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Abstract 

A central event in the pathogenesis of motor neuron disease (MND) is the loss of neuromuscular junctions (NMJs), 
yet the mechanisms that lead to this event in MND remain to be fully elucidated. Maintenance of the NMJ relies upon 
neural agrin (n-agrin) which, when released from the nerve terminal, activates the postsynaptic Muscle Specific Kinase 
(MuSK) signaling complex to stabilize clusters of acetylcholine receptors. Here, we report that muscle from MND 
patients has an increased proportion of slow fibers and muscle fibers with smaller diameter. Muscle cells cultured 
from MND biopsies failed to form large clusters of acetylcholine receptors in response to either non-MND human 
motor axons or n-agrin. Furthermore, levels of expression of MuSK, and MuSK-complex components: LRP4, Caveolin-3, 
and Dok7 differed between muscle cells cultured from MND patients compared to those from non-MND controls. To 
our knowledge, this is the first time a fault in the n-agrin-LRP4-MuSK signaling pathway has been identified in muscle 
from MND patients. Our results highlight the n-agrin-LRP4-MuSK signaling pathway as a potential therapeutic target 
to prolong muscle function in MND.
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Introduction
Motor Neuron Disease (MND) is a devastating disorder 
with death occurring in approximately 80% of patients 
within 3–5  years of symptom onset [1]. A key feature 

of lower motor neuron involvement in MND is dener-
vation, due to the withdrawal of motor nerve terminals 
from their target muscle cells [2–6]. Progressive denerva-
tion leads to progressive muscle weakness and wasting. 
Our limited understanding of the processes leading to 
loss of neuromuscular synapses in MND contributes to 
the lack of an effective treatment [5, 7]. Much is known of 
the mechanisms that maintain NMJs in health. Here, we 
report that these mechanisms might fail in MND, and the 
role of muscle in MND pathology.

We and others have shown that neural-agrin (n-agrin), 
a heparin sulphate proteoglycan released by the motor 
nerve terminal [8], plays an integral role in the stabil-
ity of neuromuscular synapses [9–11]. N-agrin binds to 
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the LRP4-MuSK receptor complex in the postsynaptic 
muscle membrane, activating a tyrosine kinase signaling 
cascade that stabilizes clusters of acetylcholine recep-
tors (AChRs) in the muscle membrane [12, 13]. Upon 
initial phosphorylation of MuSK, dimers of Dok7 are 
recruited to the cytoplasmic region of MuSK to enhance 
its autophosphorylation [14, 15]. Caveolin-3 also binds 
to MuSK and is thought to aid in the phosphorylation 
process [16]. Activation of MuSK drives activation of Abl 
and Src kinases to phosphorylate the AChR-β subunit 
[10]. Rapsyn, a cytoplasmic scaffolding protein, is then 
recruited to stabilize AChRs in large postsynaptic clus-
ters that mediate neuromuscular transmission [10, 11].

Impairment of the postsynaptic n-agrin-LRP4-MuSK 
signaling pathway can lead to failure and loss of the 
neuromuscular junction (NMJ). For example, muta-
tions of agrin, LRP4, MuSK, Dok7 and rapsyn can each 
cause severe weakness by hampering the maturation 
and function of NMJs [17–21]. Autoantibodies target-
ing MuSK and LRP4 can disrupt n-agrin-MuSK signal-
ing in adults, causing disassembly of the mature NMJ 
[22–24]. In the  SOD1G93A mouse model of MND, others 
have reported altered immunostaining for LRP4 and rap-
syn [25]. Whether the abnormalities observed in MND 
mice are secondary to pathology in the nerve fiber, or 
whether they originate with postsynaptic defects in mus-
cle remains unknown [3, 7, 26].

Several groups have reported disassembly of the NMJ, 
with evidence of nerve terminal withdrawal, flattening 

of the postsynaptic membrane, and localized axonal 
sprouting from individuals in the early stages of MND 
[2, 4, 26, 27]. In the present study, we report perturbed 
localization and expression of MuSK at the motor 
endplate and failure of muscles cells cultured from 
MND patients to respond properly to motor nerves or 
n-agrin. Our observations indicate that abnormalities 
in postsynaptic n-agrin-LRP4-MuSK signaling could 
contribute to muscle weakness and disease progression 
in MND and highlight muscle as an additional target 
for new therapeutic approaches in MND [6, 28, 29].

Methods
Study population
Research participants were recruited from the Royal 
Brisbane & Women’s Hospital (RBWH) MND clinic. 
Inclusion criteria for patients with MND were probable 
diagnosis of sporadic or familial MND, according to the 
El Escorial criteria [30]. For surgical controls, inclusion 
was based on symptoms of a neuromuscular disorder 
other than MND, requiring a muscle biopsy for diagno-
sis, as well as being between 25 to 80 years. Their final 
diagnosis is listed in Table 1. Healthy controls who pro-
vided needle punch biopsies were recruited as a con-
venience sample of family and friends of patients with 
MND. Exclusion criteria were as follows: aged less than 
18 years, pregnancy, standard contradictions to under-
going a muscle biopsy, and unable to give informed 
consent due to cognitive impairment.

