are preferentially vulnerable to the disease
process in ALS patients (Dengler et al., 1990; Sanjak et al., 2001).
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This increased susceptibility to NMJ denervation in fast type
muscles has also been demonstrated in aged mice (Chai et al.,
2011; Valdez et al., 2012) and SOD1−/− mouse models of
accelerated aging (Fischer et al., 2011, 2012).

Identifying similarities between aging and phenotypes of
neurodegenerative diseases may suggest common molecular
pathways that underlie aging-related degeneration of NMJs.
Furthermore, understanding the molecular basis of NMJ
dysfunction in animal models is essential for translating research
to study aging in humans and search for candidate targets for
therapeutic intervention of sarcopenia and frailty. For example,
a mechanism of peripheral neuropathy elucidated from aged
mice may provide a novel therapeutic approach for age-related
degeneration observed in the elderly (Yuan et al., 2018).
The previous reviews have discussed the possible functional
significance associated with age-related changes in NMJ
structure, which include denervation, fragmentation, axonal
branching, decreased synaptic vesicles, and altered postsynaptic
folding (Willadt et al., 2016; Li et al., 2018). Importantly, studying
NMJ dysfunction is essential for understanding musculoskeletal
impairment during aging.

INTERVENTIONS TO IMPROVE
AGE-RELATED NMJ DYSFUNCTION IN
HUMANS

Exercise and caloric restriction attenuate age-related declines
in the mammalian neuromuscular system and are potential
interventions to delay the onset of age-related NMJ dysfunction
and sarcopenia (Cadore et al., 2014; Most et al., 2017; Lopez
et al., 2018; Lavin et al., 2019). Aging leads to a loss of motor
units, as described in the previous section titled “age-related
changes in the NMJ.” In humans, a study on master athletes
indicates that high levels of life-long physical activity may
ameliorate this loss of functional motor units in the tibialis
anterior muscle into the 7th decade of life compared to age-
matched controls (Power et al., 2010). Unlike the tibialis anterior
leg muscle, the estimated number of functional motor units in
the biceps brachii arm muscle of masters runners was lower
in old age compared with young adults (Power et al., 2012).
These findings indicate that high levels of chronic activation is
necessary for delaying the age-related loss of motor units, and
the beneficial effect is specific to the muscle exposed to the long
term high levels of physical activity (Power et al., 2012). The
number of functional motor units in a human muscle group
can be estimated using a minimally invasive electrophysiological
technique (decomposition-enhanced spike-triggered averaging)
(McComas et al., 1971). This technique can also provide indirect
evidence of collateral reinnervation using the peak amplitude
of the mean surface-detected motor unit potential (Power
et al., 2016). World champion master runners in their ninth
decade of life had a greater number of remaining motor units
and reduced collateral reinnervation compared to age-matched
non-athletes (Power et al., 2016). Furthermore, master athletes
had a 14% greater amount of excitable muscle mass and
better neuromuscular transmission stability or preterminal axon

stability, as indicated by lower jitter values, compared with age-
matched non-athletes (Power et al., 2016). Additionally, biopsies
from seniors physically active at high-level (65–79 years old)
revealed a significantly higher percentage of slow-type myofibers
and increased muscle fiber-type groupings, suggesting that long-
term cycles of denervation/reinnervation have occurred (Mosole
et al., 2014). People aged 70 years or older who reported
walking 4–7 days per week showed a reduced risk of lower-
body mobility impairments compared to elderly who reported
walking fewer days per week (Clark, 1996). Moderate to high
levels of physical activity in aged adults was associated with a
significant increase in life expectancy and disability-free years
before death compared to aged adults who reported low physical
activity (Ferrucci et al., 1999). Starting exercise training in old
age can also lead to significant health improvements. Nine weeks
of training improved muscle strength and recovered myofiber
atrophy in 70-year-old subjects compared to pre-training
(Zampieri et al., 2016). Together, these results demonstrate that
exercise maintains neuromuscular stability and ameliorates the
loss of motor units associated with aging well into the later
decades of human life.

In rodents, endurance exercise has a beneficial effect on NMJs
in the aging muscle. Running wheel and treadmill running
has been shown to reduce post-synaptic AChR fragmentation
related to rodent aging, and help maintain NMJ innervation
and endplate area (Andonian and Fahim, 1988; Fahim, 1997;
Valdez et al., 2010; Deschenes et al., 2011; Cheng et al., 2013).
Presynaptically, exercise has been shown to maintain active
zone protein content. Active zone protein levels in NMJs are
reduced during aging, but resistance training ameliorated the
loss of Bassoon at NMJs of 24-month-old aged rats to young
adult levels (Nishimune et al., 2012). This finding is consistent
with endurance training improving NMJ function in aged mice,
which was revealed using electrophysiology (Fahim, 1997). To
our knowledge, no other studies investigated active zone proteins
at NMJs combined with exercise training. More work is needed
to understand the molecular mechanisms by which exercise
modulates active zones and active zone proteins during aging.

Caloric restriction is a long-term dietary intervention in which
caloric intake is reduced, but malnutrition is avoided (Anderson
and Weindruch, 2012). The first description of the possible
benefits and mechanisms of caloric restriction in aging has been
demonstrated through the studies of rodent and invertebrate
species (Fontana et al., 2010; Anderson and Weindruch, 2012).
The caloric restriction prolonged the lifespan of rodents in an
inverse linear manner when caloric intake is reduced at 10–30%
compared to ad libitum intake of a standard diet (Weindruch
et al., 1986; Anderson and Weindruch, 2010). Furthermore, a
40% reduction in caloric intake in mice from 4 to 24 months
of age led to the maintenance of NMJs in the tibialis anterior
muscle compared to control mice fed a standard diet ad libitum
(Valdez et al., 2010). The frequencies of AChR fragmentation
and NMJ denervation were significantly lower in these calorically
restricted mice than in control aged mice indicating an
attenuation of the age-related changes in the NMJ structure
(Valdez et al., 2010). The use of the caloric restriction mimetic,
resveratrol had a beneficial effect on NMJs and preserving muscle
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fiber morphology in the EDL muscle of 2-year-old mice
(Stockinger et al., 2017). The beneficial effect of caloric restriction
on health has also been reported in non-human primates
(Roth et al., 2000). In rhesus monkeys, caloric restriction of
30% reduced intake improves survival and delays the onset
of sarcopenia and age-associated diseases (McKiernan et al.,
2011). Analysis of vastus lateralis muscle biopsies showed
that caloric restriction attenuated age-related changes in the
proportion of Type II muscle fibers and fiber transverse-
sectional area (McKiernan et al., 2011). Epidemiological studies
show evidence that caloric restriction without malnutrition
may also have health-promoting effects in humans. A large
population of centenarians is found on the island of Okinawa,
where individuals reportedly eat fewer calories on average than
people in mainland Japan (Chan et al., 1997). Randomized
controlled trials of caloric restriction in the United States show
a decline in markers of oxidative stress and DNA-damage
after 6 months compared to controls on a weight-maintenance
diet (Heilbronn et al., 2006; Civitarese et al., 2007). Skeletal
muscle biopsies collected from the trial participants showed
that caloric restriction induces mitochondrial biogenesis and
decreases superoxide dismutase activity, which in turn lowers
oxidative stress (Civitarese et al., 2007). A caloric restriction
trial in healthy, adult humans demonstrated that a 15% caloric
restriction over 2-years resulted in beneficial metabolic adaption
and a reduction in biomarkers associated with aging compared
to an ad libitum control group (Redman et al., 2018). Studies in
Caenorhabditis elegans, Drosophila, and yeast suggest a possible
link between the TOR (Target of Rapamycin) pathway and
caloric restriction (Kapahi et al., 2004; Kaeberlein et al., 2005;
Hansen et al., 2007). The potential role of mTOR signaling
in the aging process of these model organisms in addition to
mammals has been reviewed previously (Saxton and Sabatini,
2017; Papadopoli et al., 2019). In mice, a sirtuin, Sirt1 has
been shown to regulate aging and longevity. Brain specific
overexpression of Sirt1 in mice protected against the age-
related decline in skeletal muscle and resulted in more youthful-
appearing NMJs (Ghosh and Zhou, 2015; Snyder-Warwick et al.,
2018). The mechanisms linking Sirt1 from the hypothalamus
to skeletal muscle in mice and the involvement of SIRT1 in
humans remains to be elucidated. Aside from caloric restriction,

there is evidence for a beneficial effect of specific nutrients
and dietary supplements on the aged neuromuscular system
in humans. A recent review discussed potential mechanisms
of promoting healthy neuromuscular aging by β-hydroxy-
β-methylbutyrate, creatine, dietary phospholipids, omega-3 fatty
acids, and vitamin D (Kougias et al., 2018). Additional clinical
research investigating optimal dosages and durations of caloric
restriction and nutritional intervention is needed to determine
whether these effects can attenuate the aging process.

Examining the pathological mechanisms of neurodegenerative
diseases with phenotypes similar to aging will help evaluate the
molecular changes that underlie the structural and functional
changes seen during aging. These include changes in active
zone number and composition, NMJ innervation, and muscle
mass. Also, mouse models of accelerated aging add value by
identifying new pathways involved in aging. Importantly, the
conserved beneficial effect in rodents, non-human primates,
and humans supports the importance of caloric restriction
and exercise for improving physical function in the elderly.
Taken together, these strategies are likely to contribute to
the development of interventions for preventing age-related
neuromuscular dysfunction, sarcopenia, and frailty.
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The neuromuscular junction (NMJ) is a highly specialized synapse between a motor
neuron nerve terminal and its muscle fiber that are responsible for converting electrical
impulses generated by the motor neuron into electrical activity in the muscle fibers.
On arrival of the motor nerve action potential, calcium enters the presynaptic terminal,
which leads to the release of the neurotransmitter acetylcholine (ACh). ACh crosses the
synaptic gap and binds to ACh receptors (AChRs) tightly clustered on the surface of
the muscle fiber; this leads to the endplate potential which initiates the muscle action
potential that results in muscle contraction. This is a simplified version of the events in
neuromuscular transmission that take place within milliseconds, and are dependent on
a tiny but highly structured NMJ. Much of this review is devoted to describing in more
detail the development, maturation, maintenance and regeneration of the NMJ, but first
we describe briefly the most important molecules involved and the conditions that affect
their numbers and function. Most important clinically worldwide, are myasthenia gravis
(MG), the Lambert-Eaton myasthenic syndrome (LEMS) and congenital myasthenic
syndromes (CMS), each of which causes specific molecular defects. In addition, we
mention the neurotoxins from bacteria, snakes and many other species that interfere
with neuromuscular transmission and cause potentially fatal diseases, but have also
provided useful probes for investigating neuromuscular transmission. There are also
changes in NMJ structure and function in motor neuron disease, spinal muscle atrophy
and sarcopenia that are likely to be secondary but might provide treatment targets. The
NMJ is one of the best studied and most disease-prone synapses in the nervous system
and it is amenable to in vivo and ex vivo investigation and to systemic therapies that can
help restore normal function.

Keywords: neuromuscular junction, myasthenia gravis, congenital myasthenic syndromes, spinal muscular
atrophy, sarcopenia, MuSK, DOK7, Agrin

INTRODUCTION

The neuromuscular junction (NMJ) is a simple synapse between the motor nerve terminal and the
surface of a muscle fiber sarcolemma, but is nevertheless complex in its structure and function.
Most of what we know about development of the NMJ comes from work in rodents, particularly
mice and evidence from work on human muscle is sparse. During development, nascent skeletal
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muscle fibers express AChRs on their surface and the axons of
motor neurons are guided to innervate the fibers, leading to the
clustering of AChRs at high density underneath the motor nerve
terminals. Despite being functionally active in the embryonic
stage, NMJs undergo complex postnatal maturation during the
first weeks of life that consist of an increase in size, morphological
changes and the development of invaginations in the subsynaptic
sarcolemma. The apparent macroscopic stability of the NMJ
during adulthood hides numerous mechanisms that allow the
homeostasis of the neuromuscular synapse in health and disease.
This review covers the molecular mechanisms underlying the
development and homeostasis of the NMJ and their contribution
to health and disease.

THE ORGANIZATION OF THE NMJ

The NMJs are very small structures (∼30 µm long) compared
to the length of the muscle fibers they innervate which can
be anything from less than a cm (e.g., intercostal muscle) to
more than 20 cm (e.g., sartorius, the long muscle of the thigh).
Typically, each skeletal muscle fibers has a single NMJ where
the motor axon joins the muscle fiber. The most common
classification divides the NMJ into a presynaptic terminal, a
postsynaptic muscle membrane and the space that lies between
called the synaptic cleft. The classic morphology of the NMJ in
murine animal models is described as a pretzel-shaped structure
(Figure 1). The human NMJs are typically smaller, less complex,
and more fragmented than those widely studied in murine
animal models (Jones et al., 2017), although they exhibit a higher
degree of postsynaptic membrane folding than any other species
(Slater, 2017).

Presynaptic Terminal
Motor nerves travel from the spinal cord to skeletal muscles
where they divide into terminal branches and subsequently form
synaptic boutons that contact the muscle surface (Desaki and
Uehara, 1981). Synaptic boutons are small protuberances found
at the terminal end of motor axons. They are filled with synaptic
vesicles containing the neurotransmitter ACh ready for vesicle
exocytosis. The nerve terminal has complex machinery in place
to allow the synthesis, exocytosis and recycling of these synaptic
vesicles (Lai et al., 2017). Non-myelinating Schwann cells called
perisynaptic or terminal Schwann cells (tSCs) cover the NMJ,
and there is increasing evidence that they contribute to synapse
formation, maintenance and repair (Feng and Ko, 2008).

Synaptic Cleft
The synaptic cleft is the gap between the presynaptic terminal
and the postsynaptic muscle membrane, which is filled with
a specialized form of extracellular matrix called synaptic basal
lamina (Sanes, 2003). This matrix is crucial for the alignment,
organization and structural integrity of the NMJ. The main
components of the basal lamina include laminins and different
types of collagens (Shi et al., 2012). In particular, it is of relevance
that the enzyme acetylcholinesterase (AChE), which terminates
synaptic transmission by breaking down acetylcholine, is

FIGURE 1 | Fluorescence and electron microscopy images of the NMJ.
(A) Fluorescence microscopy image of the NMJ showing the nerve terminal
(green) innervating the muscle endplate (red) stained with fluorescently
conjugated α-bungarotoxin that binds to the AChRs. (B) Super-resolution
confocal microscopy image of the NMJ showing the postsynaptic muscle
membrane and the junctional folds at the top of which AChRs are
concentrated (image provided by Dr. J. Cheung). (C) Electron microscopy
image of the NMJ. The presynaptic nerve terminal is filled with synaptic
vesicles containing acetylcholine (*). The postsynaptic muscle membrane
exhibits a high degree of folding which extends into the muscle sarcoplasm
(arrows) in order to increase the total endplate surface. The NMJ is covered by
terminal Schwann cells. Used with permission from Slater (2017).

attached to the basal lamina thanks to ColQ, an NMJ-specific
collagen-like tail (Ohno et al., 1998).

Postsynaptic Muscle Membrane
The postsynaptic membrane is a specialized structure with a high
degree of folding, as shown by electron microscopy studies (De
Harven and Coers, 1959). Motor nerve terminals are embedded
in the muscle in a gutter or primary cleft. Furthermore, there are a
series of invaginations of the muscle membrane that extend into
the sarcoplasm called secondary junctional folds. They increase
the overall surface of the postsynaptic membrane, and the AChRs
clustered at high density on the crest of these folds, juxtaposed to
the presynaptic active zones. At the bottoms of the folds, voltage-
gated Na+ channels are concentrated to facilitate the excitability
of the postsynaptic membrane.

NEUROMUSCULAR TRANSMISSION

The enzyme choline acetyltransferase (ChAT) synthesizes
acetylcholine (ACh) from acetyl coenzyme A (AcCoA) and
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choline (Nachmansohn and Machado, 1943). Subsequently,
acetylcholine is packed into synaptic vesicles thanks to the
vesicular acetylcholine transporter (VAChT) (Roghani et al.,
1994). Pools of synaptic vesicles accumulate in the presynaptic
terminal near release sites termed active zones (Sudhof, 2012).
Upon arrival of an action potential, voltage-gated calcium
channels (VGCCs) open and Ca2+ inflow triggers vesicle fusion
to the plasma membrane and exocytosis through the Soluble
N-ethylmaleimide-sensitive factor Attachment protein Receptor
(SNARE) complex (Baker and Hughson, 2016). ACh released by
the presynaptic terminal binds to the ACh binding site located at
the α and either δ or ε-subunits interfaces of the AChR. Upon
ACh binding, the AChR subunits undergo a conformational
change to open the channel creating a pore (Miyazawa et al.,
2003). This event allows the influx of positively charged ions to
move across the channel generating a change in the membrane
potential that triggers an endplate potential (EPP). In a healthy
individual, the depolarization of the postsynaptic membrane
generated by the EPP is greater than the threshold needed to
activate the Nav1.4 voltage-gated sodium channels and generate
an action potential. The action potential spreads from the motor
endplate to the rest of the sarcolemma, resulting in contraction of
the muscle (Engel et al., 2015).

Importantly the NMJ is an all-or-none synapse. If the
endplate potential does not reach the threshold for opening of
sodium channels, or if there are insufficient sodium channels in
the postsynaptic folds to generate an action potential, muscle
contraction does not occur. In health, the EPP is more than
sufficient to reach threshold, and the sodium channels are
concentrated at the depths of the postsynaptic folds where they
can be efficiently opened by the voltage change. This is the
margin of safety, or safety factor of neuromuscular transmission,
which allows the NMJ to continue to function under various
physiological conditions and stresses. In disease, this margin of
safety can be reduced at individual endplates, or many of them,
leading to reduced neuromuscular transmission and muscle
weakness (Wood and Slater, 2001). These concepts are crucial in
understanding the diseases that cause muscle weakness (Table 1).
Much of what is summarized below is covered in detail by other
authors in this Special Issue (Cao et al., 2020; Takamori, 2020).

DISORDERS OF THE NMJ

Venoms and Neurotoxins
Much of what we first learnt regarding the molecules at NMJ
that are essential for its function, and also targets in disease
came from the study of specific neurotoxins, particularly those
from snake venoms on transmission at the NMJ (Vincent, 2020).
Envenomation by snake bite is a very important disease globally
and leads to a variety of symptoms of which, since the NMJ is
accessible to the systemic circulation, defects in transmission are
often early with respiratory failure (Warrell, 2010, 2019).

Botulism is an important presynaptic disorder, which is caused
by a toxin produced by the anaerobic bacterium, Clostridium
botulinum. The botulinum toxin (Botox) is a proteolytic enzyme
that gets transported into the motor nerve and other nerve

terminals, cleaves SNARE proteins, preventing vesicle fusion
and ACh release (Schiavo et al., 2000). Tetanus toxin produced
by Clostridium tetani is also taken up by presynaptic motor
nerve terminals but travels retrogradely, via the motor neuron
cell body, to the inhibitor nerve terminals of the spinal cord
where it prevents the release of GABA and glycine leading to
painful muscle spasms. Each of these conditions can be life-
threatening due to muscle paralysis or, in the case of tetanus
toxin, uncontrolled muscle contractions.

Myasthenia Gravis
Autoantibodies against the muscle acetylcholine nicotinic
receptor (AChR) cause myasthenia gravis (MG), the most
common disorder of neuromuscular transmission, which is
characterized by fatigable muscle weakness (Lindstrom et al.,
1976; Vincent and Newsom-Davis, 1985). The AChR antibodies
are predominantly IgG1 and IgG3 subclasses and lead to loss of
AChRs by two main mechanisms; mainly complement activation,
cross-linking and internalization of AChRs (Le Panse and Berrih-
Aknin, 2013). Classic treatment is with immunosuppressive
drugs and cholinesterase inhibitors to prevent the breakdown of
ACh by AChE; this leads to longer duration of ACh in the synapse
leading to larger and slightly prolonged EPPs.

Interestingly, there are patients in rare occasions with
autoantibodies against the fetal γ-subunit of the AChR, which
is present prenatally but largely replaced by the ε-subunit before
birth at approximately 33 weeks (AChR γ-to-ε switch) (Missias
et al., 1996). As a result, these antibodies have little effect in adults
but they can cause neonatal myasthenia (Vernet-Der Garabedian
et al., 1994) or arthrogryposis multiplex congenita (Oskoui et al.,
2008) via maternal transfer to the fetus.

Around 10–20% of MG patients are seronegative for AChR
antibodies but a variable proportion (0–70%) have antibodies
to the Muscle-Specific Kinase (MuSK) (Hoch et al., 2001).
MuSK autoantibodies are predominantly of the IgG4 subtype
and impair agrin signaling by disrupting the interaction of
MuSK with the low density lipoprotein receptor-related protein-
4 (LRP4) (Koneczny et al., 2013). MuSK-MG has distinct clinical
features and response to treatment, including the worsening of
symptoms with anticholinesterase therapy (Evoli et al., 2003).
The clinical features of this form of MG and the mechanisms
by which the antibodies act can be found in Cao et al.,
this volume (Cao et al., 2020). MG patients seronegative for
MuSK and AChR antibodies by radioimmunoprecipitation assay
(RIA) may have antibodies to clustered AChRs by cell-based
assay (CBA) (Leite et al., 2008). These antibodies have similar
pathogenic mechanisms to AChR antibodies detected by RIA
(Jacob et al., 2012). They can be useful in clinical practice,
especially in children, for planning treatment and to distinguish
from congenital myasthenic syndromes (CMS) (Rodríguez Cruz
et al., 2015). LRP4 antibodies have also been reported in
seronegative MG (Zhang et al., 2012), but the detection rates are
highly variable between studies, and some cases are also positive
for AChR and MuSK antibodies (Higuchi et al., 2011). A further
uncertainty comes from studies showing LRP4 antibodies in
some patients with amyotrophic lateral sclerosis (Tzartos et al.,
2014). Finally, autoantibodies to other immunogenic targets such
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TABLE 1 | Disorders of neuromuscular transmission.

Venoms and Neurotoxins

Snake bite

Botulism

Tetanus

Myasthenia gravis

AChR antibodies

MuSK antibodies

Antibodies to clustered AChRs

LRP4 antibodies

Lambert-Eaton Myasthenic Syndrome

VGCC antibodies

CMS subtype Gene Inheritance

Proteins with defined NMJ function

Presynaptic

Choline O-Acetyltransferase CHAT AR

Unconventional myosin 9 MYO9 AR

PREPL PREPL AR

Vesicular ACh transporter (VAChT) SLC18A3 AR

High-affinity choline transporter 1 (ChT) SLC5A7 AR

Synaptosome Associated Protein 25 SNAP25B AD

Synaptotagmin 2 SYT2 AD

Munc13-1 UNC13-1 AR

Rabphilin 3A RPH3A AR

Synaptobrevin 1 VAMP1 AR

Synaptic

Collagen Type XIII Alpha 1 Chain COL13A1 AR

Endplate AChE deficiency COLQ AR

Laminin α5 deficiency LAMA5 AR

Laminin ß2 deficiency LAMB2 AR

Postsynaptic

Agrin (neuronal) AGRN AR

Primary AChR deficiency CHRNA, CHRNB, CHRND, CHRNE AR

Slow channel syndrome CHRNA, CHRNB, CHRND, CHRNE AD

Fast channel syndrome CHRNA, CHRNB, CHRND, CHRNE AR

Low conductance syndrome CHRNE AR

Escobar syndrome CHRNG AR

DOK7 DOK7 AR

LRP4 LRP4 AR

MACF1 MACF1 AR

MuSK MUSK AR

Plectin deficiency PLEC1 AR

Rapsyn RAPSN AR

Na+ channel myasthenia SCN4A AR

Ubiquitously expressed proteins

ALG2 ALG2 AR

ALG14 ALG14 AR

DPAGT1 DPAGT1 AR

GFPT1 GFPT1 AR

GMPPB GMPPB AR

SLC25A1 SLC25A1 AR

ALG2, Alpha-1,3/1,6-Mannosyltransferase; ALG14, UDP-N Acetylglucosaminyltransferase Subunit; DOK7, Docking protein 7; DPAGT1, Dolichyl-Phosphate
N-Acetylglucosaminephosphotransferase 1; GFPT1, Glutamine-Fructose-6-Phosphate Transaminase 1; GMPPB, GDP-Mannose Pyrophosphorylase B; LRP4, LDL
Receptor Related Protein 4; MACF1, microtubule actin cross linking factor 1; MuSK, Muscle specific kinase; PREPL, Prolyl Endopeptidase-Like gene.
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as agrin (Gasperi et al., 2014), COLQ (Zoltowska Katarzyna et al.,
2014) and cortactin (Gallardo et al., 2014) have been described.
However, their pathogenic contribution and overall importance
in clinical diagnosis require further study.

Lambert-Eaton Myasthenic Syndrome
(LEMS)
This disease is rarer than MG and is caused by autoantibodies
against P/Q type VGCCs on the presynaptic terminal at the
NMJ (Eaton and Lambert, 1957; Lennon et al., 1995). Half of
LEMS patients have an associated tumor, typically small-cell lung
carcinoma (SCLC), which also expresses functional VGCC. The
pathogenic mechanism is from cross-linking and internalization
of the VGCCs by antibodies leading to reduced expression on
the presynaptic nerve terminal (Nagel et al., 1988). This results
in the functional loss of VGCC in active zones, reduced Ca2+

entry during depolarization and a subsequent decrease in quantal
content and ACh release. Complement-dependent mechanisms
don’t appear to be relevant, though it is not clear why not.

CMS
Congenital myasthenic syndromes are a group of inherited
disorders caused by mutations in genes encoding for proteins
that are essential for the integrity of neuromuscular transmission
(Rodríguez Cruz et al., 2018). Over the years, deciphering the
underlying pathogenic mechanism of CMS has helped to improve
our understanding of the NMJ and refine therapeutic strategies
with other drugs like 3,4-Diaminopyridine, β2−adrenergic
agonists, and open-channel blockers fluoxetine and quinidine
(Harper et al., 2003; Lashley et al., 2010). At present, mutations
in more than 30 different genes are known to cause CMS.
Most common classification is based on the location of the
mutated protein (presynaptic, synaptic and postsynaptic). All
CMSs present with fatigable muscle weakness, but age at onset,
symptoms, distribution of weakness, and response to treatment
vary, depending on the molecular mechanism resulting from
the genetic defect. Future therapies may include the use of
novel and more specific β2−adrenergic agonists, modulation of
the Agrin-LRP4-MusK-DOK7 pathway and gene replacement
therapy (Arimura et al., 2014).

Other Neuromuscular Disorders Where
the NMJ Is Involved
There is increasing evidence that muscle endplates may also
be affected in motor unit disorders that are not believed to
primarily affect the NMJ, including spinal muscular atrophy
(SMA) and amyotrophic lateral sclerosis (ALS). SMA is an
autosomal recessive disease caused by insufficient levels of
survival motor neuron (SMN) protein that results in progressive
loss of lower motor neurons, denervation and muscle atrophy
(Ahmad et al., 2016). Studies in animal models of SMA have
shown that earliest structural defects appear distally at the NMJ
during postnatal maturation, even in the absence neuromuscular
transmission failure or motor neuron loss (Kariya et al., 2008;
Lee et al., 2011). Furthermore, patients with types 2 and 3 SMA
suffer from objective motor fatigue (Wolfe et al., 2016) and 3Hz

repetitive nerve stimulation shows pathological decrement in half
of them (Wadman et al., 2012). Open pilot studies have reported
the benefit of salbutamol in SMA patients (Pane et al., 2008). It is
thought that salbutamol increases SMN mRNA and protein levels
in SMA fibroblasts (Angelozzi et al., 2008) and patients (Tiziano
et al., 2019) by promoting exon 7 inclusion in SMN2 transcripts.
However, given the remarkable effect of β2−adrenergic agonists
in CMS (Lashley et al., 2010; Rodríguez Cruz et al., 2015), the
effect seen in SMA patients could be at least partly related to an
improvement in the NMJ function and structure.

There are several studies suggesting that ALS is a distal
axonopathy where pathological changes start preclinically with
denervation of the muscle endplates and then proceed in a
“dying back” pattern that results in motor neuron loss (Fischer
et al., 2004; Gould, 2006). While evidence supporting this
hypothesis comes mainly from SOD1-ALS mouse models, a
recent investigation suggests a direct link between NMJ signaling
pathways and FUS (Picchiarelli et al., 2019), an ALS-associated
gene whose dominant mutations cause aggressive forms of
the disease. Recent studies have shown that modulation of
agrin signaling by AAV-DOK7 gene therapy (Miyoshi et al.,
2017) and MuSK stimulation (Cantor et al., 2018) can increase
motor activity and lifespan of the SOD1-G93A ALS mouse
model by slowing muscle denervation. Other disorders where
NMJ structural defects could play a role comprise autosomal
dominant Emery-Dreifuss muscular dystrophy (AD-EDMD)
(Méjat et al., 2009) and some forms of Charcot-Marie-
Tooth disease (CMT) (Sleigh et al., 2014). Finally there are
some congenital myopathies with secondary neuromuscular
transmission abnormalities (Rodríguez Cruz et al., 2014) where
achieving a precise diagnosis is important as patients could
benefit from symptomatic treatment with anticholinesterases.

Ageing and Sarcopenia
The progressive decline in muscle mass and function related
to ageing is known as sarcopenia. The mouse NMJ undergo
dramatic structural changes with ageing in the form of increased
fragmentation of endplates (Valdez et al., 2010). It is thought
that this could be secondary to degeneration and regeneration
of muscle fibers at the neuromuscular synapse (Li et al., 2011).
Interestingly, overexpression of neurotrypsin in motoneurons
destabilizes NMJs by increasing the proteolytic cleavage of
agrin (Bolliger et al., 2010) and installs a phenotype compatible
with sarcopenia in young adult mice (Bütikofer et al., 2011).
Stabilization of the NMJs could represent a potential therapy for
sarcopenia as shown by the injection of a soluble fragment of
neuronal agrin (NT- 1654) in neurotrypsin overexpressing mice
(Hettwer et al., 2014). Another study showed that sarcoglycan
alpha reduces NMJ decline in aged mice by stabilizing LRP4
(Zhao et al., 2018). Remarkably, caloric restriction and exercise
was shown to mitigate age-related changes in mouse NMJs, which
opens the door to non-pharmacological interventions (Valdez
et al., 2010). These observations have linked sarcopenia with
the deterioration of the NMJ structure. However, a recent study
showed that human NMJs, in contrast to mice, are remarkably
stable throughout adult life with lack of age-related remodeling
signs in the muscles tested (Jones et al., 2017). Therefore,
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there may be significant variability in age-related events among
muscles. Furthermore, a key question that remains unanswered
is whether the age-related NMJ decline contributes to or results
from sarcopenia.

MOLECULAR MECHANISMS INVOLVED
IN SYNAPSE FORMATION AND
MAINTENANCE

Multiple mechanisms govern the assembly and homeostasis of
the neuromuscular synapse as described earlier. This section will
cover in greater detail the best-defined pathways and the clinical
impact when perturbed. First, it is worth visualizing the NMJ in
relation to the muscles that it regulates to understand that this
tiny synapse has to function correctly to control the timing and
efficiency of that muscle (Figure 1).

The Agrin-LRP4-MuSK Signaling
Pathway
The agrin signaling pathway is essential for both NMJ formation
(DeChiara et al., 1996; Gautam et al., 1996; Okada et al.,
2006; Weatherbee et al., 2006) and maintenance (Kong et al.,
2004; Barik et al., 2014; Tezuka et al., 2014; Eguchi et al.,
2016; Figure 2). Several genetic and autoimmune disorders
affecting this pathway are known to cause disease (Liyanage
et al., 2002). Agrin is a large proteoglycan (>200 KDa)
with multiple domains that binds to laminins through the
N-terminal domain, and to LRP4 and α-dystroglycan via its
C-terminus (Figure 3A). A neuronal isoform of agrin, generated
by alternative splicing to introduce eight additional amino
acids at the Z site, is secreted from the presynaptic terminal
into the basal lamina as the first step in the AChR clustering
pathway (Ferns et al., 1993). Following its release, agrin binds
to LRP4 on the postsynaptic muscle membrane, and this,
in turn, activates MuSK (Zhang et al., 2008). LRP4 is able
to self-associate and interact with MuSK independently of
agrin (inactive state) but is not capable of activating MuSK
(Kim et al., 2008).

MuSK is made up of three IgG-like domains, a frizzled domain
(FzD), a short transmembrane (TM) and a juxtamembrane
(JMR) region, a kinase domain (KD), and a short C-terminal
tail (Hubbard and Gnanasambandan, 2013; Figure 3B). MuSK
kinase activity is strictly regulated to limit ligand-independent
activation primarily through the juxtamembrane region and
the activation loop (Till et al., 2002). The interaction between
the juxtamembrane region and the kinase core inhibits
kinase activity. The activation loop adopts a pseudo-substrate
conformation that occupies the active site cleft of the kinase
domain and impedes ATP binding thus blocking kinase
activation (Till et al., 2002). Also, MuSK activation is regulated
by the muscle tyrosine phosphatase Shp2 (Madhavan et al., 2005).
All of these regulatory mechanisms seem critical for the control
of postsynaptic differentiation at the NMJ (Madhavan and Peng,
2005), but they are by no means the only molecules involved, and
more could be identified in the future.

The formation of a tetrameric complex between agrin and
LRP4 increases the binding of LRP4 to the first IgG-like domain
of MuSK (Zong et al., 2012), leading to MuSK activation via
dimerization and trans-autophosphorylation of specific tyrosine
residues within the cytoplasmic region (Schlessinger, 2000).
Phosphorylation of Tyr553 destabilizes the juxtamembrane
conformation that prevents the phosphorylation of the activation
loop and the creation of an active binding site for downstream
of kinase-7 (DOK7), a cytoplasmic adaptor of MuSK with
a phosphotyrosine binding domain (PTB). The subsequent
transphosphorylation (Tyr750, Tyr754, and Tyr755) of the
activation loop results in full kinase activation.

Intracellular Pathways Downstream of
MuSK
The agrin-LRP4-MuSK signal is propagated downstream leading
to the clustering of AChRs by the scaffold protein rapsyn.
However, how the signal is transduced from MuSK to rapsyn is
not understood, with the exception of the key adapter protein
DOK7, which is required for full MuSK activation (Inoue et al.,
2009). DOK7 is composed of an N-terminal pleckstrin homology
(PH) domain, a phosphotyrosine-binding (PTB) domain and a
C-terminal domain (Cossins et al., 2012; Figure 3C). Mutations
in DOK7 underlie a NMJ synaptopathy and comprise a major
form of CMS (Beeson et al., 2006).

Structural studies have shown that the PH/PTB domains
also mediate DOK7 dimerization, which is necessary to activate
MuSK in vivo (Bergamin et al., 2010). Interestingly, over-
expression of DOK7 in cultured myotubes in the absence of
agrin results in full MuSK activation and clustering of AChRs
(Inoue et al., 2009), which suggests that DOK7 regulates synapse
formation and maintenance by controlling MuSK activity. The
C-terminal region of DOK7 has two tyrosine residues, Y396 and
Y406, which are phosphorylated by agrin stimulation (Hallock
et al., 2010). These residues and their surrounding sequences
form Src homology2 (SH2) target motifs that recruit adaptor
proteins Crk and Crk-L via their SH2 domains. More recently,
adaptor proteins Sorbs1 and -2 have been found to interact
with Crk-L and be necessary for AChR cluster formation
(Hallock et al., 2016). In vitro phosphorylation assays and
murine studies have shown that DOK7 C-terminal domain plays
a key, but not essential, role in MuSK activation and NMJ
development (Ueta et al., 2017). Similarly, patients with DOK7-
CMS homozygous for c.1124_1127dupTGCC, which results in
a truncated form of DOK7 lacking the SH2 target motifs, have
impaired yet active NMJs. However, the selective inactivation
of Crk and Crk-L in skeletal muscle causes severe NMJ defects
in mice, which suggests that DOK7 could act by two distinct
pathways mediated by the N-terminal and C-terminal domains,
respectively (Hallock et al., 2010).

Additional players identified in myotubes include
Dishevelled-1 (Dvl1) and Tid1, two non-catalytic adapter
proteins binding MuSK and contributing in a poorly understood
way to AChR clustering. Dvl1 was found to interact with MuSK
and regulate AChR clustering through its interaction with
downstream kinase PAK1 (Luo et al., 2002) suggesting that agrin
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FIGURE 2 | Schematic representation of the AChR clustering and dispersal pathways. Upon the release of agrin by the nerve terminal, agrin binds to LRP4 resulting
in MuSK activation (Kim et al., 2008) and recruitment of DOK7 and Crk/CrkL (Okada et al., 2006) that further stimulates MuSK activation. The signal is propagated
downstream, which results in the clustering of the AChRs by the cytoplasmic anchoring protein rapsyn. By contrast, ACh disperses AChR clusters not stabilized by
agrin signaling. A cyclin-dependent kinase (CdK5) mechanism is thought to drive this pathway through the interaction of rapsyn and the calcium-dependent protease
calpain (Chen et al., 2007). Calpain activity promotes the cleavage of p35 to p25 (Patrick et al., 1999), an activator of CdK5. On the other hand, rapsyn behaves as a
calpain suppressor, thus stabilizing AChR clusters. It is thought that on synaptogenic induction, new synthesized AChRs may be transported and delivered to the
nascent postsynaptic sites for insertion, together with AChRs endocytosed from the spontaneous AChR clusters. Synapse specific transcription in subsynaptic
nuclei by different transcription factors and specific promoter elements in synaptic genes such as GABP (Schaeffer et al., 1998) and Erm (Hippenmeyer et al., 2007)
is also key to achieve a high concentration of AChRs in synaptic sites. VGNa+C, volgated-gated Na+ channel.

may share the signaling pathways of Wnt, which are critical for
diverse developmental processes (Komiya and Habas, 2008).
However, Dvl1-deficient mice did not show apparent NMJ
abnormalities (Lijam et al., 1997) although this could be due
to functional redundancy among different Dvl genes. Rac and
Rho are monomeric G proteins that link extracellular signals to
dynamic changes in the organization of the actin cytoskeleton
(Hall, 1998). Rac and Rho play a role in the coupling of agrin
signaling to AChR clustering, and in addition, co-expression
of constitutively active forms of Rac and Rho can induce the
formation of mature AChR clusters when agrin is not present
(Weston et al., 2003).

Rapsyn and Other AchR-Related
Proteins
RAPSN encodes the 43 kDa receptor-associated scaffold protein
of the synapse or rapsyn, which is essential for the postsynaptic
specialization of the NMJ (Gautam et al., 1995). Rapsyn is
enriched at the postsynaptic membrane, acting as a linker

between the AChRs and the cytoskeleton via the dystrophin-
associated glycoprotein complex (Apel et al., 1995; Moransard
et al., 2003). Early cross-linking studies showed that rapsyn
is located in close proximity to the AChR-β subunit (Burden
et al., 1983). Subsequently, other AChR subunits have been
found to interact with rapsyn in heterologous cell systems
(Lee et al., 2010). However, the lack of a crystallographic
structure means that the detailed composition of the AChRs-
rapsyn network is not well understood (Zuber and Unwin,
2013). Rapsyn is composed of an N-terminal myristoylation
moiety (N-Myr) necessary for submembrane localization; seven
tetratricopeptide (TRP) domains responsible for rapsyn self-
association (Ramarao et al., 2001; Lee et al., 2008); a coiled-coil
domain that binds to the cytoplasmic loops of AChRs (Lee
et al., 2008), and a RING-H2 domain that links rapsyn to
the cytoskeleton through its interaction with the dystroglycan
complex (Figure 3D; Apel et al., 1995). RAPSN mutations
identified in humans are found along the length of the gene
and the common p.N88K is located within the TRP domains
(Cossins et al., 2006).
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FIGURE 3 | Schematic representation of key NMJ proteins. (A) Agrin (RefSeq NP_001292204.1) is a large proteoglycan (>200 KDa) with multiple domains that
binds to laminins through the N-terminal domain, and to LRP4 and α-dystroglycan via C-terminus. Two of the three laminin G-like domains are required for binding to
α-dystroglycan. Agrin mRNA undergoes cell-specific alternative splicing at different sites (Ferns et al., 1993). When agrin is produced by motor neurons, the Z site
contain amino acid inserts specifically required for MuSK activation. (B) The binding of agrin to the N-terminal region of LRP4 induces a conformational change
(active state) promoting the binding between LRP4 and the first IgG-like domain of MuSK and the formation of a tetrameric complex (Zhang et al., 2011). This results
in MuSK activation via dimerization and trans-autophosphorylation of tyrosine residues within the cytoplasmic region (Schlessinger, 2000). The increase in the
catalytic activity creates active binding sites for other proteins such as DOK7, leading to in full kinase activation and amplification of the signal downstream. The
composition of LRP4 includes 8 Low density lipoprotein Class A (LDLa) domains (blue) at the N terminus, followed by 4 YWTD ß-propeller domains (gray) bounded
by epidermal growth factor-like modules (yellow) and a short C-terminal domain (Springer, 1998). LRP4 self-associates and interacts with MuSK in the absence of
agrin (inactive state), but is not capable of activating MuSK (Kim et al., 2008). (C) DOK7 (RefSeq NM_173660.4) is composed of an N-terminal pleckstrin homology
(PH) domain, a phosphotyrosine-binding (PTB) domain and a C-terminus. Dashes are used to mark the different exons. (D) Rapsyn (RefSeq NP_005046.2) is
composed of a N-terminal myristoylation moiety (N-Myr) necessary for submembrane localization; seven tetratricopeptide (TRP) domains responsible for rapsyn
self-association and MuSK binding (Ramarao et al., 2001; Lee et al., 2008); a coiled-coil domain that binds to the cytoplasmic loops of AChRs (Lee et al., 2008), and
a RING-H2 domain that interacts with the dystroglycan complex and links with the cytoskeleton (Apel et al., 1995).

Studies in the past have shown that the phosphorylation
of the AChR-β subunit mediated by agrin helps to cluster
AChRs and anchor them at high density in the postsynaptic
membrane, by increasing the stoichiometry of rapsyn/AChR
complexes (Borges and Ferns, 2001; Borges et al., 2008). In line
with this, mice lacking AChR β-subunit tyrosine phosphorylation
develop simplified synapses, although NMJ formation is not
compromised (Friese et al., 2007). A recent investigation
proposed that the RING-H2 domain of rapsyn contains E3 ligase
activity (Li et al., 2016). Another AChR-binding protein recently
identified is Vezatin, which is not essential for NMJ formation
but may play a role in the formation of postjunctional folds
(Koppel et al., 2019).

A dense network of microtubules (MTs) and actin filaments
(Dai et al., 2000; Schmidt et al., 2012) interact with the
subsynaptic muscle membrane. However, the downstream
signals that capture and stabilize microtubules at synaptic AChR
clusters are poorly understood. Microtubule actin cross-linking
factor 1 (MACF1) has been recently shown to concentrate at the

NMJ, where it binds to rapsyn and could serve as an organizer
for both actin and microtubule networks (Oury et al., 2019).
The study showed that expression at the postsynaptic membrane
of microtubule-associated proteins MAP1b, β-TUB, EB1, and
Vinculin is MACF1-dependent. MACF1 is not essential for the
NMJ formation but postnatal maturation is impaired in Macf1
mutant mice. Furthermore, two patients from different kinships
with CMS have been identified to carry missense variants in
MACF1 (Oury et al., 2019). A second pathway for agrin-induced
recruitment of MTs to the postsynaptic membrane is via binding
of MTs to CLASP2/CLIP170 (Schmidt et al., 2012).

ACh-CDK5-Calpain Dispersal Pathway
Muscle depolarization induced by ACh is a negative signal
that decreases extrasynaptic AChR concentration by altering
the location and stability of AChRs and also by inhibiting
their transcription along the muscle fiber (An et al., 2010).
This is supported by the findings of increased endplate
bandwidth and excessive nerve branching in mice lacking choline
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acetyltransferase (ChAT), an enzyme required for ACh synthesis
(Misgeld et al., 2002). Thus, ACh disperses aneural clusters
of AChRs that are not stabilized by agrin signaling. A cyclin-
dependent kinase 5 (Cdk5) mechanism (Lin et al., 2005) is
thought to drive this pathway through to the interaction of rapsyn
and the calcium-dependent protease calpain (Chen et al., 2007;
Figure 2). Cdk5 null mice display an abnormally wide central
band of AChRs and agrin-induced AChR clustering is markedly
increased when Cdk5 activity is suppressed (Fu et al., 2005).
The binding of ACh to the AChRs results in increased calcium
influx into the postsynaptic membrane that activates calpain
activity. Calpain stimulates the cleavage of p35 to p25, a potent
co-activator of Cdk5 (Patrick et al., 1999). The ACh-mediated
increase in calpain/Cdk5 activity permits cytoskeletal remodeling
resulting in the dispersal of AChR clusters (Xie et al., 2006).
One study has implicated the intermediate filament protein
Nestin in the regulation of Cdk5 activity (Yang et al., 2011).
By contrast, agrin is thought to stabilize AChR clusters by
promoting the recruitment of calpain to rapsyn and inhibiting
calpain activity (Chen et al., 2007). In keeping with the key
role of calcium in the dispersion of AChRs, another study
showed that blocking dihydropyridine receptors (voltage-gated
L-type Ca2+ channels) at the muscle membrane resulted in
increased MuSK expression, leading to a broad distribution
of AChRs and aberrant development of the neuromuscular
synapse (Chen et al., 2011). Finally, the suppression of AChR
transcription in extrasynaptic regions driven by ACh is thought
to be mediated by protein kinase C (PKC) and Ca2+/calmodulin-
dependent kinase II (CaMKII) signals resulting in myogenin
downregulation (Li et al., 1992; Macpherson et al., 2002). As
a helix-loop myogenic transcription factor, myogenin regulates
expression of AChRs and other muscle genes by binding
the E-boxes located in their promoter and enhancer regions
(Eftimie et al., 1991).

The N-Linked Glycosylation Pathway
The N-linked glycosylation pathway of proteins is a ubiquitous
process in eukaryote cells characterized by the sequential
attachment of sugar moieties to the lipid dolichol, which is
then transferred onto an asparagine residue in a nascent protein
(Figure 4). Next-generation sequencing has aided the discovery
of an unexpected relationship between myasthenic disorders
and defects in the early stages of the N-glycosylation pathway
(Senderek et al., 2011; Belaya et al., 2012; Belaya, 2015). This
highlights that genes with no defined role in neuromuscular
transmission can also impair the NMJ structure and function.
However, the reasons why defects in a ubiquitous process may
result in dysfunction largely restricted to the NMJ are not clear.
Glycosylation of AChR subunits is required for the correct
assembly of AChR pentamers and efficient export to the cell
surface (Gehle et al., 1997). Therefore, abnormal glycosylation
results in reduced numbers of AChRs at the muscle endplates,
which is most likely the primary mechanism causing impaired
neuromuscular transmission (Zoltowska et al., 2013). Other
key proteins in NMJ formation and maintenance are also
glycosylated, including agrin, dystroglycan, LRP4, MuSK, NCAM
and perlecan (Martin et al., 1999). Ultrastructural studies in

patients with CMS due to glycosylation defects have shown small
sized endplates with simplified postsynaptic regions and poorly
developed junctional folds (Belaya et al., 2012; Selcen et al.,
2013). In conclusion, while the role of these proteins in the
NMJ formation and maintenance is well established, the specific
function of adequate glycosylation of NMJ constituents awaits
further investigation.

EXTRACELLULAR ORGANIZERS

The synaptic basal lamina is a specialized form of extracellular
matrix containing numerous proteins that are essential for
the alignment, organization and maintenance of presynaptic
and postsynaptic structures (Sanes, 2003). One of the main
components are heterotrimeric proteins of high molecular weight
called laminins, which are formed by the incorporation of α,
β and γ chains into a cruciform structure and typically self-
assemble (Mouw et al., 2014). Of relevance, it was found that
soluble laminin can stimulate AChR clustering via dystroglycan
independently of MuSK in cultured myotubes (Sugiyama et al.,
1997; Montanaro et al., 1998). Furthermore, myotubes cultured
on laminin-coated plates (in the absence of agrin) form complex
branched AChR clusters similar to those seen in vivo following
postnatal maturation. Conversely, this process is dependent
on MuSK activation (Kummer et al., 2004). Synaptic laminins
are also important for presynaptic differentiation as shown in
mice lacking laminin β2 (Noakes et al., 1995). Furthermore,
laminin α4 has been implicated in the maintenance of the NMJ
(Samuel et al., 2012). Overall these studies support the role
of laminin as extracellular organizers of the NMJ. Collagen
IV is the most abundant protein at the basal lamina. It self-
assembles into dimers and hexamers thanks to its globular
domains (Mouw et al., 2014). Laminin and collagen networks
are connected by Nidogen-2 (Fox et al., 2008; Mokkapati et al.,
2008), a non-collagenous glycoprotein, but also anchored to
the cytoskeleton by binding to laminin receptors integrin and
dystroglycan (Martin et al., 1996). The dystroglycan complex
is necessary for the organization and stabilization of the NMJ
as shown by the presence of disrupted NMJs in chimeric mice
lacking dystroglycan (Côté et al., 1999). Myotubes deficient in
dystroglycan are responsive to agrin, but AChR clusters are
significantly less stable (Jacobson et al., 2001). By contrast,
laminin-induced AChR clusters fail to form in the absence of
dystroglycan. Muscle agrin binds to the basal lamina via laminin
(Denzer et al., 1997) and α-dystroglycan (Sugiyama et al., 1994),
and this is important for the maintenance of the NMJ (Samuel
et al., 2012). It is important to highlight that this differs from
the role of neuronal agrin in AChR clustering (Ferns et al.,
1996). Perlecan, another synaptic heparan sulfate proteoglycan,
is linked to both α-dystroglycan and ColQ (Peng et al., 1998).
Perlecan-null mice lack AChE at the NMJ confirming its role
as an acceptor for collagen-tailed AChE (Arikawa-hirasawa
et al., 2002). In addition, muscle-derived COL13A1, which is
thought to regulate the maturation of the NMJ (Latvanlehto
et al., 2010), has been identified as a CMS-causative gene
(Rodríguez Cruz et al., 2019).
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FIGURE 4 | Simplified representation of the AChR pentamer and the N-glycosylation pathway of proteins and CMS-related genes (red color). (A) Adult (red) and fetal
(green) acetylcholine receptors and glycosylation sites. The AChR is made up of five subunits arranged around a central pore. Each subunit is composed of an
extracellular domain, four transmembrane domains (M1–M4) and a large cytoplasmic loop linking M3 and M4. Each subunit also contains a conserved
N-glycosylation consensus sequence (Asn-X-Ser/Thr) located at the N-terminal region (Gehle et al., 1997), which is necessary for the correct assembly of AChR
pentamers and efficient export to the cell surface. (B) The N-linked glycosylation pathway takes place in the endoplasmic reticulum (ER). The first step is the
assembly of the core glycan (N-acetylglucosamine, glucose and mannose) on the lipid dolichol. Next, a number of cytosolic glycosyltransferases proceed to dolichol
glycosylation on the cytoplasmic face of the ER: GFPT1 synthesizes UDP-GlcNAc (Uridine diphosphate N-acetylglucosamine); DPAGT1 and the ALG13/14 complex
add the first and second N-acetylglucosamine to dolichol. Additional sugar residues are incorporated by ALG2 and other enzymes. Then RFT1 flips the resulting
product is flipped into the ER lumen where further sugar moieties are included until the glycan is transferred to asparagine residues of nascent proteins by the
multimeric oligosaccharyl transferase complex (OST). DOLK, dolichol kinase; DPM, dolichol-phosphate mannose synthase; Fru-6-P, fructose-6-phosphate;
GlcN-6-P, glucosamine-6-phosphate; Glu-6-P, glucose-6-phosphate; GMPPB, GDP-mannose pyrophosphrylase B.