Table 1 Open Muscle biopsies subjected to pathological analyses, and generation of muscle satellite cells for in vitro studies

Con = Control (non-MND other disease control); ALSFRS-R—ALS Functional Rating Scale Revised; #Deltoid muscle biopsy, the reminder are biopsies from Vastus 
Lateralis muscle; $NMJs found in whole mount intact muscle fiber samples; *NMJs found in cryosections used in locating MuSK at the NMJ; ^Muscle also used to 
derive muscle satellite cells for in vitro studies

Donor IDs Sex Age Diagnosis Site of onset ALSFRS-R 
(at biopsy)

Interval—Symptom 
Onset to Biopsy 
months

No NMJs imaged Muscle pathology

Con-3# M 44 19$ Normal

Con-4 M 54 22$,  7* Inclusion Body Myositis

Con-5 M 39 12$ Focal Denervation

MND-1^ M 57 Sporadic MND Spinal 34 10 4* Chronic progressive denervation, 
early fiber type grouping

MND-3^ F 56 Sporadic MND Spinal N/A 10 40$,  5* Chronic progressive denervation, 
early fiber type grouping

MND-4 M 61 Sporadic MND Spinal 41 60 24$ Chronic denervation; collateral 
reinnervation, fiber type grouping

MND-5 M 63 Sporadic MND Spinal 40 31 2* Chronic progressive denervation, 
fiber type grouping

MND-6 F 77 Sporadic MND Bulbar 29 31 3* Chronic progressive denervation, 
fiber type grouping

MND-7^ F 68 Sporadic MND Spinal 40 12 Denervation atrophy, early fiber 
type grouping
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Muscle biopsy and culture
Surgical biopsy
Biopsy procedures were overseen by neurosurgeon Dr 
Jeffree, and neurologists Drs Henderson and McCombe. 
Biopsies were taken from the vastus lateralis muscle or 
from the deltoid muscle of each participant. Muscle spec-
imens were collected by RBWH neurosurgeons employ-
ing standard sterile conditions for the performance of a 
muscle biopsy, using the motor point method to collect 
the specimen from the area of the muscle with the high-
est density of NMJs [31], surgical details are provided 
in supplementary methods (Additional file  1: Online 
resource 1). Each biopsy specimen was divided into two 
samples: one for pathological assessment for diagnosis, 
and one for research. Pathological specimens were sent 
to Pathology Queensland by the attending neurosur-
geon. Research samples were transferred into a 50  mL 
conical centrifuge tube containing Dulbecco’s Modi-
fied Eagle Medium/Ham’s F-12 (DMEM/F-12) with 
0.5% gentamicin (ThermoFisher, MA, USA), and placed 
on ice for transport to our laboratory. Demographics 
for participants who provided surgical biopsy samples 

are presented in Table 1. Needle punch muscle biopsies 
were obtained from MND and control participants by a 
qualified general practitioner. Muscle biopsies were col-
lected from the vastus lateralis of one leg and placed into 
transport media (described above; see supplementary 
methods for details (Additional file  1: Online resource 
1)). Demographics for participants who provided needle 
punch biopsy samples are presented in Table 2.

Muscle satellite (stem) cells were isolated from surgi-
cal and needle biopsies using an explant culture approach 
[32], and frozen as low passage cell stocks. The proce-
dure was performed by the one person (Ms White), who 
was blinded to MND status. These myogenic cells were 
maintained in growth media consisting of DMEM/F-12 
medium supplemented with 20% foetal bovine serum 
(FBS), 10% AmnioMAX C-100 and 0.5% gentamicin. 
Myogenic cultures received fresh media every second 
day and cells were sub-cultured at 70% confluence. When 
muscle satellite (stem) cells were plated out for experi-
ments, cultures were maintained in growth media until 
reaching 70–80% confluence. At this stage, these myo-
genic cells were switched into differentiation media 

Table 2 Muscle punch biopsies subjected to pathological analyses, and for generation of muscle satellite cells for in vitro studies

Con = healthy donor control (Non-MND); ALSFRS-R—ALS Functional Rating Scale Revised; $Indicates NMJs found in intact muscle fiber samples; *Indicates NMJs 
found in cryosections

Donor IDs Sex Age Diagnosis Mutation (if 
known)

Site of onset ALSFRS-R (at 
biopsy)

No NMJs Interval—
Symptom Onset to 
Biopsy

Con-1 F 54 2$,  7*

Con-2 M 54 12$,  2*

Con-6 F 65

Con-7 M 65

Con-8 M 47

Con-9 M 61

Con-10 M 71

Con-11 F 65

Con-12 M 70

Con-13 M 44

Con-14 M 57

Con-15 M 32

Con-16 M 64

MND-2 M 47 Sporadic Spinal 42 13$ 7.8

MND-8 M 65 Sporadic Spinal 25 2.9

MND-9 M 51 Familial SOD1 Spinal 40 6.2

MND-10 M 47 Familial C9orf72 Spinal 41 10.2

MND-11 M 49 Sporadic Spinal 40 5.5

MND-12 M 54 Sporadic Spinal 33 57.0

MND-13 M 53 Sporadic Spinal 33 20.4

MND-14 F 58 Sporadic Spinal 35 33.5

MND-15 M 79 Sporadic Spinal 28 57.1

MND-16 M 46 Familial C9orf72 Bulbar/Spinal 41 15.9
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(DMEM-F12; 2% non-heat inactivated horse serum; 0.5% 
gentamycin (ThermoFisher)) to induce the formation of 
myoblasts and their subsequent fusion into multinucle-
ated myotubes.