ASSEMBLY AND FORMATION OF THE
NMJ

Given that the NMJ is clearly a target for a number of different
diseases, the majority of which involve changes in the number
or function of specific molecules, it is important to understand
fully the way in which this remarkable synapse develops and is
maintained. However, it is important to make clear that nearly all

current experimental data comes from the study of mice and that
observations cannot always be translated to the human NMJ or
indeed to other species and mammals (Table 2).

During development, the axons of motor neurons are guided
to innervate skeletal muscles (Wu et al., 2010) but it is
unclear whether motor neurons or muscles fibers determine
the exact location of the endplate band (Figure 5). In vivo
studies in mice have shown that small AChR clusters are
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TABLE 2 | Molecules identified in NMJ formation, maturation and maintenance and levels of evidence.

Molecule Cellular level Animal level Human disease

NMJ formation * Agrin Ferns et al., 1993 Bogdanik et al., 2011 Huzé et al., 2009; Gasperi
et al., 2014

ß-catenin (muscle) Zhang et al., 2007 Li et al., 2008 N/A

Calpain Chen et al., 2007 N/A N/A

CaMKII/PKC Macpherson et al., 2002 N/A N/A

Cdk5 Fu et al., 2005 Fu et al., 2005 N/A

Crk/CrkL Hallock et al., 2010 Hallock et al., 2010 N/A

Dihydropyridine-R N/A Chen et al., 2011 N/A

* DOK7 Okada et al., 2006; Cossins
et al., 2012

Okada et al., 2006; Arimura
et al., 2014

Beeson et al., 2006

Dvl1 Luo et al., 2002 Lijam et al., 1997 N/A

* α-dystroglycan Jacobson et al., 2001 Côté et al., 1999 Belaya, 2015

Erm N/A Hippenmeyer et al., 2007 N/A

FGF 7/10/22 Fox et al., 2007 Ohno et al., 1999 N/A

GABP Schaeffer et al., 1998 Schaeffer et al., 1998 N/A

* Laminin ß2 Nishimune et al., 2004 Noakes et al., 1995 Matejas et al., 2010

* LRP4 Zhang et al., 2008 Weatherbee et al., 2006;
Yumoto et al., 2012

Higuchi et al., 2011; Ohkawara
et al., 2013

* MuSK Koneczny et al., 2013 Chevessier et al., 2008;
Cole et al., 2008

Hoch et al., 2001; Chevessier
et al., 2004

Myogenin Eftimie et al., 1991 Arnold and Braun, 1996 N/A

* N-glycosylation Belaya et al., 2012;
Zoltowska et al., 2013

Issop et al., 2018 Senderek et al., 2011; Belaya
et al., 2012; Cossins et al.,
2013; Belaya, 2015

Nestin Yang et al., 2011 Yang et al., 2011 N/A

PAK1 Luo et al., 2002 N/A N/A

Perlecan Peng et al., 1998 Arikawa-hirasawa et al.,
2002

N/A

Pro-BDNF Yang et al., 2009 N/A N/A

Rac and Rho Weston et al., 2003 N/A N/A

* Rapsyn Cossins et al., 2006 Xing et al., 2019 Ohno et al., 2002

SIRP-α Umemori and Sanes, 2008 N/A N/A

Sorbs1 and Sorbs2 Hallock et al., 2016 N/A N/A

Tid1 Linnoila et al., 2008 N/A N/A

NMJ maturation * COL13A1 Latvanlehto et al., 2010 Latvanlehto et al., 2010 Logan et al., 2015

CLASP2/CLIP170 Schmidt et al., 2012 Schmidt et al., 2012 N/A

Ephexin1 Shi et al., 2010 Shi et al., 2010 N/A

FGFBP1 N/A Taetzsch et al., 2017 N/A

GDNF N/A Nguyen et al., 1998 N/A

Neurofascin 155 N/A Roche et al., 2014 N/A

Laminin α4 N/A Nishimune et al., 2008 N/A

* Laminin α5 N/A Nishimune et al., 2008 Maselli et al., 2017

* MACF1 Oury et al., 2019 Oury et al., 2019 Oury et al., 2019

MHC1-I N/A Tetruashvily et al., 2016 N/A

NRG1-III N/A Lee et al., 2016 N/A

Vezatin Koppel et al., 2019 Koppel et al., 2019 N/A

NMJ maintenance * Agrin Huzé et al., 2009 Samuel et al., 2012; Tezuka
et al., 2014

Huzé et al., 2009

α-dystrobrevin Grady et al., 2000 Grady et al., 2000 N/A

α-syntrophin N/A Adams et al., 2000 N/A

CaMKII N/A Martinez-Pena et al., 2010 N/A

(Continued)
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TABLE 2 | Continued

Molecule Cellular level Animal level Human disease

* DOK7 Cossins et al., 2012 Eguchi et al., 2016 Beeson et al., 2006

Laminin α4 N/A Samuel et al., 2012 N/A

* LRP4 Shen et al., 2013 Barik et al., 2014 Ohkawara et al., 2013

* MuSK Koneczny et al., 2013 Kong et al., 2004 Hoch et al., 2001

* N-glycosylation Belaya et al., 2012;
Zoltowska et al., 2013

Issop et al., 2018 Senderek et al., 2011; Belaya
et al., 2012; Cossins et al.,
2013; Belaya, 2015

NCAM N/A Rafuse et al., 2000 N/A

Neuregulin/ErbB N/A Lin et al., 2000; Fu et al.,
2005

N/A

Neurotrypsin N/A Bolliger et al., 2010 N/A

PKA/PKC N/A Martinez-Pena et al., 2013 N/A

Sarcoglycan-alpha N/A Zhao et al., 2018 N/A

Shp2 Madhavan et al., 2005 Dong et al., 2006 N/A

Src-family kinases Smith et al., 2001 N/A N/A

*Molecules with the strongest evidence are marked with an asterisk; N/A, not available.

FIGURE 5 | Schematic representation of the mouse NMJ development. (A) Aneural AChR clusters are pre-patterned in the midbelly of the muscle fibers prior to the
arrival of the nerve terminal. (B) Upon innervation of the pre-patterned clusters in the synaptic region, they become enlarged while aneural clusters located in the
extrasynaptic region disappear. (C) As a result, AChR clusters are concentrated at a high density in the area underneath the nerve terminal maximizing the efficiency
of neuromuscular transmission. (D) Postnatal maturation of AChR clusters and plaque to pretzel transformation. (E) Fragmentation of AChR clusters with aging.

prepatterned in the middle region of the muscle prior to
the arrival of the motor axon via a process that requires
MuSK and rapsyn but is not dependent on agrin (Lin
et al., 2001). Furthermore, it has been shown that this

phenomenon also occurs in mutant animals lacking motor
nerves, which suggests that pre-patterning is nerve-independent
and driven by a muscle-intrinsic program dependent on MuSK
(Yang X. et al., 2001).
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Subsequently, when the motor neurons innervate some of
the prepatterned AChR clusters, these become enlarged and
stable while aneural AChR clusters tend to disappear, so that
the NMJs are eventually formed in the central region of muscle
fibers. As mentioned above, neuronal agrin (McMahan, 1990)
drives the process by activating the LRP4-MuSK-Dok7 pathway,
which is crucial for the clustering of AChRs underneath the
nerve terminal. By contrast, aneural clusters not stabilized by
agrin signaling are dispersed by a negative signal, believed to
be driven by the release of ACh from the presynaptic terminal
(Lin et al., 2005).

Genes coding for components of the neuromuscular synapse
become increasingly expressed in subsynaptic nuclei, resulting
in the concentration of proteins required locally at the NMJ
(Schaeffer et al., 2001), whereas expression of these specific
genes is repressed at nuclei elsewhere along the muscle fiber.
Even before innervation, AChR gene expression is enriched in
the central region of embryonic skeletal muscles (Lin et al.,
2001; Yang X. et al., 2001), which suggests that neuronal agrin
is dispensable for early transcriptional compartmentalization.
However, the area of AChR gene expression in muscles lacking
motor axons is wider than usual, pointing that neural signals
refine muscle-autonomous prepatterning (Yang X. et al., 2001).
One of these signals is likely to be agrin, since compartmentalized
expression in subsynaptic nuclei is severely affected in agrin
and MuSK deficient mice as shown by in situ hybridization
experiments to explore the distribution of AChR subunit mRNAs
(DeChiara et al., 1996; Gautam et al., 1996). This does not
occur in rapsyn deficient mice where AChR genes are selectively
expressed by synaptic nuclei in the absence of AChR clusters
(Gautam et al., 1995).

The communication between synaptic signals and targeted
transcription is thought to be mediated by specific promoter
elements in synaptic genes and E-twenty six (ETS) transcription
factors. In particular, the N-box, a six-base pair element, was
identified as a critical element in targeting the transcription of
AChR delta (Koike et al., 1995) and epsilon subunits (Duclert
et al., 1996). Disruption of this element in mouse models results
in widespread expression of the reporter gene throughout the
entire muscle fiber. This was further confirmed following the
report of CMS patients underlying mutations in a conserved ETS
binding site (N-box) in the promoter region of CHRNE encoding
the AChR epsilon subunit (Ohno et al., 1999; Abicht et al., 2002).
N-box motifs have also been reported to drive synapse-specific
expression of utrophin (Gramolini et al., 1999) and AChE (Chan
et al., 1999). ETS transcription factors identified in subsynaptic
gene expression include GABP (GA-binding protein) α-subunit
(Schaeffer et al., 1998) and Erm (Hippenmeyer et al., 2007).

Presynaptic differentiation begins after axon formation and
culminates with the assembly of the neuromuscular synapse and
the differentiation of a functional nerve terminal opposite the
specialized postsynaptic membrane, where presynaptic proteins
become concentrated. A relatively recent finding is that LRP4
works as a muscle-derived retrograde signal that controls the
early steps of presynaptic differentiation by binding to motor
axons and inducing clustering of synaptic vesicles and active zone
proteins (Yumoto et al., 2012). Interestingly, although MuSK

overexpression in Lrp4 mutant mice restored AChR clustering, it
failed to rescue presynaptic differentiation as motor axons kept
growing along the muscle and rarely contacted AChR clusters
(Yumoto et al., 2012). This finding suggests that, in addition to
its function as a co-receptor for agrin, LRP4 has additional roles
in NMJ formation that are independent of MuSK.

Other molecules identified as synaptic organizers of the
presynaptic terminal include β-catenin (Li et al., 2008), laminin
β2 (Nishimune et al., 2004), fibroblast growth factors (FGF) of the
7/10/22 subfamily (Fox et al., 2007), collagen IV (Fox et al., 2007)
and signal regulatory protein α (SIRP-α) (Umemori and Sanes,
2008). However, in the absence of these molecules, motor axons
manage to contact AChR clusters and differentiate considerably,
which suggests that they act at a later stage in presynaptic
differentiation compare to LRP4. Muscle-derived β-catenin, a
signaling protein involved in the canonical Wnt pathway, has
also been found to regulate motoneuron differentiation as mice
lacking muscle β-catenin exhibit AChR clusters distributed
throughout a wider region, mislocation of nerve branches and
neurophysiological abnormalities (Li et al., 2008). By contrast,
there are no obvious NMJ defects in motoneuron-specific β-
catenin–deficient mice. Laminin β2, a component of the basal
lamina, organizes active zones in motor nerve terminals by
binding directly to voltage-gated calcium channels (VGCC) that
are required for AChR release (Nishimune et al., 2004). It is
thought that this association leads to clustering of VGCC into
arrays, which in turn recruit and stabilize other constituents
of the presynaptic apparatus. In agreement with this, mice
lacking laminin β2 display structural abnormalities at the NMJ,
namely a decreased number of active zones (Noakes et al., 1995).
Furthermore, mutations in LAMB2 encoding laminin β2 cause a
severe form of synaptic CMS in humans (Maselli et al., 2009).

MATURATION OF THE NMJ

Neuromuscular junctions are functionally active in the
embryonic stage, but they undergo complex postnatal maturation
during the first weeks of life including synaptic elimination,
endplate remodeling, and the AChR gamma-to-epsilon switch.
During this period, the NMJ increases in size and the sarcolemma
develops invaginations called postjunctional folds that increase
total surface area. The morphology of the NMJ is changed
from oval to a more complex perforated plaque, which in
mice is described as pretzel-shaped, with a nearly contiguous
arrangement of AChRs.

During synapse elimination, all but one axon are gradually
withdrawn from multiply innervated muscle fibers, leaving a
single innervating axon at each NMJ (Lichtman and Colman,
2000). This is a competitive and asynchronous process taking
place at each endplate where more active synaptic sites destabilize
neighboring inactive synapses (Balice-Gordon and Lichtman,
1994; Keller-Peck et al., 2001). Although synaptic activity and
in particular spike timing seem to drive synaptic elimination
(Favero et al., 2012), it is now believed that all three components
of the NMJ contribute to this process (Lee, 2020). In particular,
tSCs have been found to participate in the pruning of developing
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synapses through the phagocytosis of immature axons and
the displacement of nerve terminals from each other and the
postsynaptic membrane (Smith et al., 2013).

A study has identified axon-tethered Neuregulin1 (NRG1-III)
as a molecular determinant for tSC-driven synaptic plasticity
(Lee et al., 2016). NRG1-III expression coincides temporally
with synapse pruning and transgenic manipulation of NRG1-
III levels in mice altered the motor input loss rate at NMJs
during synapse elimination. However, it is still not clear how this
relates to motor neuron activity. Another study showed that loss
of glial Neurofascin155 in mice delays developmental synapse
elimination by disrupting neuronal cytoskeletal organization
and trafficking pathways in motor axons (Roche et al., 2014).
On the muscle side, overexpression of glial cell line–derived
neurotrophic factor (GDNF) causes hyperinnervation of NMJs
in neonatal mice (Nguyen et al., 1998). Other candidates thought
to participate in the refining of the neuromuscular circuitry
include the major histocompatibility complex, class I (MHC-I)
(Tetruashvily et al., 2016), pro-brain-derived neurotrophic factor
(pro-BDNF) (Yang et al., 2009) and fibroblast growth factor
binding protein 1 (FGFBP1) (Williams et al., 2009).

The remodeling of the murine endplates during early
postnatal life results in a plaque-to-pretzel transition where
the NMJs become perforated and increasingly complex with
multiple branches innervated by a single axon (Slater, 1982).
Using cultured aneural myotubes on laminin-coated plates
that mimic the in vivo transformation, it was shown that
perforations in the AChR aggregates bear structures resembling
podosomes whose location and dynamics are spatiotemporally
correlated with changes in the topology of AChR clusters
(Proszynski et al., 2009). Podosomes are adhesive dynamic actin-
rich matrix remodeling organelles described in numerous cell
types. However, evidence for the relevance of podosomes in vivo
is scarce and specifically, there is no definitive proof of the
existence of synaptic podosomes at the NMJ in living organisms
(Bernadzki et al., 2014). Other actors thought to be involved
in the plaque-to-pretzel transition are synaptic laminins α4 and
α5 (Nishimune et al., 2008) and ephexin1 (Shi et al., 2010).
The latter is a rho guanine nucleotide exchange factor (GEF)
involved in actin cytoskeletal dynamics. Adult ephexin1−/− mice
present with severe muscle weakness, impaired neuromuscular
transmission and abnormal maturation of the NMJ into the
pretzel-like shape (Shi et al., 2010). Finally, being significantly
smaller and more fragmented than murine NMJs (Jones et al.,
2017), human neuromuscular synapses may undergo a different
process of postnatal maturation.

The adult nicotinic AChR is a pentameric complex composed
of four different transmembrane subunits (α-, ß-, δ-, and ε/γ-
subunits) (Karlin, 2002; Figure 4). During early postnatal life, the
fetal form of the AChR, containing a gamma subunit (2α:ß:δ:γ)
is gradually replaced by an epsilon subunit-containing adult
form (2α:ß:δ:ε), leading to increased calcium conductance of the
receptor (Missias et al., 1996). The half-life of synaptic AChRs
also increases during maturation as insertion of new AChRs and
the recycling of internalized AChRs maintain the high density
of AChRs at the crests of postsynaptic junctional folds (Bruneau
et al., 2005; Bruneau and Akaaboune, 2006).

MAINTENANCE OF THE NMJ

The apparent macroscopic stability of the NMJ conceals a
remarkable molecular dynamism where AChRs are continually
exchanged between synaptic and extrasynaptic regions to
maintain the high density of AChRs at the postsynaptic
membrane (Akaaboune et al., 2002). The homeostasis of the
neuromuscular synapse throughout life is essential for the NMJ
function, as inactivation of the underlying molecular mechanisms
results in synaptic disassembly (Tezuka et al., 2014).

It has been shown using postnatal knockdown experiments
that most molecules involved in synaptic formation such as
Agrin, MuSK and DOK7 are later required for NMJ maintenance
(Kong et al., 2004; Barik et al., 2014; Tezuka et al., 2014;
Eguchi et al., 2016). They may also have distinct roles in
synapse formation and maintenance: for instance, the forced
expression of DOK7 in agrin deficient mice restores synapse
formation but NMJs disappear rapidly after birth, which points
to an additional role of agrin distinct from MuSK activation in
postnatal maintenance (Tezuka et al., 2014). By contrast, other
molecules playing an important role in NMJ stabilization and
maintenance are dispensable during synapse formation: some
components of the dystrophin-glycoprotein complex (DGC)
(Ibraghimov-Beskrovnaya et al., 1992), src-family kinases (Smith
et al., 2001), NCAM (Rafuse et al., 2000), neuregulin (Schmidt
et al., 2011), and more recently, MACF1 (Oury et al., 2019).
There is also increasing evidence from clinical (Lashley et al.,
2010; Rodríguez Cruz et al., 2015) and experimental studies
(McMacken et al., 2019; Vanhaesebrouck et al., 2019) that β2-
adrenergic signaling could play a role in NMJ homeostasis.
Furthermore, one study in mice proposed that sympathetic
neurons make close contact with NMJs (Khan et al., 2016).

The DGC complex links the cytoskeleton of muscle fibers to
the extracellular matrix (Ibraghimov-Beskrovnaya et al., 1992).
Mice lacking α-dystrobrevin, a cytoplasmic component of DGC,
show no abnormalities in NMJ morphology at postnatal day
7. However, by 1 month of age and independently of muscle
changes, AChRs became abnormally distributed with irregular
branch borders while the size, number and arrangement of
branches remained unaltered (Grady et al., 2000). Another
study showed that rates of AChR turnover were significantly
increased in mice lacking α-dystrobrevin compared to WT and
mdx mice (Akaaboune et al., 2002). In vitro, α-dystrobrevin
is dispensable for agrin-induced cluster formation but required
for maintenance of clusters following agrin withdrawal (Grady
et al., 2000). A similar phenotype was reported in α-syntrophin
null mice in the absence of myopathy (Adams et al., 2000).
The structural abnormalities seen in the mdx mouse model
of Duchenne muscular dystrophy (Sicinski et al., 1989) are
more profound with severe endplate fragmentation (Torres and
Duchen, 1987). However, these are found exclusively at NMJs
on regenerated muscle fibers, which indicates that endplate
remodeling is related to muscle damage rather than dystrophin
deficiency (Lyons and Slater, 1991).

Src family kinases (src, fyn, and yes) have been implicated
in signaling pathways downstream of MuSK (Fuhrer and Hall,
1996). Studies in src−/−;fin−/− and src−/−;yes−/− mutant
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mice showed normal NMJ development and agrin-induced
phosphorylation of the AChR-ß subunit but AChR clusters
in mutant cell lines were significantly less stable following
agrin withdrawal (Smith et al., 2001). The neuronal cell
adhesion molecule (NCAM) is thought to participate in
the maturation of the presynaptic terminal as NCAM null
mice present delayed presynaptic structural maturation and
smaller endplates (Rafuse et al., 2000). Two serine/threonine
kinases, PKC and PKA, have been implicated in the regulation
of AChR dynamics at the adult NMJ of living mice by
possibly acting on different receptor subunits and/or substrates
involved in the anchoring of AChRs (Martinez-Pena et al.,
2013). In addition, Ca2+/calmodulin-dependent kinase II
(CaMKII) is thought to participate in the recycling of
AChRs necessary to maintain postsynaptic AChR density
(Ibraghimov-Beskrovnaya et al., 1992).

Finally, it is increasingly more evident that glial cells have
an important role in NMJ maintenance. Characterization of
NMJs after genetic ablation of tSCs in adult mice shows NMJ
fragmentation and neuromuscular transmission defects (Barik
et al., 2016). In adult frogs, selective ablation of tSCs results
in widespread retraction of existing synapses (Reddy et al.,
2003). One possible mechanism is through neuregulin/ErbB
signaling as ErbB2−/− mice lack tSCs and postjunctional folds
and although they retain the ability to form neuromuscular
synapses, these fail to be maintained (Riethmacher et al., 1997;
Lin et al., 2000). Other study in frogs suggested that tSCs express
active agrin and enhance aggregation of AChRs on muscle fibers
(Yang J.F. et al., 2001).

REGENERATION OF THE NMJ

Injury to the nerve or muscle, lack of physical activity and
ageing can alter synaptic organization resulting in endplate
fragmentation, partial denervation and reduction in active zones
and AChR density (Stanley and Drachman, 1981; Lyons and
Slater, 1991; Valdez et al., 2010).

It is well known that mouse muscle endplates lose the
normal pretzel shape and become fragmented with multiple
spot contacts following muscle fiber damage (Lyons and Slater,
1991). One of the best examples is the mdx mouse model of
Duchenne muscular dystrophy (Sicinski et al., 1989). In 8-
week old mdx mice, muscle endplates from regenerating fibers
appear dramatically fragmented over an enlarged postsynaptic

area and nerve terminals display abnormally complex features,
with a significant increase in the number of fine terminal
arborizations, many bearing bouton-like swellings (Lyons
and Slater, 1991). The alterations seen in the mdx mouse
increase with ageing, probably as a consequence of recurrent
muscle damage (Torres and Duchen, 1987). Interestingly,
the structural changes do not alter the safety margin of
neuromuscular transmission (Nagel et al., 1990). Therefore,
the significance of this process is not fully understood as
this could be the outcome of a physiological mechanism
of NMJ maintenance rather than synapse degeneration
(Slater, 2019).

Endplate reinnervation following nerve injury results in
degradation of junctional AChRs, increase of their turnover
rates and structural changes to the NMJ (Stanley and
Drachman, 1981; Rich and Lichtman, 1989; Akaaboune
et al., 1999). Upon denervation, it is thought that the
upregulation of chromatin acetylation and AChR expression
is mediated by signal-responsive transcriptional regulators
histone deacetylase 9 (HDAC9) and 4 (HDAC4) that allow
the induction of the transcription factor Myogenin (Méjat
et al., 2005; Cohen et al., 2007). Protein kinase B (PKB/Akt)
and mTORC1 (mammalian Target of Rapamycin Complex
1) have been implicated in regulating muscle homeostasis
and maintaining NMJs after nerve injury in mice (Castets
et al., 2019). Other key elements of synapse development such
as Col13a1 (Zainul et al., 2018) and LRP4 (Gribble et al.,
2018) have also been involved in promoting peripheral nerve
regeneration. Finally, tSCs play a key role in reinnervation
by guiding axons through the extension of their processes
(Son and Thompson, 1995) and retracting processes from
territory they previously occupied within the endplate
(Kang et al., 2014).
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Introduction: Congenital myasthenic syndromes (CMS) refer to a heterogenic group of
neuromuscular transmission disorders. CMS-subtypes are diverse regarding exercise
intolerance and muscular weakness, varying from mild symptoms to life-limiting forms
with neonatal onset. Long-term follow-up studies on disease progression and treatment-
response in pediatric patients are rare.

Patients and Methods: We analyzed retrospective clinical and medication data in
a cohort of 32 CMS-patients including the application of a standardized, not yet
validated test (CMS-ST) to examine muscular strength and endurance in 21 patients
at the last follow-up. Findings obtained in our cohort were compared with long-term
follow-up studies of (adult) CMS-cohorts from the literature by considering the underlying
molecular mechanisms. Outcomes of CMS-ST were compared to results of normal
clinical assessment.