Muscle pathology
Assessment of pathology of surgical muscle samples was 
conducted by Pathology Queensland. Muscle samples 
were frozen, cryo-sectioned transversally at ~ 8 µm [33], 
and fixed for 5  min in 4% PFA in PBS. They were then 
processed for hematoxylin and eosin (H&E) staining, and 
fiber typing immunohistochemistry (slow myosin and 
fast myosin), as per [34]. In brief, muscle sections were 
double stained with anti-MHC fast (Leica WB-MHCf) 
and anti-MHC slow (Lecia WB-MHCs), probed for with 
enzyme based secondary antibodies (i.e. peroxidase 
reacted 2nd antibody brown stain fast MHC fibers, and 
alkaline phosphatase reacted secondary antibody red 
(Leica-BOND Polymer Refine Red Detection system) or 
purple stained slow MHC fibers).

Electron microscopy
At the time of muscle collection, a 1 mm diameter bun-
dle of muscle fibers was teased away from the biopsy, and 
immersion fixed in 2.5% glutaraldehyde plus 4% PFA in 
PBS for at least 12 h. These samples were then processed 
for transmission electron microscopy, as per [35, 36]. 
Muscle sections were viewed and imaged using a JEOL 
1010 and/or a Hitachi HT7700 transmission electron 
microscope.

H9-hESC motor neuron differentiation
The H9 human embryonic stem cell line (H9 hESC, 
WA09; [37]) was obtained from WiCell Research Insti-
tute—National Stem Cell Bank, USA (RRID CVCL 9973). 
These cells were stably transfected with a GcaMP6f 
expression construct (H9-GcaMP6f) by StemCore at the 
Australian Institute for Bioengineering and Nanotech-
nology, UQ. Both H9-GcaMP6f and H9 (WA09) embry-
onic stem cells were grown on Matrigel-coated plates in 
conditioned media and dissected into small pieces (~ 200 
μm3). This was considered as day 0. Following the pro-
tocol established by Du and colleagues [38], these cells 
were grown and dissociated, and allowed to differentiate 
for a further 10 days (see supplementary methods (Addi-
tional file  1: online resource 1). At day 29, the neurons 
were assessed for viability and function, followed by RNA 
extraction, or fixing for immunostaining.

Calcium imaging in GCaMP6f derived MNs
The H9-GCaMP6f embryonic stem cells were differen-
tiated into motor neurons as described above. On day 
29 of differentiation, neurons were washed twice with 

Hank’s Balanced Salt Solution (HBSS; ThermoFisher), 
after which they were bathed in HBSS. Cells were depo-
larized by adding KCl (50 mM) to the HBSS. The result-
ing green fluorescence was immediately recorded using 
a Leica DMi8 Inverted High Content Imager. The quan-
tification of the emitted fluorescence employed Imaris 
image software (Bitplane, Oxford Instruments, UK). The 
fluorescence intensity at each time point after the addi-
tion of KCl was calculated using the following formula, 
ΔF/F0 = (F −  F0)/F0 where F represents the fluorescence 
intensity at each time point subtracted from the Fluores-
cence intensity at time zero  F0 [39].

Quantitative Real-Time Polymerase Chain Reaction (qPCR)
Total RNA was isolated from H9 hESCs using a MACH-
EREY–NAGEL RNA extraction kit, and a NucleoSpin 
RNA Midi protocol (Macherey–Nagel GmbH & Co. KG, 
Germany, 740955.250). Total RNA (500  ng per sample) 
was used for cDNA synthesis, using the iScript cDNA 
synthesis kit (Bio-Rad, NSW Australia, 170–8890). The 
qPCR reaction was set up by adding SsoFast SsoFast Eva-
Green supermix 5 µl (Bio-Rad, 1725200), 2 µl of cDNA, 
and 0.2  µl of forward primer and reverse primer. The 
sequences of the forward and reverse primers and their 
target gene product size are shown in Additional file  1: 
Table S3 (Additional file 1: online resource 2). This PCR 
mixture was run at 95 °C for 1 min, 95 °C for 7 s, 60 °C for 
15 s, 65 °C for 5 s, 95 °C for 0.5 s for 40 cycles.

Immunostaining of H9 motor neurons
H9 derived motor neurons (H9-MNs) were fixed with 4% 
PFA in PBS for 10  min at room temperature, washed 3 
times in PBS, and then incubated in blocking buffer. They 
were then incubated overnight with primary antibodies 
to Islet1 and ChAT at 4 °C. Cells were washed 3 × 5 min 
with PBS prior to incubation with the appropriate Alexa-
conjugated second antibody: Alexa-488 donkey anti-goat, 
Alexa-555 sheep anti-rabbit for 1  h at room tempera-
ture. Cover slips containing H9-MNs were then washed 
3 × 5 min with PBS and mounted with Prolong Gold anti-
fade medium containing DAPI (Invitrogen) onto glass 
slides. Antibody details are listed in Additional file  1: 
Table S4 (Additional file 1: online resource 2).

Microfluidic cultures of human derived MNs and human 
muscle
H9 hESCs were differentiated into motor neurons as 
described above. At day 19 of differentiation, these com-
mitted motor neurons were plated in chamber one of a 
two-chamber microfluidic device (Merck, AX45005PBC). 
They were allowed to develop in chamber one for approx-
imately two weeks (day 0 to day 14) sending their axons 
out along the connecting microgrooves towards chamber 
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2. When the motor axons reached the edge of channel 
2, muscle satellite cells (50,000 cells) were plated into 
chamber 2 of the microfluidic device. At 80% confluence, 
myoblasts were switched into differentiation medium 
to induce the formation of multinucleated myotubes. 
The co-culture was grown for a further 2  weeks (day 
14 to day 30), and medium was changed every 2  days. 
At day 30, chamber 2 was fixed and immunostained as 
described below. For immunostaining of cultures, AChRs 
were located with Alexa-488 α-bungarotoxin (Invitro-
gen), and motor axons were stained for neurofilament 
and SV2 and located with appropriate second antibod-
ies (details in supplementary methods (Additional file 1: 
online resource 1). Antibody details are listed in Addi-
tional file  1: Table  S4 (Additional file  1: online resource 
2). Image acquisition of H9-MNs, and H9-MN muscle 
microfluidic cultures are given in supplementary meth-
ods (Additional file 1: online resource 1).

Isolation of single nuclei from myotubes for RNA 
sequencing
Primary myogenic cells were seeded at a density of 
1 ×  105 cells per 10  cm (0.01% gelatin coated) dish con-
taining 3  mL of growth medium. Growth media was 
replaced every 48  h. At 70–80% confluence, growth 
medium was substituted for differentiation medium. 
At day 6 of myotube differentiation, single nuclei were 
isolated from myotube cultures for single nuclei RNA-
sequencing using a protocol optimized from ([40]; 
detailed in supplementary methods, see Additional file 1: 
online resource 1). In brief, nuclei were extracted with 
cold nuclear extraction buffer, resuspended, and passed 
through 70 and 40 mm filters. Nuclei were labelled with 
DAPI and FACS sorted for subsequent sequencing using 
the Chromium system from 10X Genomics (10X Genom-
ics, Pleasanton, CA, USA). Analysis of these sequences 
are detailed in supplementary methods (Additional file 1: 
online resource 1).

Bioassay for n-agrin induced AChR clustering
Primary myogenic cells were seeded at a density of 
1 ×  105 cells/well into 12 well tissue culture plates (Corn-
ing, AZ, USA) containing 13  mm diameter coverslips 
coated with 0.01% gelatin. When cells reached 80% con-
fluence, growth medium was replaced with differen-
tiation medium. Mature myotubes were treated with 
differentiation medium containing 10 nM n-agrin (R&D 
systems, USA, 50-AG-100) for 4 h at 37 °C and 5%  CO2 
[41]. Following treatment, cultures were rinsed with 
PBS then incubated with Alexa-488 α-bungarotoxin 
for 1  h to label surface AChR clusters [41]. Cultures 
were then washed with PBS and processed for Desmin 
immunostaining (detailed in supplementary methods, 

Additional file 1: online resource 1). N-Agrin assays were 
conducted over 3 coverslips (technical replicates) for 
each biological replicate. Images were acquired using a 
Leica DM2500 fluorescence microscope with commercial 
imaging software (LAS X, Leica Microsystems) using a 
20 × objective. Three microscopic fields of myotube seg-
ments were imaged at random per coverslip. The expo-
sure times for all images across all coverslips was kept 
constant. Antibody details are listed in Additional file 1: 
Table S4 (Additional file 1: online resource 2).

The area and number of AChR clusters were quanti-
fied with Fiji software (Fiji, RRID:SCR_002285; NIH, 
version 1.52e; [42]). The criteria for including a segment 
of myotube in AChR cluster counts were: expression of 
desmin, and ≥ 3 DAPI-stained nuclei per segment span-
ning over 80% of the 20 × visual field: 11,142 × 900  μm 
[41, 43]. Briefly, images were split into their respective 
channels and intensity thresholds were set to isolate the 
AChR clusters on myotubes from background artifacts. 
The Analyse Particles function was used to quantitate the 
areas and mean pixel intensities for the isolated clusters. 
Clusters smaller than 15 pixels (which might arise from 
digital camera noise) were excluded from analysis. Areas 
of AChR clusters measured in pixels were converted into 
µm2 and binned into multiples of 5 µm2 in a frequency 
histogram using GraphPad Prism (version 8). Investiga-
tors were kept blinded to the source of the cultured myo-
tubes until all images were acquired and their respective 
analyses completed.

Immunostaining of muscle biopsies
A portion of the collected muscle biopsies (non-MND 
and MND) were fixed in 4% PFA in PBS for 60  min at 
room temperature. Samples were then washed in 0.1 M 
Glycine in PBS and divided into two portions. One por-
tion was processed for wholemount immunostaining, and 
the second portion was processed for cryosectioning. For 
wholemount immunostaining, teased muscle fibers were 
stained for postsynaptic AChRs with α-bungarotoxin 
and motor nerve terminal endings with a cocktail of rab-
bit anti-neurofilament 200 plus rabbit synaptophysin 
(see supplementary methods, Additional file  1: online 
resource 1). Image acquisition details and analyses of 
intact NMJs are also given in supplementary methods 
(Additional file 1: online resource 1).