Results: Thirty-two pediatric patients with defects in eight different CMS-genes
were followed by a median time of 12.8 years. Fifty-nine percentage of patients
manifested with first symptoms as neonates, 35% as infants. While 53% of
patients presented a reduced walking distance, 34% were wheelchair-bound. Even
under adequate therapy with pyridostigmine (PS) and 3,4-diaminopyridine, CHAT-
mutations led to the progression of muscular weakness partly in combination
with persistent respiratory and bulbar symptoms. RAPSN, CHRND, and CHRNB1
patients with neonatal manifestation, early respiratory problems, and bulbar
symptoms showed a good and maintained treatment response. CHAT and
CHRNE patients required higher PS dosages, whereas RAPSN patients needed
a lower mean dosage at the last follow-up. The benefits of short-term

Abbreviations: AChR, acetylcholine receptor; bw, body weight; ChAT, choline acetyltransferase; CMS, congenital myasthenic
syndrome; CMS-ST, CMS standardized test; COLQ, endplate acetylcholinesterase deficiency; FVC, forced vital capacity;
MG, Myasthenia gravis; NMJ, the neuromuscular junction; PS, Pyridostigmine; 3,4 DAP, 3,4 Diaminopyridine.
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medication and long-term progression of symptoms were highly dependent on the
specific genetic defect. CMS-ST was carried out in 17/21 patients, determined affected
muscle groups including bulbar and ocular symptoms, some of which were not reported
by the patients.

Conclusions: Our findings and comparison with the literature- suggest a better
treatment-response and less severe progression of symptoms present in patients
suffering from mutations in CMS-genes directly associated with receptor deficiency,
while patients with defects leading to synaptopathy and presynaptic defects tend to
have worse outcomes. Assessment of affected muscular groups and clinical symptoms
by CMS-ST may be a useful tool for optimal therapeutic management of the patients,
especially for future clinical studies.

Keywords: congenital myasthenic syndrome, neuromuscular transmission, therapy, long-term outcome,
standardized testing

INTRODUCTION

Congenital myasthenic syndromes (CMS) are a phenotypic
heterogeneous group of hereditary diseases caused by
disturbed or impaired neuromuscular transmission, resulting
in clinical symptoms such as muscle weakness and increased
muscle fatigue.

Clinical presentation and severity may vary enormously and
depend on the underlying genetic mutation and the regular
localization of the responding protein. Abnormal muscle fatigue
can affect various muscle groups: limb-girdle, distal, proximal,
cervical (axial), respiratory, eye, facial, and bulbar muscles.
Notably, smooth and heart muscles are generally not affected
(Abicht et al., 2017). The patients present their first symptoms
usually at birth or in the first 2 years of life. Nevertheless,
initial manifestations are known, albeit much less frequently,
up to advanced age and then are frequently misdiagnosed as
seronegative MG (especially mutations in the RAPSN, DOK7,
and slow-channel syndrome; Croxen et al., 1997; Burke et al.,
2003; Durmus et al., 2018; Kao et al., 2018).

In the recent decade, the genetic background of the CMS
expanded, and currently, more than 35 causative genes have been
published (Engel, 2018; Thompson et al., 2018; Vanhaesebrouck
and Beeson, 2019). Remarkably, synaptic (COLQ) and
postsynaptic mutations in acetylcholine receptor (AChR),
RAPSN, and DOK7 are more common than mutations in genes
encoding for presynaptic localized proteins as exemplified on the
cohort of the Mayo clinic where synaptic/postsynaptic defects
account for 87% of the diagnosed cases (Engel, 2018).

The CMS subtypes are predominantly inherited in an
autosomal recessive fashion, with exception of the slow-channel
syndromes and the mutations in SNAP25 and SYT2, which have
an autosomal dominant inheritance (Engel et al., 2015; Abicht
et al., 2017; Engel, 2018; Vanhaesebrouck and Beeson, 2019).

Long term follow-up studies in pediatric patients with CMS
are rare and urgently needed for the counseling of the patients
and their families. Up to now, there are no standardized tests in
use in children for objective measurement of muscle strength and
to assess the limits of the therapy.

To overcome both limitations, we retrospectively studied
the clinical characteristics and medication data of 32 children
with genetically proven forms of CMS. At their last follow-up
visit, 21 patients had undergone a standardized, previously not
validated test (CMS-ST) to examine their muscular strength and
endurance. Patients were sub-grouped according to their genetic
defect and associated pathomechanism and the main focus was
spent on long-term problems and the limits of the drug therapy.

MATERIALS AND METHODS

At the University Hospital of Essen (Department for
Neuropediatrics), a retrospective chart review was performed
for all patients diagnosed with CMS who were at regular
follow up between January 2010 and December 2015. Doing
so, the medical records of 32 patients from 27 families were
reviewed. The prerequisite for inclusion in this study was the
genetically confirmed diagnosis of a CMS. The retrospective
data were collected from the patient records. Written informed
consent was obtained from the participants (or rather their
legal guardians) for participation in the subsequent research
as well as for the publication of the findings (including any
potentially-identifying information). Ethical approval for this
study was obtained from the University Essen clinical ethics
committee (10-4543).

For this study, a questionnaire was used and completed
together with the patients and their families, and a standardized
clinical examination was carried out. The following data were
obtained: sex, age, identification of a causative mutation,
family history, course of birth and pregnancy, early childhood
development, course of the disease, initial and current symptoms,
age at the diagnosis, demographic background, and applied
drug and supportive therapies. Treatment modalities, time,
and duration of therapy were also recorded in all patients.
For patients for whom either only retrospective data could be
collected or for whom there were gaps during the survey, missing
clinical data were extracted from the medical records.

To evaluate the current clinical status, in 18 patients older
than 3 years willing to participate, the modified quantitative
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myasthenia gravis score (QMG) score was performed. The QMG
score has been modified by us to allow assessments in children
and infants with CMS and was applied at the last clinic visit
(Chaouch et al., 2012). It is a standardized test (CMS-ST)
procedure using two different forms depending on age. One
is for infants and young children up to the age of three, the
other for children from the age of three, adolescents, and adults
(Supplementary Figures 1A,B).

The patients were categorized based on their genetic
background in presynaptic, synaptic, and postsynaptic (with
kinetic defects) sub-groups. Additionally, we compared our
long-term data with clinical observations obtained in three
independent long-term studies focusing on adult and mixed
adult-pediatric CMS-cohorts (Natera-de Benito et al., 2017;
Durmus et al., 2018; Kao et al., 2018).

Statistical Analysis
Continuous variables (age, duration of medical treatment, length
of the follow-up period) are reported as mean, minimum, and
maximum values. Categorical variables (disease classification)
are reported as frequencies and percentages based on the
total sample.

RESULTS

Patients and Demographics
The gender distribution in the present patient population was
male to female 16:16.

Of 27 families, five families (19%) had two affected siblings,
respectively. A total of 4 out of 27 families (15%) had one sibling
who died in infancy or childhood. In 9/27 families (33%), the
mother had at least one miscarriage. 6/27 families (22%) were
consanguineous. For 12/27 families (44%) both parents came
from Germany, for the remaining 15 families (56%) at least one
parent was of non-German origin (Supplementary Table 1).

Genetic Background and Patient
Categorization
Given that a detailed classification of CMS disease entities is
suitable for use in clinical and genetic databases and decision
support systems (Thompson et al., 2018), our 32 patients were
assigned to eight different genetic CMS sub-forms and further
sub-categorized according to the location of the loss of the
functional protein (based on the underlying genetic defect) at
the NMJ (Supplementary Table 1): ‘‘Presynaptic mutations’’
(CHAT, OMIM: 254210) were found in five patients (16%),
‘‘synaptic mutations’’ (COLQ, OMIM: 603034) in three patients
(9%) and ‘‘postsynaptic mutations’’ in a total of 24 patients
(75%). Out of these 24 patients, 8 (25%) presented with
pathogenic RAPSN-variants (OMIM: 616326), seven patients
(22%) with CHRNE mutations (OMIM: 608931), three patients
(9%) with DOK7 mutations (OMIM: 254300), two patients
(6%) with slow-channel CHRNE variants (OMIM: 605809),
and each one patient (3%) with mutations in MUSK (OMIM:
616325), CHRND (OMIM: 616323), CHRNB1 (OMIM: 616314),
fast-channel CHRNE (OMIM: 616324), respectively.

FIGURE 1 | Clinical findings of our overall congenital myasthenic syndromes
(CMS) cohort. (A) Age of clinical manifestation of the symptoms (n = 32).
(B) Time from onset of the first symptoms to diagnosis (n = 29). (C) The
clinical course of the patients (n = 32). (D) Walking distance at the point of
clinical evaluation (n = 32).

Age of Onset and Point of Diagnosis
Apart from categorization according to the underlying genetic
defect and vulnerability at the NMJ, the patients were further
classified according to the age of onset of their symptoms
in three sub-groups: neonatal period, infancy, and older
than 2 years.

The age onset varied from neonatal (59%) to 96 months
(mean: 9.1 months; Figure 1A).

In 29 patients the exact age of diagnosis was stated with a
mean of 69 months (range: 0–216 months). The mean duration
between the onset of symptoms and diagnosis was 63.3 months
(range 0–205 months; Figure 1B).

Clinical Outcome
The mean follow-up period was 144, median 153 months
(range 6–346 months) and although all patients improved
during the pharmacological therapy for at least some of their
symptoms, several still showed disease progression over time
(Figure 1C).

Motor Development and Endurance
Motor development in infancy was delayed in 19/32 patients
(58%) and appeared to be regular in 13/32 patients (42%).
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In 29/32 patients (90%), intermittent worsening (respiratory
worsening or/and increased muscular weakness) occurred
during the disease.

The walking distance was limited in 18/32 patients (56%), in
one patient (3%) walking was not yet possible due to her age
(6 months, Figure 1D).

Clinical Findings CMS-Patients Stratified
by the Genetic Cause
Presynaptic Mutations
Choline Acetyltransferase (ChAT) Deficiency
The presynaptic sub-cohort is defined by five patients with
pathogenic CHAT mutations (Supplementary Table 1).
Consanguinity of the parents was present in 3/4 families (two
patients were siblings).

In 2/5 patients intrauterine reduced fetal movements were
noticed and 3/5 patients showed first symptoms in the neonatal
period. The mean time between the onset of symptoms and
diagnosis was 3 years and 8months (range: 0months to 13 years),
with one sibling being diagnosed directly neonatal. Motor
development was normal in 3/5 patients. Clinical symptoms at
onset are summarized in Table 1.

Notably, symptoms improved in all patients under therapy
with pyridostigmine (PS), with a mean dosage of 5.0 mg/kg/day
(range: 3.3–8.5mg/kg/day). 2/5 patients were additionally treated
with 3,4-diaminopyridine (3,4 DAP; mean dosage 1.1 mg/kg/day
(range: 0.9–1.2 mg/kg/day) showing a further improvement in
symptoms. Further 2/5 patients were treated with 3,4-DAP in
the past without a notable effect. At their last follow-up, all
patients had generalized muscular weakness and were wheelchair
depended for longer distances. Moreover, 3/5 patients presented
with intellectual disability (two of them had cerebral palsy as
well as severe mental impairment as residuum due to hypoxic
episodes during respiratory crises).

Clinical aspects of 2/5 patients were already published
(Schmidt et al., 2003; Schara et al., 2010).

Based on the CMS-ST performed, in two patients, lateral
diplopia could be provoked, muscular strength was severely
reduced in proximal as well in distal muscles. Although
respiratory insufficiency during infections was reported from
both patients, FVC was normal (Supplementary Tables 2, 3).

Synaptic Mutations
Endplate Acetylcholinesterase Deficiency (COLQ)
In three patients (from three independent families, consanguinity
between the parents existed in 1/3 families, with one clinically
affected father rejecting genetic testing) pathogenic mutations in
the COLQ were identified (Supplementary Table 1).

In 2/3 patients, clinical onset was noticed in the neonatal
period and in 1/3 patients during the first year of life. Only for
one of these patients, the exact data concerning the diagnosis was
available (at the age of 9).

The clinical symptoms at onset are summarized in Table 1.
The course of the disease was non-progressive in 2/3 of

patients (one patient even had a normal walking distance). Two
patients developed scoliosis and one was treated surgically.

All three patients experienced a worsening of their clinical
symptoms under the therapy with PS. The therapy for all
three was started before the genetic diagnosis was confirmed.
Two patients were treated with ephedrine during the period
of data collection and an improvement of their symptoms
was noticed. The mean dosage was 4.4 mg/kg/day. In the
case of one patient, the parents initially refused to administer
ephedrine; thus she received the therapy later on and as a result,
improved her walking distance. One patient showed an abnormal
pupillary reflex.

Here, in only one patient the CMS-ST was performed. Her
muscular strength in the upper extremities was poorer compared
to lower extremities (Supplementary Table 2).

Postsynaptic Mutations
CHRNE
Seven patients with pathogenic mutations in the CHRNE
came from six independent families, three of them were
consanguineous. For one patient, reduced fetal movements
during pregnancy were reported. Ptosis and ophthalmoparesis
were present and persisted in all patients (Table 1).

All patients were under therapy with PS. The mean dosage
was 5.1-mg/kg/day (range: 1.3–11.9 mg/kg/day). Initially, clinical
improvement was noticed in all of them, however, in 2/7 patients
muscle weakness increased in the disease course despite
medication. Furthermore, 3/7 patients additionally received 3,4-
DAP at the time of their last follow-up visit (mean dosage was
1.4-mg/kg/day; range: 0.3–2.6 mg/kg/day).

6/7 patients experienced acute worsening of their symptoms
partly triggered by infections.

At last follow-up, the walking distance was limited in
4/7 patients.

Based on the CMS-ST performed, in five patients a
discrepancy between the possibility to step-up (possible in 5/5)
and to perform the squats (possible in 3/5) was noticed. Muscular
strength was more reduced in cervical muscles than in proximal
and distal muscles (Supplementary Tables 2, 3).

RAPSN
In eight patients from six independent, non-consanguineous
families pathogenic RAPSN mutations were identified; in
2/6 families, two children were affected in each case.

At neonatal presentation, 7/8 patients had a facial and
generalized muscular weakness, and poor abilities to cry and
suck, further complicated by respiratory problems (3/8 needed
ventilatory support). All patients experienced intermittent
episodes with worsening of their symptoms (in 4/8 muscular
weakness and respiratory insufficiency), usually triggered by
infections (Table 1). At the last follow-up, 3/8 patients reported
chewing difficulties and in 2/8 joint contractions were noticed.
One patient had moderate scoliosis which developed before PS
therapy was initiated. Notably, 7/8 patients had normal walking
distance. All patients improved under therapy with PS (mean
dosage 3.3 mg/kg/day) and the course of the disease was non-
progressive. Some of the clinical symptoms in two patients from
this group have been already published (Schara et al., 2012).
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TABLE 1 | Response to therapy, symptoms at onset, and long term course in patients according to the NMJ-localization of the protein affected by the
respective mutation.

Classification Gene Symptom onset
(number of pat)

Response to treatment
(number of pat)

Clinical symptoms at
onset

Long term
course/problems

Presynaptic CHAT Neonatal (3/5)
Infancy (2/5)

PS: improvement (5/5)
DAP: additional
improvement (2/5),
no improvement (2/5)

Ptosis
Facial and generalized
muscular weakness
Bulbar symptoms
Intermittent worsening with
respiratory insufficiency

Progressive muscular
weakness
Limited walking distance
Scoliosis
Bulbar symptoms
Respiratory insufficiency
with NIV
Residual symptoms due to
hypoxic injury

Synaptic COLQ Neonatal (2/3)
Infancy (1/3)

PS: worsening (3/3)
EPH: improvement (2/3)

Ptosis, ophthalmoparesis,
Facial and generalized
muscular weakness
High arched palate
Bulbar symptoms
Intermittent worsening of
symptoms with respiratory
insufficiency
Delayed motor
development

Stabilization of respiratory
problems
Scoliosis
Respiratory insufficiency
Non-progressive course
Limited walking distance

Postsynaptic CHRNE Neonatal (3/7)
Infancy (4/7)

PS: improvement (7/7)
DAP: additional
improvement (3/7)

Ptosis, ophthalmoparesis
Facial and proximal
muscular weakness
Delayed motor
development

Stabilization of respiratory
symptoms
Limited walking distance
No effect of therapy on
ophthalmoparesis

CHRND Neonatal (1/1) PS: improvement (1/1) Ptosis, ophthalmoparesis
Facial and generalized
muscular weakness
Bulbar symptoms
Intermittent worsening of
symptoms with respiratory
insufficiency during
infections
Delayed motor
development

Stabilization of respiratory
symptoms
Non-progressive course
Joint contractures

CHRNB1 Neonatal (1/1) PS: improvement (1/1)
DAP: additional
improvement

Ptosis, ophthalmoparesis
Facial and generalized
muscular weakness
Bulbar and respiratory
symptoms
Intermittent worsening with
respiratory insufficiency

Stabilization of respiratory
symptoms
Ophthalmoparesis, facial
muscular weakness
Limited walking distance

Postsynaptic MUSK Neonatal (1/1) PS: partial improvement
(1/1)
DAP: no effect (1/1)
EPH: improvement (1/1)

Ptosis, ophthalmoparesis
Facial and generalized
muscular weakness, axial
muscular weakness
Bulbar and respiratory
symptoms
Intermittent worsening with
respiratory insufficiency
Delayed motor
development

Stabilization of respiratory
problems
Persistent axial muscular
weakness
Limited walking distance
Scoliosis
Atrophic tongue

DOK7 Infancy (2/3)
Childhood (1/3)

PS: worsening (2/3), no
effect (1/3)
EPH: improvement (3/3)

Reduced fetal movements
during pregnancy
Ptosis, facial muscular
weakness
Intermittent worsening of
symptoms with respiratory
insufficiency
Limb-girdle muscular
weakness
Delayed motor
development

Intermittent worsening with
partial improvement
Improvement of respiratory
symptoms
Nasal speech
Scoliosis
Limited walking distance
Muscular atrophy

(Continued)
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TABLE 1 | Continued

Classification Gene Symptom onset
(number of pat)

Response to treatment
(number of pat)

Clinical symptoms at
onset

Long term
course/problems

RAPSN Neonatal (7/8)
Infancy (1/8)

PS: improvement (8/8) Reduced fetal movements
during pregnancy
Arthrogryposis multiplex
congenita
Ptosis, bulbar symptoms
Respiratory insufficiency
during infection
Delayed motor
development

Improvement of symptoms,
non-progressive course
Stabilization of respiratory
symptoms
Strabismus
Scoliosis
Joint contractures

Postsynaptic-
kinetic

CHRNE
fast

Neonatal (1/1) PS: improvement (1/1)
DAP: additional
improvement (1/1)

Ptosis, ophthalmoparesis
Facial and generalized
muscle weakness
Bulbar and respiratory
symptoms
Intermittent worsening of
symptoms with respiratory
insufficiency

Improvement of symptoms
Limited walking distance

CHRNE
slow

Infancy (2/2) PS: no effect (2/2)
CHI: improvement (2/2)

Ptosis, ophthalmoparesis
Muscular hypotonia in
infancy
Normal motor development
Distal muscular weakness

Intermittent worsening with
persistent weakness
Limited walking distance

Nr., number; pat, patients; PS, Pyridostigmine; DAP, 3,4 Diaminopyridine, EPH, Ephedrine, CHS, Chinidine sulfate; NIV, non-invasive ventilation.

Results of the standardized test applied in this group,
showed in 2/6 patients reduced muscle endurance and in
3/6 reduced strength in neck flexors—both symptoms were not
assessed through normal clinical assessment (Supplementary
Tables 2, 3).

MUSK
A male patient from a non-consanguineous family with
a pathogenic compound heterozygous MUSK mutation
(Supplementary Table 1) was identified. The onset of the
first symptoms was noticed in the neonatal period. He was
tracheotomized from the age of 8 months to 8 years; due to
respiratory insufficiency, he needed non-invasive ventilation
during the night and partially during the day. He was able to walk
at the age of 2 years and showed impaired mental development.
His walking distance was limited due to proximal and axial
muscular weakness (dropped head) and his muscular strength
worsened during infections. Therapy with PS and 3,4-DAP was
only partially effective as respiratory problems continued. After
the confirmation of molecular genetic diagnosis at the age of
10 years, he received ephedrine and his respiratory situation,
bulbar symptoms, and muscular strength improved.

CHRNB1
One female patient from a non-consanguineous family with
CMS-causative mutations in the CHRNB1 had the first onset of
symptoms during the neonatal period. She experienced repeated
episodes with worsening of her respiratory symptoms and
muscular weakness up to the age of 2 years. She improved
under therapy with PS (dosage 5.88 mg/kg/day), started at
the age of 4 years. In addition, the patient received 3.4-DAP
(0.44 mg/kg/day). Despite therapy, she experienced progression
of her muscular endurance and at her last visit in our clinic (age

14 years and 6 months) presented with ptosis, ophthalmoparesis,
facial and generalized muscular weakness accompanied by
reduced walking distance.

CHRND
In one male patient from a non-consanguineous German
family, compound heterozygous CMS-causative mutations in the
CHRNDwere identified (Supplementary Table 1). His symptom
onset was neonatal with a combination of facial, ocular, bulbar,
and muscular symptoms. The patient improved under therapy
with PS at the age of 21 months and had at last visit (age 13 years
and 6 months) normal walking distance but distal finger joint
contractures. The PS dosage was 5.2 mg/kg/day.

In CMS-ST, he had only mild reduced muscle endurance
in his extremities, which was also reported during the normal
clinical assessment (Supplementary Tables 2, 3).

DOK7
Two male and one female patient derived from three
non-consanguineous families (all of German origin) with
pathogenic DOK7 mutations were identified in our CMS cohort
(Supplementary Table 1). Clinical data of two patients have
already been published (Schara et al., 2012; Shieh and Oh, 2018).

In two patients, the onset of symptoms (proximal weakness
with reduced walking distance) was observed in infancy
(12 months) and in one patient at the age of 6 years. The mean
time between the onset of symptoms and diagnosis was 10 years
3 months (range: 7 years 5 months to 18). In one patient, the
creatine kinase (CK) value was mildly increased (298 U/l).

Motor development in infancy was delayed in 2/3 of patients
(axial weakness, in one generalized muscle weakness, and
respiratory insufficiency with tracheostomy). All patients had
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ptosis and muscular hypotonia (limb-girdle muscle affected; in
two patients generalized muscular atrophy was noticed).

Because of some clinical features suggestive of CMS,
therapy with PS was given before the genetic diagnosis.
A significant worsening of the condition was noticed in
two patients; in one patient there was no effect upon
therapeutic intervention. Although the diagnosis and therapy
were considerably delayed, all three patients had marked
improvement in their muscular endurance and better walking
distance under therapy with ephedrine (average dose: 1.9-
mg/kg/day; range: 0.8–3.6 mg/kg/day). One patient was even
symptom-free. However, the patients also reported side effects
under this therapy, including palpitations, dry mouth with a sore
throat, increased perspiration, light intolerance due to mydriasis,
and tremor.

One patient performed CMS-ST and showed extremely weak
neck flexors in combination with proximal muscle weakness (no
squats possible; Supplementary Table 2).

Kinetic Defects of the Acetylcholine
Receptor (AChR)
Slow-Channel CMS
In two female patients (siblings) of a non-consanguineous family
(German origin; father also affected) pathogenic mutations
leading to ‘‘slow-channel-CMS’’ were identified (Supplementary
Table 1).

Muscular hypotonia as the first clinical symptom manifested
at the age of 6 and 10 months but with normal further motor
development. The course of the disease was progressive with
episodes of muscular weakness; the younger sister had reduced
walking distance. On clinical examination (aged 17 years and
11 months and 13 years and 15 months), both sisters had ptosis,
ophthalmoparesis, and proximal and distal muscular weakness
(especially hands and fingers).

Treatment with PS was discontinued in both due to lack of
effect. The patients were under therapy with quinidine sulfate
by mean dosage 6.6 mg/kg/day (range 6.1–7.2 mg/kg/day) at
last follow-up. The older sister didn’t indicate any subjective
improvement, the younger sister showed a clear improvement of
her muscular endurance.

Fast-Channel CMS
In one male patient from a non-consanguineous family,
a compound heterozygous mutation causative for the
manifestation of ‘‘fast-channel-CMS’’ was identified

(Supplementary Table 1). The onset of the symptoms was
neonatal. His motor milestones were delayed, and he had
respiratory crises during infancy.

At the age of 3 years and 9 months, therapy with PS was
started leading to a partial improvement of the symptoms.
Therefore, 3.4 DAP was added (PS 7.0 mg/kg/day and 3.4-
DAP 1.1 mg/kg/day) with further benefit. Although under this
therapy, there was no further progression of his weakness,
muscular hypotonia, ptosis, and ophthalmoparesis persisted. His
walking distance was moderately reduced.

In CMS-ST, he had reduced muscle endurance in his
extremities, which was also reported during the normal clinical
assessment. Due to his age, he was not able to perform all tasks
(Supplementary Tables 2, 3).

Standardized Testing (CMS-ST)
In three patients younger than 3 years, the standardized
questionnaire was used (see Supplementary Figure 1A). Due to
age, no standardized clinical endurance test was possible here.
However, 18 patients were examined with the questionnaire
for children from the age of 3 years, adolescents, and
adults (Supplementary Figure 1B). Because of mental and
motor impairment in one older patient (CHAT mutation,
Supplementary Table 1, patient 1), no standardized clinical
testing was possible.