For cryosectioning, muscle fragments were immersed 
in 15% sucrose in PBS overnight at 4 °C followed by 30% 
sucrose in PBS at 4 °C. They were then embedded in OCT 
compound (Fisher Scientific, USA), and frozen in liquid 
nitrogen super-chilled isopentane (Fisher Chemicals, 
USA). Muscle blocks were cryosectioned (L/S) at 20 µm 
and processed for immunostaining to locate MuSK using 
either sheep or rabbit anti-MuSK and AChRs with Alexa 
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555 α-bungarotoxin, at the motor endplate (see supple-
mentary methods, Additional file  1: online resource 1). 
MuSK and AChR motor endplate staining areas were 
calculated by tracing the boundary of AChRs and MuSK 
immunoreactivity using the drawing tool in Fiji, fol-
lowed by the measurement function to calculate the rela-
tive area in pixels. This method allowed us to assess the 
spread of MuSK staining beyond the AChR-rich region 
into the peri-synaptic area in MND muscle. Since images 
stained for MuSK-AChR were not taken with a fixed gain 
and black level it is not possible to directly compare the 
intensities of MuSK staining at the NMJs from MND 
versus non-MND muscle. We acknowledge that our area 
measurements are at best semi-quantitative, and thus we 
have not performed statistical analyses on these images. 
Antibody details are listed in Additional file 1: Table S4 
(Additional file 1: online resource 2).

Western blotting
Human myotubes were lysed in 50  mM Tris–HCL, 
150  mM NaCl, 10  mM NaF, 10  mM  Na4P2O4, 1  mM 
 Na3VO4, 1% NP40 and protease inhibitor (Roche, Basel, 
Switzerland). Protein concentrations were determined 
using bicinchoninic acid assays. Protein lysates were 
resolved by SDS-PAGE (8% or 12% acrylamide/bis 
acrylamide) and were transferred onto a nitrocellulose 
membrane by wet transfer. Membranes were blocked 
in 5% (w/v) skim milk in TBST (10 mM Tris–HCL, pH 
7.5, 150  mM NaCl, and 0.1% Tween 20) and incubated 
with primary antibodies to MuSK, LRP-4, anti-Dok7 and 
Cav3 overnight at 4 °C. Membranes were then incubated 
with appropriate HRP-conjugated secondary antibod-
ies (HRP anti-mouse [Sigma-Aldrich, Merck-Milllipore 
12-348] or HRP anti-rabbit [Sigma-Aldrich, Merck-Mil-
lipore AP106P] in 1% (w/v) skim milk in TBST) for 1 h at 
room temperature. Enhanced chemiluminescence detec-
tion was conducted in a mix of Clarity and Clarity Max 
substrate solution from Bio-Rad (ratio 1:1). Chemilumi-
nescence was imaged on a LI-COR Odyssey, and densito-
metrical values of bands were quantified arbitrarily using 
the Image Studio Software (LI-COR Biosciences, Lincoln 
Neb, USA). Anti-Tubulin was used as the loading con-
trol for the normalization of all lanes. Antibody details 
are listed in Additional file 1: Table S4 (Additional file 1: 
online resource 2).

Statistics
All data were assessed for distribution using Shapiro–
Wilk tests of normality. Data that passed this test were 
analyzed using one-way ANOVA with Bonferroni’s 
multiple comparisons test, two-way ANOVA followed 
by Bonferroni’s multiple comparisons test, or un-paired 
t test as appropriate. Skewed data were log transformed 

and assessed by two-way ANOVA followed by Bon-
ferroni’s multiple comparisons test. GraphPad prism 
versions 8.0 and 9.0 were used for all analyses and 
the construction of graphs. Data are presented as 
mean ± SD. Differences were considered statistically 
significant when p ≤ 0.05 (where *p ≤ 0.05, **p ≤ 0.01, 
***p ≤ 0.001, ****p ≤ 0.0001). Analysis of single nuclei 
RNA sequencing data was conducted using R (version 
4.1.0), as detailed in supplementary methods (Addi-
tional file 1: online resource 1).

Study approval
This study was approved by the Royal Brisbane and 
Women’s Hospital (RBWH) and the University of 
Queensland (UQ) Human Ethics committees (HREC/13/
QRBWH/58, HREC/14/QRBWH/495 and NHMRC/
UQ ethics 20119003063 and 2015000022), and was con-
ducted in accordance with the Declaration of Helsinki 
Principles (Bulletin of the World Health Organization 
2001) and the National Statement on Ethical Con-
duct in Human Research 2007 (Updated 2018; Austral-
ian National Health and Medical Research Council, the 
Australian Research Council and Universities Australia, 
Commonwealth of Australia, Canberra). All partici-
pants provided written informed consent prior to study 
participation.

Results
Demographics and clinical assessment
Research participants were recruited from the RBWH 
MND clinic. Muscle biopsies were collected from two 
cohorts. The demographic and neurological assessment 
details for cohorts 1 and 2 are summarized in Tables  1 
and 2 respectively. The first cohort comprised 9 indi-
viduals who had an open muscle biopsy for diagnostic 
purposes (Table  1). Of these, 6 had a final diagnosis of 
sporadic MND; 5 presented with spinal cord onset dis-
ease and 1 with a bulbar onset disease. The remaining 3 
samples were obtained from non-MND muscle donors 
(non-MND other disease controls) with neuromuscu-
lar symptoms requiring a muscle biopsy for pathological 
investigation (other non-MND disease controls; Table 1).