A total of 14 out of the 17 patients underwent lung function
testing (forced vital capacity; FVC): eight patients (CHRNE,
RAPSN, and CHRND) presented with normal findings, whereas
two (CHRNE and RAPSN) had mild and two (RAPSN and
COLQ) had a moderate restrictive function, respectively. One
DOK7 patient even showed a severe restrictive ventilation
disorder. There was no evidence of diaphragm weakness in lung
function testing. Electrocardiogram (ECG) data were available
for 15/18 patients and findings were all normal in all 15 cases.
In patients between the age of 4 and 8 years, we observed
only partial compliance in test performance (Supplementary
Table 2). In Table 2, the results of testing in comparison to
clinical assessments are presented showing more respiratory
and bulbar symptoms identified by the test than reported
by the patients themselves during the clinical assessment.
Interestingly, in the testing of endurance, better performance was
achieved by following the standardized investigation compared
to the performance reported by the patients themselves
(Table 2).

TABLE 2 | Results of standardized test (CMS-ST) in 17/21 patients compared to neurological assessment and reported symptoms by patients and their parents.

Clinical symptom CMS-ST (n = 17) Clinical assessment and self-reported (n = 17)

Ocular symptoms Ptosis: 15/17 patients, Double vision: 13/17 patients Ptosis: 13/17 patients9/17 double vision reported
Bulbar symptoms 10/17 patients 6/17 patients reported chewing problems
Respiratory function 6/14 abnormal 5/17 patients reported respiratory problems
Cervical weakness 15/17 patients Not stated
Proximal weakness 10/17 patients 5/17 patients
Distal weakness 11/17 patients Not stated
Impaired muscular endurance 8/17 Patienten 13/17 impaired muscular endurance reported

Pulmonary function was performed in 14/17 patients; one patient was intellectually impaired and not capable to perform the test (total: n = 17).
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DISCUSSION

Here, we present a cohort of pediatric patients with genetically
proven CMS-causing mutations (Supplementary Table 1).
Pathogenic variants affecting postsynaptic proteins were more
prevalent (69% of patients), especially occurring in the RAPSN
and CHRNE genes—known as frequent CMS-causative genes
in Middle and Eastern European and North American cohorts
as well as from single-center cohort from India (Abicht et al.,
2012; Natera-de Benito et al., 2017; Engel, 2018; Selvam et al.,
2018). Based on a relatively large proportion of patients with
Turkish and Arabian background at our muscular center,
CHAT mutations were more frequent compared to adult
cohorts from Turkey and a reported mixed adult-pediatric
cohort from Spain (Table 3A). In all patients, the phenotype
at onset was identical with descriptions from the literature
and may be used as a ‘‘clinical clue’’ toward starting of
therapeutic intervention as long as the genetic testing is still
pending (Abicht et al., 2012; Durmus et al., 2018; Engel, 2018).
In the context of a comparison of our cohort with adult
cohorts, it is important to note that for that purpose only
patients with defects in genes also identified to be mutated
in our cohort have been extracted from the different studies
(Table 3A).

Interestingly, long term symptoms and problems showmostly
similar findings with only some differences compared to the
observations in two adult CMS- and one adult-pediatric cohort
(Table 3A): in comparison to adults (34%), in our group,
only 6% of patients had onset of symptoms after infancy.
This discrepancy implies that our patients had an earlier onset
and a more severe phenotype resulting in higher severity of
symptoms in the long term. This observation might accord with
the fact that for some of the CMS-subtypes discrepancy for
clinical manifestation was reported, even in families with the
same haplotypes (CHAT, CHRNE, RAPSN) (Burke et al., 2003;
Schara et al., 2010; Natera-de Benito et al., 2016b). However, a
bias can also be caused by retrospective memorizing of disease
history when personal anamnesis is made in adult patients
or based on a late consultation in adulthood although the
disease showed first symptoms or even full clinical manifestation
in childhood.

Nonetheless, an overall finding is that disease
progression and response to therapies is highly gene- and
pathomechanism specific in CMS as previously reported
(Thompson et al., 2019).

Presynaptic Mutations
Our data confirm the observation being made by Schara and
colleagues (Schara et al., 2010) reporting that patients with
presynaptic mutations in CHAT show progression in their
muscular symptoms with persistent bulbar symptoms despite the
application of standard therapy defining the need for targeted
therapeutic strategies as recently described by Thompson and
co-workers (Thompson et al., 2019). Worth noting, our findings
support the concept of a beneficial effect of 3,4-DAP onmuscular
endurance as observed in the patients with CHAT mutations (see
‘‘Results’’ section), a therapeutic observation that was previously

reported in only one child and one adult (Schara et al., 2010;
Natera-de Benito et al., 2017).

Three patients developed scoliosis, for which no comparative
data are available. Two out of three patients with scoliosis
had residuum due to hypoxic episodes during infancy and are
also mentally impaired. We postulate that the manifestation
of scoliosis in these two patients occurred as the consequence
of wheelchair dependency long-term in combination with
severe axial and proximal weakness; one patient with preserved
ambulation showed only mild scoliosis without the need for
operative correction.

Although ocular symptoms are not known in CHAT patients,
in ocular testing double vision could be provoked during
longer glance to side as a symptom of ocular muscle weakness
(Table 2, Supplementary Table 2). Cognitive impairment as a
possible associated symptom have already been reported with
partial association with hypoxic episodes during respiratory
crises (Schara et al., 2010; McMacken et al., 2018). Based on
an ubiquitous expression of ChAT, one might speculate that
cognitive impairment observed in some patients might result
from tissue-specific functions of the proteins which can (in
some cases) only partially be compensated upon loss of the
functional protein. However, compared to three adult patients
described in adult cohorts (Natera-de Benito et al., 2017;
Durmus et al., 2018), no information about their mental status
was available.

Synaptic Mutations
In the synaptic group, the symptoms can improve even after
the late start of the therapy (patient 6) and most patients
seem to have a non-progressive course of the disease. Still, the
walking distance can be limited with wheelchair dependence
for longer distances. Persistence of the symptoms in follow
up is comparable with that found in adults (Durmus et al.,
2018). Also similar as in adult cohorts, scoliosis can be one of
the clinical symptoms specific to AChE deficiency, as already
postulated (Mihaylova et al., 2008; Wargon et al., 2012; Duran
et al., 2013; Durmus et al., 2018). A very specific indicator
for this mutation is worsening of symptoms under therapy
with AChE inhibitors (Wargon et al., 2012; Durmus et al.,
2018), a clinical observation which could be confirmed in our
sub-cohort. We could observe an abnormal pupillary reflex
in only one patient-supporting previous reports describing the
clinical observation as a less frequent feature (Mihaylova et al.,
2008). Given that the presence of abnormal pupillary reflex
is often considered as a ‘‘clinical clue’’ for AChE-deficiency
patients, the absence of this finding does not exclude COLQ
mutations as the causative genetic variant (Wargon et al., 2012).
The patient of the synaptic sub-cohort show a combination
of proximal and cervical muscular weakness whereas distal
muscular weakness was not present in these patients (Table 3A)
but reported in 8/15 patients of the Spanish adult cohort
(Wargon et al., 2012).

Postsynaptic Mutations
Compared to adults, long-term problems in pediatric cases
of the postsynaptic group are similar and already present
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TABLE 3A | Comparison of findings in different CMS cohorts. Only patients with defects in genes also identified to be mutated in our cohort have been extracted from the different studies. Comparison of adult and
mixed cohort patients and our cohort including follow-up time, point of symptom onset, time of diagnosis, and clinical symptoms depending on underlying mutation and characterization depending on the functional
position on NMJ.

Study Affected genes
(Nr. of pat.)

Follow-up time
(range)

Symptom onset
(Nr. of pat.)

Onset to
diagnosis

Long term problems in different
CMS subtypes

Long term problems in
pre-synaptic, synaptic, and
post-synaptic forms

Natera-de Benito et al.
(2017)

CHAT (2/64)
COLQ (9/64)
CHRNE (15/64)
DOK7 (7/64)
RAPSN (11/64)
Slow-channel
(4/64)

Mean age at last
follow up 27 years
(range 0.5–80)

Neonatal (17/48)
Infancy (20/48)
Later (11/48)

Median time from
onset to diagnosis:
7 years (range
0–47.5)

Ptosis: CHAT, COLQ, CHRNE,
RAPSN, DOK7, slow-channel
Ophthalmoparesis: CHRNE,
slow-channel
Bulbar symptoms: CHAT, COLQ,
CHRNE, RAPSN, DOK7,
slow-channel
Proximal muscle weakness: COLQ,
CHRNE, RAPSN, DOK7,
slow-channel
Distal muscular weakness: CHAT,
slow-channel
Cervical muscular weakness: CHAT,
COLQ, RAPSN, DOK7,
slow-channel
Scoliosis: COLQ, CHRNE, DOK7,
slow-channel
Wheelchair dependence: COLQ,
CHRNE, DOK7

Presynaptic:
Ptosis, bulbar symptoms, distal and
cervical muscle weakness
Synaptic:
Ptosis, bulbar symptoms, proximal and
cervical muscular weakness, scoliosis,
wheelchair dependence
Postsynaptic:
Ptosis, ophthalmoparesis, bulbar
symptoms, proximal, distal, and cervical
muscle weakness, scoliosis, wheelchair
dependence

Durmus et al. (2018) CHAT (1/69)
COLQ (5/69)
CHRNE (46/69)
DOK7 (3/69)
Slow-channel
(3/69)
Fast-channel (3/69)

Median time:
9.8 years
(1–22 years)

Neonatal (26/61)
Infancy (13/61)
Later: (15/61)
(exact information
was not provided
for all patients)

Mean time from
onset to diagnosis:
12.9 years

Ptosis: CHAT, CHRNE,
slow-channel
Ophthalmoparesis: CHRNE,
slow-channel
Bulbar symptoms: COLQ
Proximal muscle weakness: CHAT,
COLQ, CHRNE, DOK7
Distal muscle weakness: COLQ,
slow-channel
Cervical muscle weakness: slow-
channel
Scoliosis: COLQ
Wheelchair dependence: CHAT
Ventilatory supp.: CHAT, COLQ,
slow-channel

Presynaptic:
Ptosis, proximal muscle weakness,
ventilatory support
Synaptic:
Bulbar symptoms, scoliosis, ventilator
support, proximal and distal muscular
weakness
Postsynaptic:
Ptosis, ophthalmoparesis, proximal,
distal, and cervical muscle weakness,
ventilatory support

Kao et al. (2018) COLQ (2/34)
CHRNE (1/34)
DOK7 (14/34)
RAPSN (6/34)
slow channel (2/34)

Not stated Neonatal and
Infancy (11/34)
Before 5 years of
age (17/34)
Later: (6/34)

Median time from
symptom onset to
diagnosis: 26.0
(4–56.5) years

Ptosis: DOK7, RAPSN
Proximal muscle weakness: COLQ,
DOK7, RAPSN
Wheelchair dependence: DOK7,
COLQ
Ventilatory supp.: RAPSN, COLQ

Presynaptic:
No patients
Synaptic:
Proximal muscle weakness, wheelchair
dependence, ventilatory support
Postsynaptic:
Ptosis, proximal muscle weakness,
wheelchair dependence, ventilatory
supp.

(Continued)
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TABLE 3A | Continued

Study Affected genes
(Nr. of pat.)

Follow-up time
(range)

Symptom onset
(Nr. of pat.)

Onset to
diagnosis

Long term problems in different
CMS subtypes

Long term problems in
pre-synaptic, synaptic, and
post-synaptic forms

Our cohort CHAT (5/32)
COLQ (3/32)
CHRNE (7/32)
DOK7 (3/32)
RAPSN (8/32)
MUSK (1/32)
Slow channel (2/32)
Fast channel (1/32)

Mean time:
12 years (range
0.5–28 years)

Neonatal (19/32)
Infancy (11/32)
Older than 2 years
(2/32)

Mean time from
symptom onset to
diagnosis: 5.3 years
(range 0–17 years)

Ptosis: CHAT, COLQ, CHRNE,
DOK7, RAPSN, MUSK,
slow-channel
Ophthalmoparesis: COLQ, CHRNE,
DOK7, MUSK, slow-channel
Bulbar symptoms: CHAT, COLQ,
CHRNE, RAPSN, MUSK, fast
channel
Proximal muscle weakness: CHAT,
COLQ, RAPSN
Distal muscle weakness: CHAT,
COLQ, RAPSN
Cervical muscle weakness: CHAT,
COLQ, RAPSN
Scoliosis: CHAT, COLQ, CHRNE,
DOK7, RAPSN, MUSK
Wheelchair dependence: CHAT,
COLQ, CHRNE, DOK7
Ventilatory supp.: CHAT, COLQ,
DOK7, MUSK
Feeding tube: CHAT, MUSK

Presynaptic:
Ptosis, bulbar symptoms (feeding tube),
proximal, distal, and cervical muscular
weakness, scoliosis, wheelchair
dependence, ventilatory support
Synaptic:
Ptosis, ophthalmoparesis, bulbar
symptoms, proximal, distal, and cervical
muscular weakness, scoliosis,
wheelchair dependence, ventilatory
support
Postsynaptic:
Ptosis, ophthalmoparesis, bulbar
symptoms, proximal, distal, and cervical
muscular weakness, scoliosis,
wheelchair dependence, ventilatory
supp.

TABLE 3B | Response to applied therapy in two adult/one mixed and in our cohort.

Study Pyridostigmine 3,4 Diaminopyridine Acetazolamide Albuterol/Salbutamole Ephedrine Fluoxetine Chinidine

Natera-de
Benito et al.
(2017)

↑CHRNE, RAPSN ↑CHRNE, RAPSN,
DOK7

- ↑CHAT, COLQ, DOK7,
slow channel

↑CHAT, COLQ, DOK7, slow
channel

slow channel -

Durmus
et al. (2018)

↑CHAT, CHRNE,
slow channel(short),
fast channel
↓ DOK7

- - ↑CHAT, DOK7, slow
channel

- ↑slow channel -

Kao et al.
(2018)

↑CHRNE, DOK7,
RAPSN
↓DOK7, slow
channel

↑CHRNE, DOK7,
RAPSN
↓DOK7

↑ RAPSN ↑COLQ, CHRNE, DOK7,
RAPSN

↑DOK7, RAPSN ↑slow channel -

Our cohort ↑CHAT, CHRNE,
RAPSN, fast
channel
↓COLQ, DOK7

↑CHAT, CHRNE,
fast channel

- - ↑COLQ, DOK7 - ↑slow channel

Nr., number; pat., patients; supp., support; ↑, improvement;↓, worsening.
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at the younger age, but improve over disease course: in
case of RAPSN and CHRNE mutations, an improvement of
neonatal symptoms such as bulbar problems or intermittent
worsening as well in muscular endurance was observed and
accord with known clinical observations described previously
(McMacken et al., 2018). In our post-synaptic CMS cohort, a
progression of muscular weakness under therapy could only be
observed in singular cases suffering from CHRNE mutations.
Although adult patients regularly improve under therapy, also
here singular cases without optimal therapy response were
reported in case of CHRNE and DOK7 mutations (Natera-de
Benito et al., 2016b; Durmus et al., 2018; Kao et al., 2018;
Table 3B).

Persistent respiratory problems were present only in one
DOK7 and one MUSK patients, respectively. In this context,
it is important to note that for both patients the start of an
appropriate therapy was delayed (DOK7 patient 18 years,MUSK
patient 10 years) and both were already on ventilation before the
ephedrine-therapy was started.

General Therapy Response
Throughout the cohort presented here, drug therapy was started
between the age of 3 weeks and 18 years. Whereas for pediatric
cases no comparable long-term data are available from the
present literature, those are reported for adults (Durmus et al.,
2018 and Table 3A). Contrary to adults reporting the good
effect of salbutamol/albuterol in patients with CHAT, DOK7,
COLQ, CHRNE, or RAPSN mutations, we used ephedrine as
monotherapy in case of COLQ and DOK7 with good clinical
response (Table 3B).

Although the cohort presented here is too small for
an interpretation of the individual subgroups regarding the
therapeutic effect, a progression ofmuscular weakness in aCHAT
(five patients) group was observed despite therapy, indicating
a less effective response to therapeutic intervention in this
subgroup. If started administrated early, 3,4-DAP as we observed
here, as well as of ephedrine/salbutamol already investigated in
adult cohorts (Table 3B), might have an additional positive effect
on long term outcome.

However, in siblings from the postsynaptic group (RAPSN,
CHRNE) being treated very early, no severe worsening of the
respiratory symptoms during the infections was observed. Thus,
one might speculate that early therapeutic intervention in the
postsynaptic group might prevent patients from worsening
during infection triggered crises.

To our knowledge, this is the first CMS-cohort of children
with mutations in genes encoding for different proteins
localized to the NMJ where the dosage of therapy at the
last follow-up visit has been calculated. Interestingly, only
patients with RAPSN mutations need a low mean dosage of
AChE inhibitors, at last follow up, to have a stable/static
disease condition compared to patients with mutations in
other CMS-causative genes. This not only has advantages
based on a lower potential to suffer from side effects but
also can be an indicator for stabilization of the symptoms
in the course of the disease (Natera-de Benito et al., 2016a;
Estephan et al., 2018). Interestingly, with 7.6 mg/kg/day themean

dosage administered to patients from a Spanish cohort (total
of 10 patients, partially adults) was higher than in our patients
(Natera-de Benito et al., 2016a). In our cohort the mean age at
diagnosis and treatment start (3.4 years) was lower compared
to the Spanish cohort (8.9 years)—so we postulate that early
treatment in this group will reduce the need for medication
later on.

In line with the known side effects of the drug at higher
dosages, patients mentioned increased secretion production,
diarrhea, and abdominal pain under the therapy with AChE
inhibitors (Schara and Lochmüller, 2008).

As already described for adult CMS patients, in the case
of the pediatric DOK7, COLQ, and ‘‘slow channel’’ patients
included in this study, no beneficial changes occurred during
the administration of AChE inhibitors or disease conditions even
worsened significantly.

This therapy was started before the genetic diagnosis
was confirmed due to some suggestive clinical features.
In the case of DOK7 patients, the weekly worsening of
the muscular strength in combination with limb-girdle
muscular weakness in the absence of ophthalmoplegia
is the specific clinical clue. In the absence of abnormal
pupillary reflexes, the phenotype of COLQ patients can
overlap with other CMS with apnea (CHRNE, CHRND,
CHRNB1) making the phenotypical differentiation difficult.
Consequently, a very careful initiation of the therapy in case
of negative genetic (or pending) findings is needed and the
requirement of individual treatment strategies is suggested
(Thompson et al., 2019).

Standardized Test
Although our cohort was too small for standardized evaluation
of the applied test, we could observe that younger patients (under
the age of 10) have problems with the implementation especially
due to lack of concentration, motivation, and compliance.
Therefore, we conclude that ST-CMS (Supplementary Figure
1B) is not suitable for standard testing in patients under the age of
10 years, whereby normal cognitive development is also crucial,
especially in the testing of the endurance of each muscle group
(arm or leg holding).

Interestingly, performing CMS-ST disclosed more
clinical symptoms than reported by the patients themselves
(Table 2) and can differentiate the distribution of muscular
weakness. Hence, this testing protocol may be one of the
possible tools for a more precise assessment of the effect of
therapeutic intervention in the case of prospective studies.
Due to the differences in the phenotypical presentation
in dependence of the underlying mutations in different
CMS-causative genes, we would propose the use of the
test as a tool for assessment of intra-individual effect
of therapy.
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AChR β-Subunit mRNAs Are
Stabilized by HuR in a Mouse Model
of Congenital Myasthenic Syndrome
With Acetylcholinesterase Deficiency
Jennifer Karmouch1†, Perrine Delers1†, Fannie Semprez1, Nouha Soyed1, Julie Areias1†,
Guy Bélanger2, Aymeric Ravel-Chapuis2, Alexandre Dobbertin1, Bernard J. Jasmin2 and
Claire Legay1*

1 CNRS UMR 8003, Université de Paris, Sorbonne Paris Cité, Paris, France, 2 Department of Cellular and Molecular
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Collagen Q (COLQ) is a specific collagen that anchors acetylcholinesterase (AChE) in
the synaptic cleft of the neuromuscular junction. So far, no mutation has been identified
in the ACHE human gene but over 50 different mutations in the COLQ gene are
causative for a congenital myasthenic syndrome (CMS) with AChE deficiency. Mice
deficient for COLQ mimic most of the functional deficit observed in CMS patients. At
the molecular level, a striking consequence of the absence of COLQ is an increase
in the levels of acetylcholine receptor (AChR) mRNAs and proteins in vivo and in vitro
in murine skeletal muscle cells. Here, we decipher the mechanisms that drive AChR
mRNA upregulation in cultured muscle cells deficient for COLQ. We show that the levels
of AChR β-subunit mRNAs are post-transcriptionally regulated by an increase in their
stability. We demonstrate that this process results from an activation of p38 MAPK
and the cytoplasmic translocation of the nuclear RNA-binding protein human antigen R
(HuR) that interacts with the AU-rich element located within AChR β-subunit transcripts.
This HuR/AChR transcript interaction induces AChR β-subunit mRNA stabilization and
occurs at a specific stage of myogenic differentiation. In addition, pharmacological drugs
that modulate p38 activity cause parallel modifications of HuR protein and AChR β-
subunit levels. Thus, our study provides new insights into the signaling pathways that
are regulated by ColQ-deficiency and highlights for the first time a role for HuR and p38
in mRNA stability in a model of congenital myasthenic syndrome.

Keywords: neuromuscular junction, congenital myasthenic syndromes, p38 MAPK, HuR, acetylcholine receptor
mRNA, ColQ

Abbreviations: ACh, acetylcholine; AChR, acetylcholine receptor; ARE, AU-rich element; BTX, α-bungarotoxin; COLQ,
collagen Q; Dok7, docking protein a; Elavl1, embryonic lethal abnormal vision like 1; ECM, extracellular matrix; GABP,
GA-binding protein; GAPDH, glyceraldehyde 3-phosphate dehydrogenase; HuR, human antigen R (synonym of Elavl1);
JNK, c-jun NH2-terminal kinase; LRP4, low-density lipoprotein receptor-related protein 4; MAPK, mitogen-activated
protein kinase; MyoD, myoblast determination protein; MuSK, muscle specific kinase; NF-κB, nuclear factor kappa-light-
chain-enhancer of activated B cells; NMJ, neuromuscular junction; SMN, survival motor neuron; UTR, untranslated
region.
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INTRODUCTION

The collagen Q (COLQ) plays a critical role at the mammalian
neuromuscular junction (NMJ) through the anchoring and
accumulation of acetylcholinesterase (AChE) in the synaptic
basal lamina (Legay, 2018). It allows AChE to control
acetylcholine level in the synaptic space thereby limiting
the duration of synaptic transmission. To date, over 50
mutations have been identified in the human COLQ gene,
all of which leading to a congenital myasthenic syndrome
(CMS) with endplate AChE deficiency (Mihaylova et al., 2008;
Vanhaesebrouck and Beeson, 2019). Congenital myasthenic
syndrome with AChE deficiency is first detected in childhood and
is characterized by muscle weakness, muscle atrophy, and slow
pupillary response to light stimulation. As the disease progresses,
skeletal deformities (e.g., lordosis or kyphoscoliosis), ptosis,
ophthalmoplegia, and difficulty breathing can occur with a high
risk of lethality (Mihaylova et al., 2008). A mouse model of CMS
with AChE deficiency has been generated by the knock-out of the
ColQ gene portraying the main characteristic features observed
in patients suffering from CMS with muscle weakness and NMJ
disorganization (Feng et al., 1999; McMacken et al., 2019).
Furthermore, reintroduction of COLQ in these mutant mice has
been shown to restore a normal phenotype in motor functions,
synaptic transmission and structure of the NMJ (Ito et al., 2012).

Collagen Q contains a proline-rich attachment domain
(PRAD) in the N-terminus that binds to a tryptophan
amphiphilic tetramerization (WAT) sequence at the C-terminus
of the AChE splice variant AChET (Massoulié and Bon, 2006).
Two clusters of basic residues are found in the central collagenous
domain and bind the proteoglycan perlecan (Deprez and
Inestrosa, 1995; Peng et al., 1999; Arikawa-Hirasawa et al., 2002),
which in turn binds to the transmembrane protein dystroglycan
(Jacobson et al., 2001). This collagenous domain is followed by
a trimerization domain that allows the formation of the triple
helix of COLQ (Bon et al., 2003). COLQ is synthetized by skeletal
muscle cells and ColQ mRNAs and protein accumulate at the
NMJ. However, depending on the type of muscle, COLQ is also
present in extrajunctionnal regions although at reduced levels
(Krejci et al., 1999). COLQ/AChE accumulation at the synapse
is dictated by the interaction between COLQ C-terminus and
the muscle specific kinase (MuSK), a postsynaptic signaling hub
which is clustered at the NMJ (Cartaud et al., 2004). Together
with its co-receptor LRP4 (low-density lipoprotein receptor-
related protein 4), MuSK is responsible for acetylcholine receptor
(AChR) aggregation and is indispensable for the formation of the
NMJ (Li et al., 2018). In COLQ-deficient muscle cells, the number
of AChR clusters is upregulated as a result of an increase in AChR
mRNA levels (Sigoillot et al., 2010, 2016).

One of the mechanisms regulating mRNA levels occurs
through the regulation of their stability by trans-acting factors
such as RNA-binding proteins (RBPs), non-coding RNAs and
microRNAs. Previous studies have reported that human antigen
R (HuR), a member of the ELAVL1/Hu family of RBPs, is
critical during skeletal myogenesis for the fusion of myoblasts
into myotubes (Van der Giessen et al., 2003; Von Roretz et al.,
2011). Human antigen R is known to coordinate the expression

of muscle early genes such as Myod1, Myog, and p21 (Figueroa
et al., 2003) but also to control later expressed genes by targeting
synaptic mRNAs such as Utrn and Ache (Deschenes-Furry et al.,
2005; Chakkalakal et al., 2008). In addition to these mRNAs, we
have shown that HuR increases the stability of AChR β-subunit
transcripts following skeletal muscle denervation (Joassard et al.,
2015). Since COLQ-deficient mice also exhibits an increase in
the levels of AChR β-subunit mRNAs as well as a number of
other synaptic mRNAs (Sigoillot et al., 2016), we explore in
the present study, the possibility that COLQ controls β-subunit
mRNA stabilization through a mechanism mediated by HuR in a
model for CMS with AChE deficiency due to the loss of COLQ.

Here, we provide novel insights into the mechanism that
regulates COLQ-mediated AChR β-subunit expression. We
found that: (i) in the absence of COLQ, AChR β-subunit mRNA
stability and HuR levels are increased, and HuR is translocated to
the cytoplasm; (ii) HuR interacts specifically with the ARE (AU-
rich elements, AREs) in the 3′UTR of AChR β-subunit transcripts
to positively regulate their steady-state levels; (iii) COLQ controls
HuR levels through p38 activation specifically in myotubes; and
(iv) modulating p38 activity induces parallel variations in HuR
proteins and AChR mRNA levels. Collectively, these findings
highlight a new pathway in the CMS with AChE deficiency.

RESULTS

The Lack of COLQ Induces an Increase
in AChR β-Subunit mRNA Stability
To explore the mechanisms of AChR mRNA upregulation in
absence of COLQ, we decided to focus on AChR β-subunit
mRNAs. The choice of this subunit mRNA was dictated by its
constant expression during life and the crucial physiological role
of the encoded subunit. Indeed this transcript encodes a key
subunit of the AChR pentamer that interacts with rapsyn, a
peripheral membrane protein (Wu et al., 2010). This interaction
is responsible for AChR clustering at the NMJ, a process which
is regulated by the phosphorylation of the AChR β-subunit
(Wu et al., 2010), and is rate-limiting in dictating the amount
and concentration of AChR pentamers at post-synaptic sites.
In addition, we have shown previously, in another pathological
context that AChR β-subunit mRNAs are post-transcriptionally
regulated (Joassard et al., 2015). We thus first tested the influence
of COLQ deficiency on the stability of this specific transcript
(Karmouch, 2014).

To investigate this mechanism, we used the WT and the
COLQ-deficient polyclonal mMLCL muscle cell lines (see section
“Materials and Methods” for the cell lines). Acetylcholinesterase
clusters are observed in the WT cell line but not in the COLQ-
deficient cell line in agreement with the role of COLQ. Two days
after myotube formation, cultures were treated with 4 µg/ml
of the transcriptional inhibitor actinomycin D and total RNA
was extracted at different time points (0, 2, 4, and 6 h post
treatment). mRNAs were isolated, reverse-transcribed (RT) and
quantified by Q-PCR. Quantification at the different time points
showed that AChR β-subunit mRNA levels remaining in WT
and COLQ-deficient cells were significantly different after 4
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and 6 h of treatment. AChR β-subunit transcripts decayed at a
significantly higher rate in WT cells compared to COLQ-deficient
cells indicating that AChR β-subunit mRNAs are stabilized in
absence of COLQ (Figure 1A). The half life of the AChR β-
subunit mRNAs in wt cells was 5.6 h whereas the half life of the
AChR β-subunit mRNAs in ColQ-deficient cells was 19.2 h. Thus,
increased AChR mRNA stability correlates with the previously
observed increase in AChR mRNA levels in COLQ-deficient cells.

HuR Is a Candidate Protein for AChR
Transcript Stability in Absence of COLQ
The next question raised by these findings concerned the
identity of the trans-acting factors that could influence the
stability of AChR β-subunit mRNA. The group of Jasmin in
collaboration with our group has previously shown that HUR
(ELAVL1), the ubiquitously expressed RBP stabilizes AChR β-
subunit mRNA in response to musle denervation by interacting
with the ARE contained in its 3′UTR (Joassard et al., 2015).
To explore a similar process in absence of COLQ, we initially
compared the levels of HuR mRNA in WT and COLQ-deficient
muscle cells. Data were obtained from a microarray previously
performed at various stages of WT and COLQ-deficient myotube

differentiation (time-points defined as T1, T2, and T3) (Cartaud
et al., 2004; Sigoillot et al., 2016). At T1 (newly formed myotubes),
myotubes are observed without yet detectable AChR clusters. T2
corresponds to further differentiated myotubes (2 days older than
T1) and is characterized by the presence of AChR clusters. Three
days after T2, T3 is marked by clusters of AChE-COLQ in WT
cells but not in COLQ-deficient cells and appearance of the first
spontaneous muscle contractions in both cell lines. In the absence
of COLQ, an increase in HuR mRNA compared to WT muscle
cells was observed at all time points (T1, + 1.85; T2, + 1.70;
T3, + 1.63), and was significant at T1 (Figure 1B). HuR protein
quantification from western blots showed a similar result in the
absence of COLQ with a significant increase in HuR in two of the
three stages of myotube differentiation with a 40% increase at T1
(p< 0.05) and a 60% increase at T2 (p< 0.01) (Figures 1C,D).

In response to stimuli such as stress or in pathological
conditions, HuR is known to translocate from the nucleus to the
cytoplasm where it binds HuR mRNA targets as to increase their
stability. We therefore quantified the levels of cytoplasmic (c) and
nuclear (n) HuR at T2 in WT and COLQ-deficient muscle cells
using cell fractionation. As expected, 2 forms of HuR protein are
visualized in the western blot showing the cytoplasmic fraction
(Figure 2A). These forms correspond to HuR full-length and a

FIGURE 1 | AChR β-subunit mRNA stability, HuR mRNA and protein levels are increased in COLQ-deficient myotubes compared to WT myotubes. (A) 4 day
differentiated myotubes were treated with the transcriptional inhibitor Actinomycin D (4 µg/ml) for 2, 4, and 6 h and mRNAs were quantified by RT-QPCR relative to
18S. AChR β-subunit mRNA decay curves are shown with all values standardized to 100% RNA at time 0. Values were plotted on a semi-log scale as percentage of
mRNA quantified at time 0. Values are expressed as means ± SEM (n = 3). *p < 0.05; **p < 0.01. (B) Fold changes in HuR/Elavl1 mRNAs purified from
COLQ-deficient myotubes and compared to WT myotubes (n = 3). (C) Representative western blot and (D) Quantification of HuR in WT and COLQ-deficient
myotubes at T1 and T2 time-points normalized to GAPDH. T1, T2, and T3 represent different stages of myotubes formation (T1) and further differentiation (T2 and
T3). Data are the mean values of four independent experiments ± SEMs. *p < 0.05; **p < 0.01.
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FIGURE 2 | Immunostaining of HuR but not cell fractionation reveals its translocation to the cytoplasm in COLQ-deficient myotubes in vitro and in vivo (A–E). (A)
Representative western blot of myotube cell fractionation. GADPH was used as a cytoplasmic marker, histone 3 was used as a nuclear marker. (B) Quantification of
the ratio between cytoplasmic HuR (HuRc) and nuclear HuR (HuRn) in WT and COLQ-deficient muscle cells. Mean values (n = 4 independent experiments) ± SEMs
are shown. p < 0.05. (C) Immunostaining of HuR in WT and ColQ -/- myotubes. AChR clusters and HuR are visualized respectively with α-bungarotoxin (BTX) and
HuR antibodies. Nuclei were stained with DAPI. (D) Quantification of AChR positive wt and ColQ-deficient myotubes with nuclear and cytoplasmic localization of
HuR. Quantification was done in three independent experiments on a total of 29 wt myotubes and 22 ColQ-deficient myotubes. (E) Immunostaining of HuR in WT
and ColQ -/- myoblasts performed as in panel (C). (F) AChR, HuR and nuclei revealed as in panel (C) in adult mice muscle sections. Scale bar is 20 µm in panel (C),
10 µm in panel (E) and 5 µm inpanel (F).

cleavage product of HuR termed HuR-CP1 that appears when
HuR translocates to the cytoplasm. As shown in Figures 2A,B,
HuR levels were rather variable in both cytoplasmic and nuclear
fractions and no significant difference was observed for the
HuRc/HuRn ratio between the 2 muscle cell lines (Figure 2B).

We performed immunofluorescence to visualize HuR in the
2 muscle cell lines at the same time point of cell differentiation,

i.e., T2. HuR was observed in the nuclei of all WT and ColQ -/-
myotubes without AChR clusters (pink nuclei in Figure 2C),
whereas it was mostly located in the cytoplasm in ColQ -/-
myotubes bearing AChR clusters (blue nuclei in Figure 2C,
arrow) indicating that in ColQ -/- myotubes, HuR is translocated
into the cytoplasm. Quantification of AChR positive myotubes
performed on blue (cytoplasmic HuR) and pink (nuclear HuR)
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nuclei reveals that in wt myotubes, HuR is observed more often
in nuclei than cytoplasm whereas in ColQ-deficient myotubes,
HuR is predominantly present in the cytoplasm. The nucleo-
cytoplasmic ratio was 1.63 in AChR positive wt myotubes
and 0.29 in AChR positive ColQ-deficient myotubes. In these
assays, myotubes labeled with AChR clusters represent a minor
fraction of all the myotubes in both cell lines (around 1/12).
This observation explains therefore the absence of a HuR
difference between WT and COLQ-deficient muscle cells in the
fractionation assay shown in Figures 2A,B, which was performed
on total myotube lysates.

In myoblasts, where AChR clusters are not yet present in both
cell lines, no difference was observed between WT and COLQ-
deficient muscle cells in the localization of HuR which was
predominantly nuclear (Figure 2D). Since all AChR transcripts
(except AChR β-subunit mRNAs) are also upregulated in vivo,
we hypothesized that similarly to cultured muscle cells, HuR
localization could be affected by the absence of COLQ in
mouse skeletal muscles. We thus visualized HuR in muscle
sections of WT and COLQ-deficient adult mice. As shown
on Figure 2E, HuR is mostly present in the nuclei of WT
muscle fibers. Conversely, HuR accumulates in the cytoplasm
of COLQ-deficient fibers suggesting that similar mechanisms of
AChR subunit mRNA stabilization by HuR occur in vivo in
absence of COLQ.

HuR Mimics the AChR ß-Subunit mRNA
Regulatory Effect Observed in Absence
of ColQ
To examine the potential link between the presence of
HuR in the cytoplasm and the increased stability of AChR
β-subunit transcripts in muscle cells, we tested a direct
interaction between HuR and AChR β-subunit transcripts. We
performed RNA immunoprecipitation (RIP) experiments in
WT differentiated myotubes (at stage T2) grown in culture.
After formaldehyde cross-linking and HuR or IgG (negative
control) immunoprecipitation, co-immunoprecipitated mRNAs
were analyzed by quantitative RT-QPCR (Figure 3A). Our results
show that in myogenic cells, HuR interacts with AChR β-subunit
mRNAs containing an ARE site and not with the glyceraldehyde
3-phosphate dehydrogenase (GAPDH) mRNAs that do not
contain ARE sites.

In order to evaluate the contribution of the 3′UTR ARE in the
AChR mRNA/HuR interaction, we used constructs previously
described (Joassard et al., 2015). In these constructs, both a
WT and an ARE mutated form of the full-length 3′UTR of the
mouse AChR β-subunit transcript are inserted downstream of
the luciferase reporter gene (3′UTR WT ARE and 3′UTR1ARE,
respectively) driven by a constitutive promoter. The mutated
clone contains 3 point mutations in the ARE which prevents it
from recruiting HuR. If the loss of COLQ is indeed regulating
AChR β-subunit mRNA through HuR, overexpression of HuR
should mimic the increased AChR mRNA stability observed in
the absence of COLQ.

First, to test the role of HuR binding sites contained in
the 3′UTR of AChR β-subunit, COS cells were transfected

with 3′UTR WT ARE or 3′UTR 1ARE constructs. Cells were
harvested 48 h after transfection and the Luciferase reporter
transcript levels were measured by RT-QPCR (Figure 3B). The
mutation in the ARE motif led to a significant 37% decrease
in reporter transcript levels compared to the WT construct
suggesting that endogenous HuR present in COS cells is not
able to stabilize mutated transcripts containing a mutated ARE.
Then, to show that HuR directly controls the levels of Luciferase
transcripts through ARE, we transfected the ARE WT and ARE
mutated Luciferase constructs into COS cells and performed a
RIP assay using HuR antibodies. The RIP analysis, completed
48 h after transfection, showed a significant interaction of the
3′UTR WT construct with HuR when compared to that of the
empty vector (Figure 3C, top panel for the western blot, bottom
panel for the quantification of luciferase mRNA). Mutation of the
conserved ARE (3′UTR 1ARE) resulted in a significant 13-fold
decrease in the binding of HuR to the AChR β-subunit full-length
3′UTR, with measured abundance of mutant reporter mRNA in
the immunoprecipitates being similar to that of the empty vector.
These results confirmed that HuR interacts with the conserved
ARE element in the 3′UTR of AChR β -subunit mRNA.

To further examine the impact of HuR on AChR β-subunit
mRNA levels, we overexpressed HuR in COS cells using a HuR-
Flag construct co-transfected with the 3′UTR WT ARE construct.
As shown on the western blot on Figure 3D, the HuR-Flag
construct was indeed overexpressed in addition to endogenous
HuR, In these conditions, Luciferase mRNA levels were increased
by 100% when compared to pcDNA3 empty vector (Figure 3E).
The ARE mutant reporter construct, on the other hand presented
no alteration in its mRNA levels even in conditions where HuR
was overexpressed (Figure 3E).

To complement these experiments, we also compared the
mRNA stability of the two constructs transfected into COS cells.
To this end, 48 h post-transfection, we inhibited transcription by
adding actinomycin D and then measured the relative abundance
of luciferase mRNAs at 0, 2, 4, and 6 h thereafter (Figure 3F).
As shown in Figure 3F, the degradation rate of the mutant ARE
luciferase mRNA was significantly higher when compared to that
of the control. Indeed, the half life of the mutant ARE luciferase
mRNA calculated from the linear regression was 4.9 h whereas
the half life of the wt ARE luciferase mRNA was 22.5 h. Taken
together these results indicate that HuR binds the ARE element
located within the 3′UTR of AChR β, stabilizes the transcript
and, as a result, increases AChR β mRNA levels as found in
ColQ-deficient cells.

COLQ Regulates AChR β-Subunit mRNA
Levels Through p38 MAPK Activity
The p38 MAPK pathway is known to play an important role
in post-transcriptional regulation observed in ARE-containing
mRNAs, by specifically regulating the abundance and/or activity
of HuR (Srikantan and Gorospe, 2012). Furthermore, p38
activation has been shown to regulate AChR β-subunit mRNA
stability in the mouse C2C12 muscle cell line (Joassard et al.,
2015). Thus, to determine whether the absence of COLQ
correlates with the activation of p38 signaling and HuR levels
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FIGURE 3 | HuR binds endogenous AChR β subunit mRNA within the 3′UTR in myotubes. (A) Endogenous HuR interacts with AChR β-subunit mRNA in vitro.
RNA–protein complexes were crosslinked with formaldehyde in WT differentiated myotubes and proteins immunoprecipitated with antibodies against HuR or IgG.
A representative western blot in the top panel shows these proteins in the different fractions (IN, input: FT, flow through; W, wash; E, elution). Quantification of AChR
β-subunit mRNA levels is shown below. Data are presented as mean percentages of 4 independent experiments. **p < 0.01; ns, not significant (B) Luciferase mRNA
levels are decreased when 3′UTR ARE is mutated. Luciferase mRNA levels were quantified upon transfection of luciferase constructs containing the WT or mutated
AChR β 3′UTR in COS cells (n = 4 independent experiments; **p < 0.01). (C) HuR regulates Luciferase mRNA stability via the ARE located in the AChR β 3′UTR. RIP
assays were performed in COS cells transfected with WT-Luciferase or mutated 3′UTR Luciferase constructs (3′UTR WT ARE and 3′UTR 1ARE respectively) or the
empty vector containing the Luciferase coding sequence without the AChR 3′UTR insert (CTRL vector) as a control. Top panel: representative western blot showing
immunoprecipitated HuR (IN, input; FT, flow through; W, wash; E, Elution). Bottom panel: quantification of Luciferase mRNA levels (n = 4 independent experiments;
*p < 0.05). (D) Western blot shows the expression of endogenous HuR and HuR-flag in transfected COS cells. (E) COS cells were co-transfected with Luciferase
constructs containing the WT or mutated 3′UTR together with pcDNA3, or pcHuR-FLAG. Luciferase mRNAs were quantified by RT-QPCR and normalized to 18S
(n = 4 independent experiments; **p < 0.01) (F) Luciferase mRNA stability assay in COS cells transfected with WT or mutated 3′UTR constructs. Luciferase mRNAs
were quantified at each time point of actinomycin treatment and were normalized to 18S mRNAs. Values were expressed as a percentage of mRNA levels relative to
time 0 (as in Figure 1A) and these values were plotted in a semi-log scale as in Figure 1A. n = 5 independent experiments. *p < 0.05; **p < 0.01.
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in differentiating muscle cells, we compared the phosphorylation
levels of p38 in WT and COLQ-deficient cells at different stages
of myotubes differentiation using western blots (Figure 4A). We
quantified in parallel the ratios of phospho-p38/p38 and the
levels of HuR in myotubes at T1, T2 and T3 (Figures 4B,C).
The ratio of phospho-p38/p38 and the levels of HuR were both
significantly higher in myotubes at T1 and T2 in absence of
COLQ (Figures 4A–C) as well as the levels of HuR but not
the ratio phospho-p38/p38 in these conditions at T3. It should
be noted that although the levels of p38 seemed lower at the
3 time points in COLQ-deficient muscle cells compared to WT
muscle cells, it remains that the levels of phosphorylated p38 were
always higher in these cells. Thus, in myotubes, a concomitant
upregulation of p38 phosphorylation and HuR levels occurs
during muscle cell differentiation.

To further explore the relationship between p38, HuR and
AChR β mRNA, we manipulated p38 activity by treating WT
and COLQ-deficient myotubes at T2 with drugs that stimulate
(anisomycin) or inhibit (SB203580) p38 activity, and quantified
simultaneously the levels of phospho-p38/p38, HuR and AChR
β-subunit mRNA. Analyses of western blots revealed that
anisomycin-treated myotubes were responsive in both cell lines.
At this stage, anisomycin treatment induced an increase in the
ratio phospho-p38/total p38, HuR and AChR β-subunit mRNA
in WT (Figures 5A,B,C,G) and ColQ-/- cells (Figures 5D,E,F,H).
The 3 parameters were also affected by the p38α/β inhibitor
SB203580 in WT cells (Figure 6). Western blot showed that
inhibition of p38 activity resulted in a decrease in phospho-
p38/total p38, in HuR protein levels and in AChR β-subunit
mRNA levels in WT muscle cells (Figures 6A,B,C,G) as well as
in ColQ-/- cells (Figures 6D,E,F,H). Altogether, in differentiated
myotubes, HuR and AChR β mRNA levels are responsive
to p38 activity.

DISCUSSION

The absence of COLQ or its low expression in the synaptic space
at the NMJ is causative for a myasthenic syndrome with AChE
deficiency. This neuromuscular disorder is mostly a consequence
of high levels of ACh in the synaptic cleft due to the lack of
AChE. As shown previously by our group, a striking effect of
the absence of COLQ is an upregulation of all AChR subunit
mRNAs correlated with an increase in the corresponding protein
levels and the number of AChR clusters in vivo and in vitro
(Sigoillot et al., 2010, 2016). Interestingly, other synaptic mRNAs
and proteins in AChR clustering pathway such as MuSK and
Rapsyn are also upregulated in the same condition (Sigoillot
et al., 2016). This process is interpreted as an adaptation of the
muscle cells to the overload of ACh in the synaptic cleft in an
attempt to rescue the NMJ structure and function. Here, we
show that a post-transcriptional mechanism of AChR mRNA
stabilization is responsible for the increased levels of AChR β-
subunit mRNAs observed in differentiated myotubes in response
to COLQ deficiency. This mRNA stabilization is correlated
with an increase in mRNA and protein levels of HuR and a
cytoplasmic HuR enrichment in COLQ-deficient muscle cells. In

addition, we provide evidence that ColQ deficiency stimulates
p38 phosphorylation which in turn controls the levels of HuR
and AChR β-subunit mRNA levels, a process that is specific of
differentiated myotubes.

Until recently, the transcriptional regulation of AChR mRNAs
induced by neurotrophic factors such as agrin and neuregulin,
was described as the major mechanism responsible for the steady-
state levels of these transcripts in skeletal muscle cells. These
synaptic molecules induce the MAPK kinase (ERK), the PI3K and
the JNK signaling pathways (Tansey et al., 1996; Lacazette et al.,
2003; Burden et al., 2018), which converge on the activation of the
Ets transcription factor, GABP (Schaeffer et al., 2001). Another
member of the Ets family Erm has also been involved in the
regulation of subsynaptic gene expression in vivo (Hippenmeyer
et al., 2007) but only GABP has been shown to bind an N-box
in the AChR subunit promoters inducing their transcription in
synaptic nuclei (Schaeffer et al., 1998). Here, and in a previous
study (Joassard et al., 2015), we found that the ARE present in
the 3′UTR of AChR β-subunit transcript is a target of the RNA-
stabilizing protein HuR. AREs are found in 4 of the 5 transcripts
encoding AChR subunits, i.e., the α, β, δ, and γ transcripts1 and
indeed we also found a strong interaction between HuR and the
3′UTR of AChR γ and α mRNA (data not shown). No canonical
ARE could be detected in AChR ε transcripts but aside from the
ARE described as the traditional HuR binding site motif, other
U-rich or undetermined elements have been shown to bind this
protein (Lopez de Silanes et al., 2004; Lebedeva et al., 2011) and
could be responsible for the interaction between HuR and this
AChR transcript.

Human antigen R is predominantly nuclear and translocate to
the cytoplasm in response to stimuli to stabilize ARE- containing
mRNAs. This is what occurs in COLQ-deficient myotubes where
HuR is translocated to the cytoplasm in differentiated myotubes,
a process that correlates with AChR β-subunit transcript
increased stability. Interestingly, HuR’s cytoplasmic localization
is only observed in COLQ-deficient myotubes bearing AChR
clusters. We previously showed that the same percentage of
myotubes showing AChR clusters is found in both WT and
COlQ-deficient cell lines and that COLQ-deficient myotubes
show a greater number of AChR clusters per myotube than WT
myotubes (Sigoillot et al., 2010). This suggests that HuR could
contribute to regulate AChR clustering through the stabilization
of AChR mRNAs in COlQ deficient differentiated myotubes.

Our data indicate that COLQ-deficiency affects not only HuR
localization but also HuR levels. This last process seems to be
correlated to the level of p38 MAPK activity since activation or
inhibition of this pathway correlates with increases or decreases
of HuR levels, respectively. The level of HuR is known to be
controlled by the transcription factor NF-κB that binds directly
to the HuR promoter and by the TGFβ/Smad pathway (Kang
et al., 2008; Jeyaraj et al., 2010). Post-transcriptional mechanisms
also account for the regulation of HuR mRNA and protein levels
since HuR itself contains ARE (Al-Ahmadi et al., 2009). Direct
phosphorylation of HuR by p38α has been involved in HuR
shuttling (Lafarga et al., 2009), but there is no evidence that p38

1http://brp.kfshrc.edu.sa/ared
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FIGURE 4 | COLQ deficiency regulates p38 phosphorylation and HuR protein levels in myotubes. (A) Representative western blot showing the levels of
phosphorylated p38 (P-p38), p38, HuR and GADPH in WT and ColQ -/- myotubes at different stages of differentiation from T1 to T3. (B) Quantification of the ratio
phosphorylated-p38/p38. (C) quantification of HuR protein levels. P-p38, p38 and HuR levels were normalized to GADPH. n = 5 independent experiments.
*p < 0.05; **p < 0.01.
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FIGURE 5 | The treatment of WT or ColQ-deficient muscle cells with an activator of p38 induces parallel increases in p38 phosphorylation, HuR protein and AChR
β-subunit mRNA levels (A–H). (A,D) Representative western blots showing phosphorylated p38, p38, HuR, and GADPH in WT and ColQ -/- cells. (B,C,E,F)
Quantification of these proteins in WT (B,C) and ColQ -/- cells (E,F). (G,H) Quantification of AChR β-subunit mRNA levels. Quantitative data correspond to the
means ± SEMs (n = 5 independent experiments). *p < 0.05; **p < 0.01.

directly regulates HuR levels. However, p38α isoform has been
found to activate NF-κB (Olson et al., 2007) which could in turn
stimulate HuR expression. Thus the mechanisms by which p38
activation control HuR levels remains to be elucidated.

One key issue would be to identify the signaling pathway
upstream of p38 activation. MAPK kinases including MKK3/6
are known to phosphorylate p38 MAPK. After skeletal muscle
denervation, we previously showed that the activity of these
2 MKKs is stimulated which could be correlated to the

enhanced activity of p38 in the same conditions (Joassard et al.,
2015). Moreover, in our earlier study, we demonstrated that
constitutively active mutant MKK6 transfected in C2C12 cells
induces an increase in p38 activity and a parallel increase in AChR
β-subunit mRNA levels and stability. It is thus probable that the
same pathway is activated in our CMS model.