The second cohort comprised 23 donors who each pro-
vided a punch biopsy (Table 2). This group comprised 10 
individuals with a diagnosis of MND and 13 age-matched 
healthy control individuals. Of the MND participants, 7 
had sporadic MND, 1 carried a mutation in the SOD1 
gene, and 2 had a repeat expansion in the C9orf72 gene; 9 
presented with spinal cord onset and 1 with bulbar onset. 
Controls for cohort 2 were recruited from a convenience 
sample of family and friends of MND participants.
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MND muscle presents with an increased proportion of slow 
type fibers and fibers with low diameter
Pathological analyses of surgical muscle samples col-
lected from 3 non-MND donors (Con-3, -4 and -5) 
revealed no overt muscle damage, with a pre-dominance 
of type II muscle fibers (Fig. 1 top row; Additional file 1: 
Table-S1; and Additional file  1: Figure S1 (Additional 
file 1: online resource 2)). By contrast, increased propor-
tions and grouping of slow type fibers was observed in all 
6 surgical biopsies from individuals with MND, indicative 
of progressive denervation/reinnervation (Fig.  1 bottom 
row; Additional file 1: Table S1; and Additional file 1: Fig-
ure S1 (Additional file 1: online resource 2)). These MND 
muscle samples also displayed fibers with small diam-
eters, consistent with fiber atrophy (Fig. 1, arrows). Thus, 
our results reveal that MND muscle is characterized by 
an increased proportion of slow type fibers and those 
with smaller diameter.

Neuromuscular synapses disassemble in MND muscle
We next examined neuromuscular synapses at the mor-
phological level in non-MND and MND muscle biopsies; 
a total of 132 NMJs were examined from four non-MND 
and three MND donors (Tables  1 and 2). Examination 
of MND muscle samples, revealed disassembly of NMJs 
when compared to non-MND muscle (Fig. 2a). For non-
MND muscle, 36 NMJs were examined across three Vas-
tus Lateralis muscles, and 19 NMJs in one Deltoid muscle 

(total 55 non-MND NMJs). Non-MND muscle exhibited 
the expected en grappe (bunch of grape-like) NMJs [31, 
44] with 92% being classified as normal (Table  3). They 
consisted of a single primary motor axon branch form-
ing 2–3 secondary axonal branches. The bulbous (bou-
ton) ending of each secondary branch was surrounded by 
a dense halo of acetylcholine receptors (AChRs; Fig.  2a 
top row; Additional file  1: Figure S2A–C (Additional 
file  1: online resource 2)). Approximately 8% of NMJs 
showed signs of reinnervation and/or partial denerva-
tion (Table  3). There was ~ 60% overlap of presynaptic 
nerve terminal and postsynaptic AChR labeling (Table 4 
and Additional file  1: Table  S2 (Additional file  1: online 
resource 2).

Postsynaptic AChR clusters were used to identify a 
total of 77 motor endplates from MND samples. Of 
these, 58 displayed a motor nerve terminal whereas 19 
endplates revealed no overlying motor nerve terminal 
(Table  3). Evidence of partial denervation and/or rein-
nervation was observed in 67% of NMJs. A further 18% 
were classified as denervated. On average, nerve terminal 
staining covered ~ 30% of the postsynaptic AChRs. This 
was due, in part, to a significant reduction in the average 
size of the nerve terminal boutons (Table  4 and Addi-
tional file  1: Table  S2 (Additional file  1: online resource 
2)). Labeling for AChRs appeared more diffuse, which 
could reflect either a flattening of the postsynaptic mem-
brane, or a loss of AChRs from postsynaptic regions 

Fig. 1 Muscle fiber type grouping occurs in MND patients. Sample cross sections of muscle from non-MND (Con-3 and -5) and from MND patients 
(MND-3 and -5). Sections were stained with H&E or combination anti-fast plus anti-slow myosin staining (brown stain and red stain respectively). 
Sections from MND-3 and -5 muscles reveal more grouping of slow myosin fibers (type I fibers;* red stained fibers in 2nd and 4th panels of second row) 
compared to those from Con-3 and -5, top row. Examples of atrophied (small) muscle fibers can also be seen in the MND sections (arrows). Scale 
bars = 50 μm
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Fig. 2 Muscle denervation-reinnervation and NMJ disassembly is evident in MND patients. A Maximum projection images of individual NMJs from 
non-MND and MND muscle biopsies. Motor endplates from four non-MND patients (Con-1, -2, -3 and -4) displayed presynaptic motor terminal 
endings (red bulbous structures), surrounded by dense clusters of postsynaptic AChRs (green halos, white arrows). NMJs from three MND patients 
(MND-2, -3 and -4) display varying stages of disassembly indicated by a reduced density or complete loss of postsynaptic AChR clusters that 
normally surround the nerve terminal endings (single arrows); shrinkage of nerve terminal relative to AChR cluster area (double arrows); terminal 
axonal thinning and sprouting (black arrow and lightning bolt respectively). NF-SNP = neurofilament and synaptophysin immuno-stain; AChR = 488 
Alexa α-bungarotoxin stain. Scale bars = 10 µm. B Transmission electron micrograph of an NMJ from a non-MND subject (Con-4) displays the motor 
nerve terminal filled with synaptic vesicles (blue arrows), intact mitochondria (yellow arrow), and a terminal Schwann cell (green and pink arrows 
in all panels) demarcating the pre- and postsynaptic membrane apposition. Deep infoldings of the opposing postsynaptic muscle membrane 
(postsynaptic junctional folds) contain basal lamina (red arrows in all panels). NMJs from MND-3 (middle panel) shows motor terminal and a flattened 
motor endplate, with no overlying nerve terminal (black arrow), and signs of damaged mitochondria within the terminal ending (yellow arrow). 
Right panel reveals terminal Schwann cell invasion into the synaptic cleft (green and arrows)

Table 3 Status of NMJs analyzed by confocal microscopy per donor biopsy

NMJ status is expressed as a fraction of classified NMJ over the total number of NMJs analyzed per donor muscle biopsy