Since COLQ binds MuSK and its absence induces p38-HuR-
mediated stabilization of AChR β mRNAs, one could hypothetize
that MuSK is involved in p38 activation. A number of kinases
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FIGURE 6 | Inhibiting p38 phosphorylation with SB203580 induces parallel decreases in p38 phosphorylation, HuR protein and AChR β mRNA levels in WT muscle
cell line (A–H). Legends of the different panels are as in Figure 5. For quantifications, the means ± SEMs are shown (n = 5 independent experiments). *p < 0.05;
**p < 0.01.

have been shown to be activated by MuSK (Wu et al., 2010) but
so far, there is no evidence that p38 can be recruited and activated
by MuSK. In this context, the impact of COLQ on MuSK activity
remains to be established. An alternative hypothesis is that p38
is activated by a COLQ-dependent indirect mechanism. In this
last hypothesis, it should be reminded that one of the hallmarks
of COLQ-deficient NMJ is the perturbation of the extracellular
matrix organization that is illustrated by the presence of Schwann
cells processes intruding into the synaptic cleft (Feng et al.,

1999). This modification may induce a cellular stress and p38
has been reported as a major stress response-induced signaling
pathway. The stress response could be mediated by postsynaptic
transmembrane receptors such as integrins, which link the
extracellular matrix to the cytoskeleton and are major sensor of
mechanical forces in muscle. In this context, it will be interesting
to explore the activity of the p38-HuR pathway in other
myasthenic syndromes where the extracellular matrix (ECM)
is affected, with particular focus on the synaptic class of these
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diseases such as the laminin β2-induced myasthenic syndrome.
Indeed, similar morphological defects have been observed in
laminin β2-mutants (Patton et al., 1998). Here, it should point out
that several other components of the ECM such as perlecan and
biglycan bind indirectly or directly to MuSK (Peng et al., 1999;
Amenta et al., 2012) and thus MuSK could also act as a “sensor” of
ECM integrity. Interestingly, in mice deficient for collagen VI that
present NMJ defects, AChR mRNAs are also upregulated raising
the question in this model of the mechanism used to regulate
these transcripts (Cescon et al., 2018).

A similar scenario where HuR and p38 pathway are involved
in mRNA stabilization in the context of neuromuscular disease is
found in spinal muscle atrophy (SMA; Farooq et al., 2009, 2013).
This disease is characterized by the progressive loss of motor
neurons and consequently muscle atrophy. An early hallmark in
this disease is the disruption of the NMJ (Kariya et al., 2008). The
causative gene for the disease, survival motor neuron (SMN), has
been identified (Lefebvre et al., 1995). In human, there are two
similar genes coding for SMN, SMN1, and SMN2. Most of the
patients lack SMN1 gene whereas SMN2 gene is expressed at low
levels. Celecoxib, an activator of p38, has been proved to increase
the levels of SMN proteins by activating the p38-HuR pathway in
human and mouse neuronal cells (Farooq et al., 2013). The same
p38-HuR pathway has been shown to stabilize AChR β transcripts
in skeletal muscle denervation and we now demonstrate that this
pathway is also activated in a model of myasthenic syndrome
with AChE deficiency. In conclusion, our study extends the list
of neuromuscular pathological situations where the p38-HuR
pathway is activated to partially compensate for synaptic defects.

MATERIALS AND METHODS

RNA Extraction and RT-PCR
Total RNA was extracted from COS-7 and muscle cells
using TRIzol reagent (Invitrogen) as recommended by the
manufacturer. TRIzol extracted RNAs were treated for 30 min
at 37◦C with DNAse followed by 10 min at 65◦C with DNAse
STOP (Promega kit) to eliminate possible DNA contamination.
cDNAs were synthesized from DNase-treated RNAs using
the reverse transcriptase (MuLV; Life technology). Real-time
quantitative PCR was performed in triplicates on a 384-
well plate with the ABI Prism 7900HT Sequence Detection
System (Applied Biosystems). Using a QuantiTect SYBR
Green PCR kit (QIAGEN, Valencia, CA, United States)
according to the manufactures instructions, amplifications
were performed with the following primer sequences:
AChR β forward, 5’-CCTGAGGCCGCTATCCGGAC-3’
reverse, 5’-TTGGCCTTCGGCTTCCGACC-3’; Luciferase
forward, 5’-AAACCATGACCGAGAAGGAG-3’ reverse, 5’-
GTCCACGAACACAACACCAC-3’ GAPDH QuantiTect primer
was purchased (Qiagen).

RNA Immunoprecipitation
Muscle cells or COS-7 cells were cross-linked with 1%
formaldehyde in PBS for 10 min at room temperature. The
reaction was stopped with a wash in ice-cold PBS and

resuspended in RIPA buffer. Cross-linked complexes were
solubilized in a sonicator bath by six 30-s sonication pulses,
and cellular debris were removed by centrifugation (14,000 g
for 10 min at 4◦C). Equal amounts of whole cell extracts were
precleared with a Protein A/G plus beads (Santa Cruz) previously
blocked with 200 µg/ml of competitor tRNA, and 40 µg/ml of
salmon sperm DNA. Complexes were immunoprecipitated using
3 µg of of HuR (Santa Cruz 3A2; 1:500) or IgG antibodies
(Sigma M5284; DIL?) and protein A/G plus beads overnight at
4◦C. After three washes with RIPA buffer and two washes with
TE buffer (10 mM Tris–HCl, pH 8.0, and 1 mM EDTA), beads
containing the immunoprecipitated samples were resuspended in
100 µl of elution buffer (50 mM Tris-HCl, pH 7.0, 5 mM EDTA,
10 mM DTT, and 1% SDS). Cross-linking was reversed at 70◦C
for 5 h. Samples were taken throughout the protocol for RNA
extraction and further RT-QPCR and western blotting to confirm
the efficiency of immunoprecipitation.

Mice, Muscle Cell Lines, Culture,
Treatments, Transfection,
Immunohistochemistry and Cell
Fractionation
Experiments using ColQ-deficient mice were performed in
compliance with the European Community guidelines (N◦A-
75-1970). The generation of the wild type (WT), ColQ-
deficient (ColQ-/-) muscle mMLCL cell lines has been previously
described in Sigoillot et al. (2010). In the abbreviation mMLCL,
“m” stands for mouse and “MLCL” are the initials of the
researchers who made the cell lines. Myoblasts were maintained
in growth medium supplemented with 10% fetal bovine serum,
20% horse serum, 2 mM glutamine, 2% penicillin/streptomycin
(5000 U) and 20 U/ml γ-interferon (Roche Diagnostics) at
33◦C in 8% CO2. Myoblasts were induced to differentiate
into myotubes on collagen type I coated plates in medium
supplemented with 5% horse serum, 2 mM glutamine, and 2%
penicillin/streptomycin (5000 U). WT and ColQ-deficient cells
were treated with a p38 activator anisomycine (100 nM, 1h;
Sigma-Aldrich) or a p38 inhibitor SB203580 (10 µM, 1h; Sigma-
Aldrich). SB203580 inhibits p38α and p38ß but not p38γ. COS
cells were transfected using Fugene HD (Promega), according
to the manufacturer’s instructions and resulted in <70% of
cells expressing the transfected cDNAs. AChR clusters and
HuR were visualized respectively with α-bungarotoxin alexa
fluor 488 conjugate (1:500; Fisher) and a monoclonal antibody
against HuR (1:100, 3A2; Santa Cruz) revealed with a goat
anti-mouse alexa fluor 594 (1:500; Thermo Fisher Scientific).
The same toxin and antibodies were used to stain AChR and
HuR on sections of muscles from adult wt and ColQ-deficient
mice. Cell fractionation was performed using the nuclear/cytosol
fractionation kit (BioVision) and according to the protocol
provided by the manufacturer.

Western Blot Analysis
Proteins were extracted from cell lines using a lysis buffer
containing: TrisHCl 50 mM, NaCl 150 mM, EDTA 2mM,
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Sodium orthovanadate 2 mM and TritonX100 1%. Total proteins
were isolated from cell debris by centrifugation. Equal amounts
of total protein (30 µg/sample) were separated on a 12%
SDS-PAGE Gel and transferred onto nitrocellulose membranes.
Non-specific binding was blocked with PBS and 0.1% Tween
containing 5% skim milk for non-phosphorylated proteins
and TBS 0.1% Tween containing 3-5% BSA when analyzing
phorsphorylation state. Membranes were then incubated with
primary antibodies for 1 h at RT or overnight at 4◦C. After
washing with PBS and 0.1% Tween or TBS 0.1% Tween
(phosphorylated proteins), membranes were incubated with
HRP-conjugated secondary antibodies. Repated washing was
followed by revelation using ECL detection reagents (GE
Healthcare) and visualized using hyperfilm ECL or ImageQuant
LAS 4000. Quantifications were performed with ImageJ software.
The antibodies were the following: a mouse monoclonal anti-
GAPDH clone 6C5 (1: 10000; Abcam), a mouse monoclonal
anti-HuR 3A2 (1:500; Santa Cruz), an anti-mouse IgG HRP
(1:10000; Sigma), an anti-rabbit IgG HRP (1:10000; Sigma), an
anti-histone 3 (1:1000; Cell Signaling Technologies), a mouse
monoclonal anti-phosphorylated p38 (1:2000, clone 28B10; Cell
Signaling Technology) and a rabbit polyclonal anti-p38 (1:1000;
Cell Signaling Technology).

Statistical Analysis
Unpaired Mann–Whitney’s U tests were used to determine
the significativity between different groups of data. All
quantifications are expressed as means± SEM.
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Introduction: Congenital myasthenic syndromes (CMS) are a diverse group of inherited

neuromuscular disorders characterized by a failure of synaptic transmission at the

neuromuscular junction (NMJ). CMS often present early with fatigable weakness and

can be fatal through respiratory complications. The AGRN gene is one of over 30 genes

known to harbor mutations causative for CMS. In this study, we aimed to determine

if a compound (NT1654), developed to stimulate the acetylcholine receptor (AChR)

clustering pathway, would benefit a mouse model of CMS caused by a loss-of-function

mutation in Agrn (Agrnnmf380 mouse).

Methods: Agrnnmf380 mice received an injection of either NT1654 or vehicle compound

daily, with wild-type litter mates used for comparison. Animals were weighed daily

and underwent grip strength assessments. After 30 days of treatment animals were

sacrificed, and muscles collected. Investigations into NMJ and muscle morphology were

performed on collected tissue.

Results: While minimal improvements in NMJ ultrastructure were observed with

electron microscopy, gross NMJ structure analysis using fluorescent labelling and

confocal microscopy revealed extensive postsynaptic improvements in Agrnnmf380 mice

with NT1654 administration, with variables frequently returning to wild type levels. An

improvement in muscle weight and myofiber characteristics helped increase forelimb

grip strength and body weight.

Conclusions: We conclude that NT1654 restores NMJ postsynaptic structure and

improves muscle strength through normalization of muscle fiber composition and the
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prevention of atrophy. We hypothesize this occurs through the AChR clustering pathway

in Agrnnmf380 mice. Future studies should investigate if this may represent a viable

treatment option for patients with CMS, especially those with mutations in proteins of

the AChR clustering pathway.

Keywords: neuromuscular junction, congenital myasthenia syndromes (CMS), therapies, neuromuscular disease

(NMD), preclinical “in vivo” study, animal model, neuromuscular disorders

INTRODUCTION

Proper functioning of the neuromuscular junction (NMJ) relies
on efficient signaling to the muscle. This requires structural
integrity of the NMJ which is mediated by a process that
involves clustering of acetylcholine receptors (AChRs) at the
postsynaptic membrane. This is achieved in part through
the AGRIN/LRP4/MuSK pathway (Supplementary Figure 1).
AGRIN is synthesized by motor neurons, muscle cells, and other
non-neuronal cells, but it is only that transported from the
motor neurons to the axon terminals that is comprised of the
domains needed for AChR clustering (Bezakova et al., 2001).
Neural AGRIN (z type generated by alternative splicing) released
by motor nerves, binds to low-density lipoprotein receptor-
related protein 4 (LRP4) which causes phosphorylation of muscle
specific kinase (MuSK) (Kim et al., 2008). Once phosphorylated,
MuSK recruits downstream of tyrosine kinase 7 (DOK7), which
stimulates further MuSK phosphorylation (Burden et al., 2013).
This causes receptor associated-protein of the synapse (RAPSYN)
to form complexes with AChRs and help with their insertion into
the postsynaptic membrane and anchoring to the cytoskeleton
(Gervásio and Phillips, 2005). This pathway is important in
both NMJ development and maintenance (Bezakova et al., 2001;
Tezuka et al., 2014).

The congenital myasthenic syndromes (CMS) are caused by
mutations in genes important for neuromuscular transmission.
These mutations can be presynaptic, postsynaptic, in the
synaptic cleft, or even in ubiquitously expressed proteins.
CMS lead to disabling fatigable muscle weakness and can
be fatal due to respiratory muscle weakness. Mutations in
over 30 genes are known to be causative for CMS, and at
least 16 have been identified in the AGRN gene (Finsterer,
2019; Ohkawara et al., 2020). AGRN mutations can impact
AChR clustering by decreasing the phosphorylation of MuSK,
degrading secreted neural AGRIN, and impairing the anchoring
of AGRIN to the sarcolemma (Ohkawara et al., 2020).
Patients with AGRN mutations present with exercise-induced
proximal or distal muscle weakness, and varying degrees of
ptosis, ophthalmoplegia, facial weakness, and respiratory muscle
weakness. Neurophysiological tests typically reveal a decrement
in compound muscle action potential on repetitive nerve
stimulation, and muscle biopsies may show a myofibre Type I
(TI) predominance, atrophy of Type II myofibers, an increase in
small angular myofibers, and abnormal NMJ morphology (Huze
et al., 2009; Maselli et al., 2012; Nicole et al., 2014).

Since the AGRIN protein is a key component of the AChR
clustering pathway, it is possible that its manipulation could

ameliorate the CMS phenotype. NT1654 is a 44 KDa C-Terminal
neurotrypsin resistant fragment of mouse AGRIN (Hettwer et al.,
2014) (Supplementary Figure 1). It has previously been used
to ameliorate the NMJ pathology in rodent models of spinal
muscular atrophy (Boido et al., 2018) and myasthenia gravis (Li
et al., 2018), and in a zebrafish model of presynaptic CMS caused
by mutations inMYO9A (O’Connor et al., 2018).

The aim of this study was to determine if NT1654 would
benefit a mouse model of CMS caused by Agrn gene mutations.
To answer this question, we used theAgrnnmf380 mouse generated
through N-ethyl N-nitrosourea (ENU) chemical mutagenesis
that induced a mutation in Agrn (nmf380-F1061S), resulting in
a partial loss of function of the protein. Mice homozygous for
the mutation are smaller than littermates, display poor hindlimb
motor control and atrophy, and typically die within a few
weeks to months of birth. They also have an increase in TI
myofibers and abnormal NMJmorphology, closely recapitulating
the human form of the disease (Bogdanik and Burgess, 2011).

MATERIALS AND METHODS

Animal Husbandry
The Agrnnmf380 mouse with a point mutation in the Agrn gene
on the C57BL/6J background was obtained from the Burgess
lab (Bogdanik and Burgess, 2011). All animal procedures were
performed in accordance with the Animals Scientific Procedures
Act of 1986 under project license 70/8538. Animals were housed
under 12 h light/dark cycles in the Functional Genomics Unit, at
Newcastle University, and had access to standard chow and water
ad libitum. Since Agrnnmf380 mice had hindlimb wasting, soaked
diet was always available on the cage floor. Animals were weighed
and monitored daily and any animal found to have lost >17% of
body weight or showing a severe phenotype was humanely culled.

Treatment Protocol and Tissue Collection
Animals were assigned at postnatal day 5 (P5) to either a
drug treatment (NT) or vehicle control (Veh) group, with wild
type (WT) litter mates being used for comparison. Agrnnmf380

mice assigned to the NT group received a daily sub-cutaneous
injection (scruff of the neck) of NT1654 (Neurotune AG), a
modified form of AGRIN, at 10 mg/kg. The drug was carried
in phosphate-buffered saline (PBS) so Agrnnmf380 mice assigned
to the Veh group received a daily injection of PBS at a
corresponding volume. Animals were injected for 30 days and
culled at the end of the study by cervical dislocation and tissues
harvested and weighed. A pilot study previously examined the
effects of administering 2, 5, and 10 mg/kg of NT1654 to
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WT and Agrnnmf380 animals. No deleterious effects in terms of
body weight, liver enzymes, or liver and kidney histology were
observed at any drug concentration (data not shown), so the
highest concentration (10 mg/kg) of the drug was used. This was
also consistent with previous rodent trials of this compound that
produced positive results (Hettwer et al., 2014; Boido et al., 2018).

Muscle Strength Assessments
Animals underwent three strength assessments. The first was a
hindlimb suspension test designed for neonates at P7. Following
this at P22-24 and P33-35 grip strength was assessed using a Grip
Strength meter with grid attachment (Bioseb), both according
to established protocols (Willmann et al., 2011). Both tests were
performed in a room separate to the holding room with only the
tester present to minimize disturbance for the animals. For the
hindlimb suspension test, neonates were suspended face down
by their hindlimbs inside a 50ml falcon tube containing bedding
packed into the bottom of the tube. Measurements of hanging
time prior to falling, number of pulls, and a hindlimb suspension
score (HLS) based on the evaluation of hindlimb spread, were
recorded. The average of three attempts was taken. For grip
strength assessment the mouse was held firmly by the tail and
allowed to grab the grid with either its front or all four paws
and then pulled back in the horizontal plane until the animal
released its grip. Animals were tested six times (3 × forelimb, 3
× fore and hindlimb) in a session with a break of at least 1min
between tests. No decrease in grip strength was noted across the
six tests performed during the testing session. The force recorded
on the meter was noted and the mouse returned to its home cage.
Experiments were conducted in a blinded fashion.

Myofiber Characteristics
Labelling of myosin heavy chains (myofiber type) and laminin
was performed as previously described (Aare et al., 2016).
Muscles for labelling were mounted on cork discs using optimal
cutting temperature compound and then frozen in liquid
nitrogen pre-cooled isopentane before being stored at −80◦C.
Transverse 10µm sections of the soleus muscle were cut using
a MicromHM 500 cryostat and labelled for myosin heavy Chains
(MHC) and laminin. Muscle was first washed 1 × 5min in PBS,
then blocked in 10% normal goat serum (NGS) for 1 h at room
temperature (RT). Primary antibodies were purchased from
Developmental Studies Hybridoma Bank; BA-F8 (mouse anti-
MHC1 IgG2b, 1:25), Sc-71 (mouse anti-MHC2a IgG1, 1:200),
and BF-F3 (mouse anti-MHC2b 1:200) were applied to one
section, and on a second serial section 6H1 (mouse anti-MHC2×
IgGM, 1:25) was labelled. Both sections were also reacted against
rabbit anti-laminin IgG (1:750, Millipore-Sigma). Muscles were
incubated for 1 h (RT) and then washed 3 × 5min in PBS.
Secondary antibodies (ThermoFisher Scientific): Alexa Fluor 350
IgG2b (y2b) goat anti-mouse (A-21140, 1:500), Alexa Fluor 594
IgG1 (y1) goat anti-mouse (A-21125, 1:100), Alexa Fluor 488
IgM goat anti-mouse (A-21042, 1:500), and Alexa Fluor 488
IgG goat anti-rabbit (A-11008, 1:500) were applied for 1 h (RT).
Following this, sections were given a final wash of 3× 5min and
mounted using Vectashield hardset mounting medium (Vector
Laboratories). Tiled images of the wholemuscle were captured on

a Zeiss Axio Imager microscope with Zen software and analyzed
using FIJI (Schindelin et al., 2012) by an investigator blinded to
the experimental group. Transverse myofibers were traced, and
the MHC type noted. The percentage of each MHC type was
noted for each animal and then these data used for statistics.
Fiber type grouping was recorded through the identification of
‘enclosed myofibers’, i. e., those that were completely surrounded
by myofibers of the same MHC type. The number of enclosed
fibers was then expressed as a percentage of the total fibers
recorded for that animal.

Hematoxylin and Eosin (H & E) staining was performed
on transverse sections from the soleus muscle. Sections were
initially rinsed in tap water, then placed in Myer’s Hematoxylin
(Millipore-Sigma) for 1min. They were then rinsed in tap
water until the water ran clear and placed in eosin (Millipore-
Sigma) for 30 s. They were again rinsed in tap water, dehydrated
through a graded ethanol series (75, 95, 100% ×2), cleared with
two changes of xylene and mounted using DPX Mountant for
Histology (Millipore-Sigma). Images were captured using a Mbf
Biosciences Tissue Scope.

NMJ Labelling, Capturing, and Analysis
NMJ labelling was performed on soleus muscle using previously
published protocols (Cipriani et al., 2018). Muscles were washed
in ice–cold PBS for 2 × 10min and then separated out into
small bundles of about five fibres using tweezers under a
stereo-microscope. They were fixed overnight at 4◦C in 2%
paraformaldehyde (PFA). The following morning, they were
washed 2× 1 h with ice–cold PBS to remove the PFA. They were
treated for 10min with Analar Ethanol followed by 10min with
Analar Methanol, both at −20◦C. Tissues were then incubated
with blocking/permeabilization solution (5% horse serum, 5%
BSA, 2% Triton X-100 in PBS) for 4 h at RT with gentle agitation.
Muscle bundles were incubated with antibodies, diluted in
blocking buffer without triton, against neurofilament (mouse
monoclonal IgG1, Cell Signalling, 1:100) and synaptophysin
(rabbit polyclonal, ThermoFisherScientific, 1:100), overnight at
4◦C with agitation and then for a further 2 h at RT the next
morning. Muscles were then washed in blocking buffer 4 ×

1 h at RT. They were incubated with Alexa 488-Conjugated α-
Bungarotoxin (ThermoFisherScientific 1:250), Alexa Fluor 594
goat anti-rabbit IgG, and Alexa Fluor 594 goat anti-mouse IgG1
(ThermoFisher 1:200) for 4 h at RT. Samples were washed 4
× 1 h in PBS and then mounted using Vectashield hardset
mounting medium. Images were captured using a Nikon A1R
laser scanning confocal microscope using NIS-elements AR
4.20.02 software. Parameters were kept constant for all samples
and Z-stack images were acquired with a ×63 oil immersion
objective at 2 µm intervals.

Analysis was performed blinded according to the
NMJ_Morph protocol (Jones et al., 2016) developed using
FIJI (Schindelin et al., 2012). To set the threshold, a maximum
intensity projection was used as a reference while adjusting the
threshold for the image so that it best matched the maximum
intensity projection. In addition to the 19 variables calculated as
part of the NMJ_Morph package, we also quantified the NMJs
that completely lacked either synaptophysin or α-bungarotoxin
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staining. All variables were calculated from each NMJ with the
ranges of NMJs studied were 16 to 44 for WT, 2 to 17 for PBS and
13 to 43 for NT animals. While this was below the recommended
number of 30 suggested in the protocol, the investigator
endeavored to capture all NMJs in each muscle preparation.

Electron Microscopy
Electron microscopy (EM) of the intercostal muscles from
male mice was performed by the Electron Microscopy Research
Services at Newcastle University. Tissues were fixed in 2%
buffered glutaraldehyde, osmicated in 1% phosphate-buffered
osmium tetroxyde, then dehydrated and embedded in epoxy
resin. One micro meter semi-thin sections were stained with
toluidine blue and then ultrathin sections were contrasted with
uranyl acetate and lead citrate. EM images were captured using
a CM10 transmission electron microscopy (Philips, Amsterdam,
The Netherlands). Images were analysed using FIJI (Schindelin
et al., 2012) with the observer blinded to the experimental group.
Measurements were made of a number of variables according
to previously published protocols (Slater et al., 1992; Wood
and Slater, 1997), along with measurements of the number of
secondary synaptic folds, their length, and number of branches,
width of synaptic cleft, Schwann cell infiltration into the cleft, and
the number of folds with clusters of synaptic vesicles opposite
(Supplementary Figure 2).

Statistics
Data were initially recorded using Microsoft Excel and then
analysed using GraphPad Prism v 8.4.0. Data were checked for
normality using the D’Agostino-Pearson test and the appropriate
statistical analysis applied as described in the figure legend.
Outliers were identified using the ROUT (Q = 1%) method.
Data points that were found to be outliers were left in place but
their presence in the data set highlighted in the figure legends.
Normally distributed data are expressed as mean ± standard
deviation (SD), while data not normally distributed are presented
as median (25th, 75th percentile) number of NMJs analyzed. A P
value of <0.05 was considered significant and values are given in
the figure legend.

RESULTS

Agrnnmf380 animals were given daily injections from postnatal
day 5 (P5) for 30 days with either 10 mg/kg of NT1654 (NT)
or PBS (Veh), with a WT group also included for comparison.
Data were collected from 9 WT (4M and 5F), 7 Veh (3M and
4F), and 7 NT (2M and 5F) animals. Seven animals (4 Veh and 3
NT) had to be humanely culled during the study due to weight
loss of more than 17%, as per our animal welfare guidelines.
This resulted in the average ages of the Veh and the NT animals
being younger that WT at tissue harvest (WT 36.13 ± 0.83 days,
Veh 24.57 ± 8.63 days, NT 27.29 ± 10.66 days) which may have
influenced comparisons between WT and Agrnnmf380 animals
for some variables. While experimental animals were obtained
through Het × Het crosses, only 12.4% of homozygous animals
were obtained, with the remaining 51.3% being heterozygous
and 36.3% WT animals. As a result, we were unable to have

equal numbers of males and females in each group and for some
variables sex specific differences were noted, for example body
weight and NMJmorphology. In these cases, the results from just
a single sex have been presented (that for which a greater number
were present) and this has been indicated in the figure legend.