Donor ID and disease status Fully Innervated (%) of total 
NMJs/Donor

Partially denervated-reinnervated (%) of 
total NMJs/Donor

Denervated (%) of 
total NMJs/Donor

Con-1 2/2 NMJs (100%) 0/2 NMJs 0/2

Con-2 12/12 NMJs (100%) 0/12 NMJs 0/12

Con-3 17/19 NMJs (89%) 2/19 NMJs (11%) 0/19

Con-4 20/22NMJs (90%) 2/22 NMJs (10%)

Con-5 10/12 NMJs (83%) 2/12 NMJs (17%) 0/12

Con NMJ Mean % 92.4% 7.6% 0%

MND-2 4/13 NMJs (30%) 9/13 NMJs (70%) 0/13 NMJs

MND-3 5/40 (12%) 20/40 (50%) 15/40 NMJs (38%)

MND-4 0/24 (0%) 20/24 (83%) 4/24 (17%)

MND NMJ Mean % 14% 67% 18%
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(arrows in Fig.  2a lower row; Additional file  1: Figure 
S3A–C (Additional file  1: online resource 2)). We also 
observed terminal sprouting and some axonal thinning 
(Fig. 2a lower row; Additional file 1: Figure S3A–C (Addi-
tional file 1: online resource 2)), consistent with previous 
studies [4, 27], but across all NMJs the average differ-
ence in axonal diameter was not statistically significant 
(Table 4 and Additional file 1: Table S2 (Additional file 1: 
online resource 2)). There was evidence of separation of 
individual en grappe terminal endings (Fig. 2a, see MND-
2; and Additional file 1: Figure S3A–C (Additional file 1: 
online resource 2)), but this did not appear to be a distin-
guishing feature of NMJs from MND patients.

Transmission electron microscopy revealed examples 
of ultrastructural abnormalities consistent with impair-
ments at NMJs from MND patients [4]. These include 
flattening of the postsynaptic membrane not occupied 
by a motor nerve terminal (black arrow in Fig.  2b mid-
dle panel), pre-synaptic mitochondria containing clear 
vacuoles, and partial invasion of terminal Schwann cell 
processes into the synaptic cleft (Fig. 2b, yellow and pink 
arrows respectively in middle and right panels compared 
to a non-MND NMJ left panel). However, the postjunc-
tional folds and synaptic basal lamina appeared to be 
structurally similar across NMJs from non-MND and 
MND muscle (red arrows in Fig. 2b) [45]. Taken together, 
our data indicate that there are significant alterations in 
NMJ structure in MND.

MuSK localization is altered at the motor endplate of NMJs 
in MND muscle
Given the central role of MuSK signaling in stabilizing 
NMJs, we compared the expression and localization of 
postsynaptic MuSK at motor endplates in open muscle 
biopsy specimens from MND and non-MND individu-
als. At motor endplates within MND vastus lateralis 
muscle, MuSK immunostaining occupied a larger area 
compared to its respective AChR stained motor end-
plate area. By contrast motor endplates within non-MND 

vastus lateralis muscle, showed MuSK immuno-staining 
to be more restricted to the AChR labelled motor end-
plate (Fig. 3, and Additional file 1: Figure S4 (Additional 
file 1: online resource 2)). These observations suggest that 
MND has somehow induced the delocalization of MuSK 
from the motor endplate (postsynaptic) region.

Impaired nerve induced AChR clustering in muscle cells 
grown from MND satellite cells
We developed a human motoneuron-muscle co-culture 
system to investigate the interactions between healthy 
motor nerves and muscle cells cultured from MND 
donors. Human H9 embryonic stem cells (hESCs) [37] 
were stably transfected with a GcaMP6f calcium reporter 
[46] and differentiated into motor neurons [38]. Over a 
period of 29  days in culture, cells displayed an ordered 
temporal expression of molecular markers defining com-
mitment to spinal cord motor neurons [47–49]. The 
expression of paired box transcription factor Pax6, and 
the basic helix loop helix transcription factor Olig 2 
were detected at day (D) 13, peaking at D19 and declin-
ing by D29 (Fig.  4a, b). Peak expression of Pax6 and 
Olig2 coincided with transient upregulation of the early 
motor neuron transcription factor HB9 at D19 (Fig. 4c). 
By D29, expression of HB9 had dropped significantly, 
reminiscent of the peak of HB9 expression in mamma-
lian spinal cord motor neurons just prior to birth, and 
its subsequent decline post birth [47, 50–53]. Expression 
for choline acetyltransferase (ChAT; Fig.  4d) and Islet-1 
(Fig. 4e) were low at D19, but were significantly upregu-
lated by D29, indicating molecular maturation of motor 
neurons [47, 54, 55]. Expression of ChAT and Islet-1 pro-
tein was confirmed by immunofluorescent staining. By 
D29, ChAT and Islet-1 immunolabeling were observed 
in all neurons, with ChAT being expressed throughout 
the cytoplasm and Islet-1 being expressed in the nuclei 
(Fig.  4f ). To assess the response of these hESC-derived 
motor neurons to depolarization, cultures were subjected 
to a brief pulse of KCl (50 mM). Approximately 6 s later, 