Body Weight
Animals were weighed daily to determine the amount of drug to
administer, as a health monitoring tool, and as an experimental
variable. As previously noted (Bogdanik and Burgess, 2011),
Veh animals were considerably smaller with hindlimb muscle
wasting (Figure 1A) and spinal curvature. Their body weight
was considerably reduced in comparison to WT littermates
(Figure 1B and Supplemental Figure 3). Administration of
NT1654 improved body weight though not back to WT levels.
Interestingly, the body weight of the NT and Veh animals
diverged around day P16-17, which is consistent with the
previously observed complete breakdown in NMJ morphology
by P18 in these animals (Bogdanik and Burgess, 2011). We did
not observe any improvement in the spinal curvature.

Muscle Strength
Muscle strength was measured using a hindlimb suspension
test (tube test) at P7 and by a grip strength assessment using
a grip strength meter at P24 and at P34. At P7 there was no
significant difference in hang time between WT, Veh, or NT
animals (Figure 2A). The number of pulls the mice attempted
was also recorded (Figure 2B). WT animals pulled up more than
either the Veh or NT animals, but again there was no significant
difference between groups. The hind limb suspension (HLS)
score is denoted by the position of the legs on the tube with a
four denoting a raised tail and legs spread wide on the tube and a
one being given for legs completely together and a lowered tail
(Willmann et al., 2011). There were no significant differences
between groups in HLS scores (Figure 2C). This was consistent
with NMJs in the limbs of the Agrnnmf380 mice having a ‘normal’
innervation and size at day P9 (Bogdanik and Burgess, 2011).

Around P24, differences between WT and Veh animals in
terms of forelimb grip strength became apparent. WT animals
were more than twice as strong as Veh animals, with no
significant differences between Veh and NT animals. By P34
WT animals remained significantly stronger than Veh animals,
and interestingly treatment with NT1654 made NT animals over
twice as strong as Veh animals. While NT animals were never
quite as strong as WT animals, there was never any significant
difference noted between them at either time point (Figure 2D).
In addition to forelimb grip strength we also measured combined
fore- and hindlimb grip strength by holding the mouse in
such a way to allow it to grip the grid with all four paws.
At P24 there was no significant difference in grip strength
between the three animal groups (Figure 2E). By P34 of the
study WT animals were significantly stronger than both Veh
and NT animals. Unlike forelimb grip strength, NT animals
were not significantly stronger than Veh animals following 30
days of treatment. Agrnnmf380 mice display extensive hindlimb
wasting (Figure 1A) and it is possible that this was not rescuable
by the NT1654 treatment. By dividing the force generated in
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FIGURE 1 | Body weight of female Agrnnmf380 animals treated with NT1654. Veh animals displayed hindlimb wasting, a slight curvature of the spine and were

considerably smaller than their WT littermates at 31 days (A). Administration of NT1654 partially rescued body weight in Agrnnmf380 animals (B). Graph shows mean ±

S.D, N = 5 WT, 4 Veh, 5 NT. 1 WT, 3 Veh, and 2 NT animals were culled due to weight loss before the end of the study, which will have impacted the mean and SD

values in this graph.

FIGURE 2 | Strength assessment in WT, Veh, and NT male and female animals. (A) At P7 no significant difference was observed in seconds to fall (Kruskal–Wallis test

followed by Dunn’s multiple comparisons test). The value at 133 s was identified as an outlier but had no effect on the significance level of the data. (B) The number of

pulls also did not vary considerably between groups (Kruskal–Wallis test followed by Dunn’s multiple comparisons test). (C) There were no differences in the HLS

scores between WT, Veh, and NT animals. While the NT scores of 3 and 3.5 were identified as data outliers they did not influence the significance of the test

(Kruskal–Wallis test followed by Dunn’s multiple comparisons test). Box and whiskers plots show 5–95 percentile, with + indicating the mean. N = 9 WT, 5 Veh, 7 NT.

(D) WT animals had significantly stronger forelimb grip strength than Veh animals during at P24 and P34. Treatment with NT1654 significantly improved forelimb grip

strength over Veh animals at P34 (Mixed effect model followed by Sidak’s multiple comparisons tests). (E) WT animals were significantly stronger than both Veh and

NT animals following 30 days of treatment in terms of combined fore- and hindlimb grip strength (Mixed effect model followed by Sidak’s multiple comparisons tests).

Normalizing grip strength to body weight revealed that grip strength was dependent on mass for both fore (F) and combined fore and hindlimb strength (G) (Mixed

effect model followed by Sidak’s multiple comparisons tests). Graphs show mean ± SD. N = 9 WT, 3 Veh, 4 NT *Denotes significant difference between WT and Veh,

*P < 0.05 **P < 0.005 ***P < 0.0005, #Denotes significant difference between NT and Veh #P < 0.05, $denotes significant difference between WT and NT
$P < 0.05.

grams (g) by the body weight of the animals it is possible to
determine the force ratio. For both fore- and combined fore-
/hindlimb grip strength, there were no differences at any time

point in force generated (Figures 2F,G). This could suggest
that differences in force were attributable to an increase in
muscle mass.
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Muscle Weights
As we hypothesized that the changes in absolute grip strength
were attributable to an increase in muscle mass, we weighed the
muscles during harvest (Supplementary Table 1 and Figure 3).
WT animals had significantly heavier absolute muscle weight
than Veh animals (P < 0.0001). The reduction of muscle mass
in Veh animals was partially prevented by drug administration
in NT animals (Figure 3A). While NT animals had significantly
heavier muscles than Veh animals (P = 0.0193) they did not
fully recover and remained significantly lighter thanWT animals
(P < 0.0001). When expressed as a percentage of body weight
(Figure 3B) WT animals continued to have significantly heavier
muscles than Veh and NT animals (P < 0.0001). However, NT
animals no longer had a heavier muscle weight than Veh.

Myofibre Morphology, Myosin Heavy Chain
(MHC) Type, and Myofiber Type Grouping
Images were labelled for MHCs (Figure 4A) and analyzed using
Fiji with the observer blinded to the experimental group. As
expected following the muscle weight data, WT animals had a
significantly larger (42%) myofiber area than Veh, which was
then increased in NT animals so that there only remained a
7% difference in myofiber size between WT and NT animals.
This increase came from a rescue of very small fibers and
a hypertrophy of other fibers (Figures 4A,B). As previously
reported in both patients (Huze et al., 2009; Maselli et al., 2012;
Nicole et al., 2014) and Agrnnmf380 mice (Bogdanik and Burgess,
2011), Veh animals had a significantly higher percentage of TI
myofibers than WT (Figure 4C). This increase in TI myofibres
is coupled with a reduction in the percentage of TIIa and TIIx
myofibers. This could be attributable to atrophy of TIIa and TIIx
fibers or a fiber type shifting to an increasingly slow phenotype.
Interestingly, treatment with NT1654 restored myofiber type
proportions to WT levels, with NT mice demonstrating a similar
TI myofiber percentage to WT animals, and an increase in TIIa
myofibres when compared to Veh mice (Figure 4C).

To investigate the fiber type changes further, we analyzed
myofiber size by type. TI myofibers of Veh animals were 81%
the size of those from WT animals, however their TIIa and
TIIx myofibers were only 58 and 19%, the size of WT animals
respectively, suggesting a greater atrophy of TII myofibers over
TI (Figures 4D–F, Supplementary Table 2). Treatment with
NT1654 had no significant effect on TI myofiber size, although
there did appear to be a small accumulation of fibers with a
much larger cross-sectional area and slightly fewer with a very
small cross-sectional area. Treatment partially rescued TIIa and
TIIx myofiber size suggesting that NT1654 treatment reduced the
TII myofiber atrophy seen in Veh animals, accounting for the
normalization of the fiber type. MHC co-expressing myofibers,
those displaying more than one MHC, are often used as an
indicator of myofiber denervation (Aare et al., 2016). While
Veh animals had higher levels of co-expressing myofibers than
both WT and NT mice, this difference was not significant
(Figure 4C). Another marker of denervation often observed
in the muscle is that of myofiber type grouping, where a
myofiber is entirely enclosed by myofibers of the same MHC.

This is an indicator of myofiber reinnervation by a neighboring
nerve following myofiber denervation. However, there was no
significant difference in the number of enclosed myofibers
between groups (Figure 4G).

A test for outliers suggested a number of values for the NT
animals (71) were outliers, while the number of outliers inWT (1)
and Veh (3) was considerably lower. A Barlett’s test demonstrated
that these groups had significantly different standard deviations
(P < 0.0001), which is clearly visible in the long ‘tail’ of higher
values for the NT animals (Figure 4B). These large myofibers
could represent a response to the NT1654 treatment rather than
being ‘true outliers’, especially as they were mostly accounted for
by TIIa myofibers (53).

H & E staining in the Veh animals revealed a very non-
uniform muscle pattern (Figure 4H) characterized by uneven
fiber size including very small fibers, internalized nuclei, and
fibrotic tissue. Fiber morphology appeared more uniform in the
NT animals, although the fibers still appeared smaller.

NMJ Structure
Abnormal NMJ morphology has been noted in both humans
and mice with mutations in the AGRN gene (Bogdanik and
Burgess, 2011; Nicole et al., 2014), this was evident in the current
study (Figure 5A and Supplementary Table 3). We measured
NMJ structure in the soleus muscle using antibodies against
neurofilament and synaptophysin and using α-Bungarotoxin to
label AChRs (Figure 5A) and then in the intercostal muscles with
EM (Supplementary Figure 4).

In the soleus muscle postsynaptic and some
presynaptic variables were impacted by the Agrn mutation
(Supplementary Table 3), with Veh animals having a reduced
AChR and endplate area (Figures 5B,C) as determined with
α-Bungarotoxin staining. Treatment with NT1654 prevented
these decreases to the point that NT animals were no longer
significantly lower than WT animals. A number of NMJs in the
Veh mice did not have any α-bungarotoxin labelling, indicating
a lack of AChRs, this was never observed in the WT or NT
animals (Supplementary Table 3). Unlike other studies that
have investigated NMJ pathology, we did not observe any
change in the degree of fragmentation in our mouse model of
NMJ dysfunction (Supplementary Table 3). We also observed
a number of changes in presynaptic measurements, despite the
presynapse not being the primary target of the mutation or the
treatment. The number of terminal branches was decreased in
Veh animals compared to WT, but this did not occur in NT mice
(Figure 5D). The nerve terminal area was significantly bigger in
NT mice when compared to WT (Figure 5E), despite this not
being an impacted variable in the Veh animals, demonstrating
the remarkable plasticity of the NMJ.

As with myofiber area, the variance of morphological
parameters in NT animals was considerably greater than
in either the WT or Veh models (Figures 5B–E and
Supplementary Table 3). Similar to Figures 4B,D,E, key
NMJ variables had a long tail of large values. AChR area
(Figure 5B) and nerve terminal area (Figure 5E) both had
unequal variances in their distributions (Bartletts test, P <

0.0005), with NT animals showing an elongated tail towards the
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FIGURE 3 | Muscle harvest weight in male and female animals. Hindlimb muscles were blotted dry and weighed following excision. Treatment with NT1654 partially

rescued muscle weight although not back to WT levels (2-way ANOVA followed by Tukey’s multiple comparison tests) (A). Following normalization to body weight NT

animals no longer demonstrated a heavier muscle weight over Veh animals (B). (2-way ANOVA followed by Tukey’s multiple comparison tests) N = 8 WT, 7 Veh, 7 NT,

Quad, quadriceps; Gas, gastrocnemius; Sol, Soleus; TA, Tibialis anterior.

larger areas. Unfortunately, we were unable to measure the size of
the myofibers on which we measured these NMJ morphological
parameters, so we are unable to determine if these larger NMJs
were present on the larger myofibers.

In the intercostal muscles of male mice, a visual inspection
of electron-micrographs appeared to show disruption at the
NMJ (Supplementary Figure 4), this was not reflected in the
measurements recorded. The only difference between groups
was an increase in the length of the postsynaptic folds (CFL) in
the Veh animals which returned to WT levels in NT animals
(Supplementary Table 4). An increase in fold length was also
observed in a previous study of Agrnnmf380 animals (Bogdanik
and Burgess, 2011). No differences were noted in the length of
the presynaptic terminal in contact with the myofiber (PreL), the
total length of the postsynaptic membrane (FoldL), the number
of folds (NF), or in derived variables like the branching index
(number of branches divided by NF), or the occupancy, which is
a measure of the amount of the postsynaptic apparatus in contact
with the axon terminal. However, the limited size of our samples
of NMJs may have reduced the accuracy of these results.

DISCUSSION

In this study we tested the hypothesis that a systemically
delivered protein that retains the signaling function of neural
AGRIN would improve the phenotype and NMJ structure in
CMS through increasing the numbers of AChR. We found that
treatment of mice with mutations in the Agrn gene with a
modified AGRIN compound (NT1654) restored many aspects
of NMJ postsynaptic structure, myofiber morphology and type,
and improved muscle strength and body weight. This is the first
time that NT1654, a compound that specifically targets the NMJ
through protein replacement, has been shown to be effective in
a mouse model of CMS. This combined with its potential IV

or subcutaneous administration route raises the possibility that
NT1654 could be helpful for patients with CMS in the future.

NT1654 is a modified form of mouse AGRIN composed of
the c-terminal fragment. We are aware that agrin has a number
of binding sites to components of the extracellular matrix such
as laminin or heparan sulfate. When engineering NT-1654,
solubility of the fragment was one of the key criteria besides
resistance to neurotrypsin cleavage. Hence, the portion of the
protein that interacts with the matrix was eliminated (y0) and the
z8 insert binds to LRP4 only (Hettwer et al., 2014). In addition,
the neurotrypsin cleavage β-site has been modified, neurotrypsin
being the protease that usually breaks down AGRIN (Stephan
et al., 2008). This compound has been shown to cluster AChRs in
differentiated C2C12 cells and in vivo in a surgically denervated
WT mouse (Hettwer et al., 2014). The authors also tested their
compound in a mouse model (SARCO mouse) in which NMJs
were denervated through the overexpression of neurotrypsin
(Bolliger et al., 2010; Hettwer et al., 2014). Similar to the
Agrnnmf380 mouse, the SARCO mouse had a reduction in body
weight and grip strength along with a breakdown in postsynaptic
structures. This started to occur around P8 in SARCOmice and a
little later in ourAgrnnmf380 mice around P14-18. Like the current
study, Hettwer and colleagues also found that NT1654 improved
grip strength, recovered postsynaptic structures, and normalized
myofiber type in the SARCO mouse (Hettwer et al., 2014). As
neurotrypsin cleaves AGRIN it is perhaps not surprising that
the two models share similar phenotypes and exhibit similar
responses to NT1654.

NT1654 has also been tested in a mouse model of spinal
muscular atrophy, where it increased life span, body weight,
hindlimb suspension test scores, myofiber size, innervated
endplates, and also rescued myofiber type distribution, although
without significant increase in spinal motor neurons (Boido et al.,
2018). In a rat model of myasthenia gravis, NT1654 improved
weight gain, reduced the decrement seen with repetitive nerve
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FIGURE 4 | Myofiber morphology and type in WT, Veh, and NT female animals. (A) Soleus muscle was labelled for MHC in WT (left), Veh (middle), and NT (right)

animals, so that Type I myofibers = blue, Type IIa myofibers = red, Type IIb and Laminin = green. Type IIx myofibers were labelled on a serial section. Arrow indicates

an atrophic TIIa fiber and the arrowhead indicates a hypotrophic TI fiber. (B) While Veh animals had significantly smaller myofibers than WT animals the fiber size was

increased with NT1654 administration through a combination of a reduction in very small fibers and hypertrophy of other fibers (Kruskal–Wallis test followed by Dunn’s

multiple comparisons test). (C) Veh animals had an increased percentage of TI myofibers coupled with a decrease in TIIa/x myofibers, this was prevented with NT

treatment (2-way ANOVA followed by Tukey’s multiple comparison tests). Veh animals had smaller TI (D), TIIa (E) and TIIx (F) myofibers than WT animals. TII myofiber

atrophy was partially prevented with drug treatment in the NT animals (Kruskal–Wallis test followed by Dunn’s multiple comparisons test). (G) There were no significant

differences in the percentage of enclosed myofibres between groups. Box and whiskers plots show 5-95 percentile, with + indicating the mean, bar charts show

mean + SD. (N = 4 WT, 3 Veh, 4 NT, **P < 0.005 ****P < 0.0001). (H) Transvers soleus muscle from WT (Left), Veh (middle), and NT (right) animals were imaged

following H and E staining. In the Veh animals multiple very small atrophic myofibers (*) were visible, along with internalized nuclei (arrow).
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FIGURE 5 | NMJ structure in WT, Veh, and NT female animals. (A) Whole muscle mounts of the soleus were labelled with α-bungarotoxin (green), neurofilament (red),

and synaptophysin (red). Analysis was performed on maximum intensity projections as stipulated in the analysis protocol. Images shown have been adjusted for

brightness and contrast to better demonstrate the image features, scale bar is 25µm. WT animals had larger AChR area (B), endplate area (C), and number of

terminal branches (D) than Veh animals, which returned to WT levels in NT animals. The nerve terminal area was significantly larger in NT animals compared to WT (E),

despite this not being an impacted variable. Kruskal–Wallis test followed by Dunn’s multiple comparisons test, Box and whiskers plots show 5–95 percentile, with +

indicating the mean, N = 4 WT, 3 Veh, and 5 NT, **P < 0.005, ***P < 0.0005, ****P < 0.0001.
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stimuli, increased AChRs and their overlap with nerve terminals,
and reversed the reduction in myofiber size. The authors
suggested that it may be useful as an adjunctive therapy with
current treatments for autoimmune myasthenia gravis (Li et al.,
2018). In a zebrafish model of presynaptic CMS, the compound
was also found to increase spontaneous chorion movements,
swimming speed and distance, and AChR cluster intensity
(O’Connor et al., 2018).

We started treatment in the first week of life of these animals.
This is a time when the axon terminal is very small with an
irregular structure and the postsynaptic apparatus is oval with
uniform α-bungarotoxin staining, indicating an immature AChR
pattern (Slater, 1982). During this time we did not observe any
functional differences in body weight or strength between our
animals. It was during the initial stages of NMJ maturation that
we started to note a difference in body weight and grip strength
betweenWT and Veh animals. It is during this intermediate stage
that the NMJs start to show small areas where α-bungarotoxin
labelling is not as intense suggesting a more complex pattern,
before fully maturing between days P17-21 (Slater, 1982). While
the Veh animals did harbor some NMJs that reached maturity, as
evidenced by the presence of postsynaptic folds in EM images, it
would appear that it is this maturation stage, heavily disrupted in
Veh animals, that is impacted with NT1654 administration.

Treatment with NT1654 improved many aspects of NMJ
morphology that were disrupted in Veh animals. We observed
improvements in both AChR and endplate area in NT animals,
as well as an increase in the nerve terminal area—despite this
not being found as impacted in Veh animals. Many aspects
of structure are associated with function, variation in the
frequency of miniature endplate potentials and quantal content
has previously been associated with structural size changes in the
endplate and nerve terminal in rodents and humans (Hutchinson
et al., 1993; Slater et al., 2006; Jones et al., 2016). While it is
likely that the structural changes we observed in the current study
influenced the function of the NMJ, we would need to perform
detailed electrophysiological investigations to confirm this, for
example electromyographs or ex vivo muscle force experiments.
Interestingly we did not observe any changes in the degree of
fragmentation in our Veh animals, a phenomenon often observed
in animal models of NMJ dysfunction (Hettwer et al., 2014) and
aging (Willadt et al., 2016). Although the functional relevance
of these fragmented junctions is under debate (Willadt et al.,
2016) and their absence in our model does not preclude a
functional impairment.

We observed a significant growth in myofibers in the mice
treated with NT1654 which we hypothesize is attributable to the
normalization of the NMJs. However, AGRIN has been shown to
fulfil roles outside of AChR clustering, for example it is involved
in skeletal muscle differentiation through its action on excitation-
contraction coupling and the development of the membrane
resting potential (Jurdana et al., 2009). We cannot, therefore,
rule out the possibility that NT1654 caused the hypertrophy
of muscle fibers through an additional pathway. Some of these
hypertrophic fibers were larger than those observed in WT
animals. Occasionally, large fibers are found in neuropathies.
However, for denervation to play a role in our study, we

would have expected increased numbers of MHC co-expressing
and rounded fibers in NT animals. It was previously shown
that NT1654 also increases the number of myofibers (Hettwer
et al., 2014; Boido et al., 2018), however we did not measure
this parameter. In CMS (Huze et al., 2009) and many other
neuromuscular disorders (Ciciliot et al., 2013) a fast-to-slow
myofiber type change has been noted. In this case the prevention
of the TII myofiber atrophy prevented the fast-to-slow myofiber
percentage changes observed in Agrnnmf380 animals (Bogdanik
and Burgess, 2011). We hypothesize that these improvements in
muscle fiber size and MHC normalization resulted in an increase
in muscle and body weight and accounted for the increase in
grip strength.

There has been a consistent improvement in NMJ
characteristics across species and diseases with the
administration of NT1654. The common improvement in
AChR clustering would appear to support the theory that
NT1654 targets the NMJ through the stimulation of the
AGRIN/LRP4/MuSK pathway. As NT1654 primarily targets
a postsynaptic pathway, its effects on the presynaptic NMJ
structure in this study may initially be surprising with NT1654
increasing the nerve terminal area and complexity of the
presynaptic structures. However, the involvement of the
AGRIN/LRP4/MuSK pathway in controlling presynaptic
differentiation is well known. The Agrnnmf380 mouse
demonstrates abnormal presynaptic sprouting (Bogdanik
and Burgess, 2011), and expression of a mini-agrin compound
in skeletal muscle can restore presynaptic terminals in AGRIN
deficient mice (Lin et al., 2008). Molecules downstream of
AGRIN also impact the presynaptic terminal, with presynaptic
NMJ functional and structural abnormalities being noted in
mice with antibodies against LRP4 (Shen et al., 2013) and MuSK
(Viegas et al., 2012). This strongly supports the presence of
bi-directional signaling between the pre and postsynapse and
could explain the benefits on presynaptic structures that we
observed with NT1654 administration. It will be interesting
to assess if NT1654 is effective in CMS subtypes caused by
presynaptic (Herrmann et al., 2014; O’Connor et al., 2016) or
even glycosylation related mutations (Senderek et al., 2011;
Cossins et al., 2013). A number of neuropathies have also
been demonstrated to have NMJ involvement (Sleigh et al.,
2014; Cipriani et al., 2018), for which NT1654 may offer a
therapeutic potential.

These findings are promising as currently treatment options
for patients with CMS are limited and very much depend
on the nature of the gene mutation (McMacken et al.,
2017). Acetylcholinesterase (AChE) inhibitors, for example
pyridostigmine, work by blocking the enzyme that breaks down
the acetylcholine bound to the AChR on the postsynaptic
membrane, thereby prolonging the open state of the receptors.
However, in patients who have mutations resulting in AChE
deficit (COLQ) and with mutations in DOK7 this treatment is
detrimental and should be avoided. Some patients respond to 3,4-
Diaminopyridine which blocks presynaptic potassium channels,
thus prolonging the release of ACh into the synaptic cleft.
However, this can be accompanied by dose-related side effects.
Sympathomimetics, for example salbutamol and ephedrine,
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have been successfully used to treat certain CMS. Their exact
mechanism of action is currently unknown, but they have been
shown to act postsynaptically (Clausen et al., 2018; McMacken
et al., 2018, 2019; Webster et al., 2020). However, they can take
a while to provide clinical improvement and again can have side
effects, including cardiac complications. For these reasons it is
important to find other therapeutics that can replace or even
work in conjunction with already established treatments.

In this study, animals were treated daily for 30 days, starting
at P5 with a subcutaneous injection of the compound. Previous
investigations have shown these mice to start developing NMJ
dysfunction between P9 and P13 (Bogdanik and Burgess, 2011).
While we would have preferred to begin treatment of the
Agrnnmf380 mice after the onset of NMJ pathology and carry
it on for longer than 30 days to test if the drug could reverse
rather than prevent the pathology, the severe phenotype of
the animals limited the duration of experiments. Despite this
limitation we were still able to detect changes with this shortened
protocol. In addition, we originally aimed to examine both male
and female mice, however, Agrnnmf380 mice were not born in
sufficient numbers to provide adequate numbers of animals
in each group. This was made more difficult by sex-related
differences, for example male WT animals consistently had
larger values than females in aspects of NMJ morphology like
AChR area endplate perimeter. It would be interesting to see if
these sex-related differences influenced how males and females
responded to treatment. This study examined functionally very
different muscles during testing. Our in vitro investigations
focused on hindlimb muscles, however, given the differences
noted between WT and Veh animals in forelimb grip strength
and the improvements noted following drug treatment, it would
be interesting to perform in vitro investigations on selected
muscles of the forelimb in future. The underlying structural
differences and responses to pathology in NMJs of different
regions in the mouse (Sleigh et al., 2014; Jones et al., 2016) could
have influenced the responses to NT1654.

In conclusion, treatment of Agrnnmf380 mice with the
modified AGRIN compound (NT1654) resulted in the
prevention of pre- and post-synaptic NMJ morphology
breakdown, which we hypothesize contributed to myofiber
hypertrophy in both TI and TII myofibers, and importantly
prevented the atrophy of TII myofibers. In turn this caused
an increase in muscle and animal weight and an increase
in forelimb strength. This study adds to the evidence
of the efficacy of NT1654 in conditions where the NMJ
is compromised and strongly suggests that patients with
CMS attributable to mutations in AGRN could benefit from
this treatment.
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