Table 4 Morphometry of NMJs from confocal microscopic images

* , **, *** Unpaired t – test; n.s. = not significant

Morphological variable non-MND n = 5 
mean ± SD

MND n = 3 Mean ± SD P value un-paired t test

Primary Motor axon thickness (μm) 1.546 ± 0.5 1.257 ± 0.7 n. s. P = 0.44

Motor axon terminal sprout thickness (μm) 0.926 ± 0.4 0.73 ± 0.4 n.s. P = 0.49

Motor Nerve terminal Bouton size (μm2) 8.03 ± 1.7 5.01 ± 0.8 * P = 0.034

Total NT area (μm2) 74.33 ± 10.3 36.71 ± 12.2 ** P = 0.0033

AChR cluster patch size (μm2) 13.82 ± 2.2 18.82 ± 7.9 n.s. P = 0.36

Total AChR area (μm2) 126.5 ± 17.9 138.0 ± 26.9 n.s. P = 0.44

% of Motor nerve terminal to AChR overlap 60.14% ± 2.3 29.47% ± 7.1 *** P = 0.0001
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we observed a rapid and transient rise in levels of intra-
cellular calcium (GcaMP6f fluorescence) which returned 
to baseline over the course of 12  s (Fig.  4g). Together 
these observations demonstrate the successful differenti-
ation of H9 hESCs into functional human motor neurons 
expressing postnatal motor neuron markers.

Motor neuron-muscle co-cultures were established 
to assess whether H9 human motor neurons could 
induce the clustering of AChRs in human muscle cul-
tures (Fig. 5). H9 hESCs were seeded into chamber 1 of a 
microfluidic device and differentiated into motor neurons 
over the ensuing 14 days (D0 to D14), with axons extend-
ing 450 µm towards the second chamber of the microflu-
idic device (Fig.  5a, arrows in b and c). At D14, muscle 
satellite cells derived from muscle biopsies were seeded 
into the second chamber of the microfluidic device and 
subsequently differentiated into multi-nucleated muscle 
fibers (myotubes). Over the next 16  days (D14 to D30), 
axons intermingled with muscle cells sourced from non-
MND or MND muscle (Fig.  5d, e, respectively). Muscle 
cells from non-MND donors revealed large clusters of 
AChRs near axons (labeled with a neurofilament (NF)/
synaptic vesicle 2 (SV2) antibody cocktail; (Fig. 5d, white 
arrows). By contrast, muscle cells derived from MND 
muscle exhibited no large AChR clusters near NF/SV2 
positive axons, with only small clusters of AChRs being 
observed (Fig. 5e, yellow arrows).

In quantifying the apparent poor AChR cluster-
ing response of MND muscle cells when compared to 
non-MND muscle, we sought to control for possible 
confounding variables, such as age and sex, that might 
affect the myogenic capacity of muscle. Three paired 
sets of non-MND and MND muscle cells (matched for 
sex and approximate age) were co-cultured as described 
above, and the area of AChR clusters on myotubes 
was quantified relative to the area contacted by NF/
SV2 positive axons (as per [56]). For two of the three 
MND/non-MND sample pairs the ratio of AChR clus-
ter area to NF/SV2 axon area was significantly higher 
in the non-MND sample (Fig.  6a–g). Myotubes gener-
ated from MND-1 and MND-7 displayed very few large 
AChR clusters when compared to myotubes generated 
from age- and sex-matched controls (Con-2 and Con-11 
respectively, Fig. 6a–d, Fig. 6g). In the case of myotubes 

Fig. 3 MuSK staining is more diffuse relative to the AChR-rich motor 
endplate. A Compares the staining areas for acetylcholine receptors 
(AChRs) and MuSK at the motor endplate from a non-MND (Con-2) 
donor, and from an MND patient (MND-3). At the motor endplate of 
MND-3, MuSK staining occupied a larger area compared to the AChR 
area. By contrast, the MuSK area was a closer match to AChR at the 
Con-2 motor endplate. B Shows the relative pixel area occupied by 
AChR and MuSK staining per motor endplate from non-MND donors 
(Con-1, -2, and 4) and MND patients (MND-1, -3 and -5). At non-MND 
motor endplates, there appeared to be tight co-localization of AChR 
and MuSK staining as depicted by the closeness of their respective 
AChR and MuSK data points. By contrast at MND motor endplates, 
MuSK occupied a larger area of staining compared to AChR area. 
Scale bar = 20 μm

(See figure on next page.)
Fig. 4 Differentiation of H9 human embryonic stem cells in culture. A–E Quantification of mRNAs encoding Pax6 (A), Olig2 (B), HB9 (C), ChAT 
(D) and Islet-1 (E) (n = 3). F Sample visual field of differentiated H9 cells labeled for ChAT, Islet-1, and nuclei (DAPI). Lower right panel shows the 
merge of ChAT and Islet-1 fluorescence. Scale bar for F = 100 μm. G A time series showing the calcium flux in differentiated neurons after addition 
of 50 mM KCl at time zero. Scale bar for G = 160 μm. The inset graph shows the time course of intracellular  Ca2+ mobilization revealed by  Ca2+ 
sensor fluorescence GCaMP6f. ΔF/F0 represents the fluorescence intensity relative to the initial fluorescence intensity. Data presented in A–E are 
means ± SDs, expression data analyzed using one-way ANOVA with Bonferroni’s multiple comparisons test. *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001, 
****p ≤ 0.0001
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Fig. 4 (See legend on previous page.)
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generated from MND-8, there was no significant differ-
ence in AChR cluster area when compared to myotubes 
generated from an age- and sex-match control (Con-7, 
Fig. 6e–g).

We then pooled this AChR cluster size data to gen-
erate frequency distributions. The number and size of 
AChR clusters were only assessed on myotubes that 
spanned the visual field. The average size of AChR clus-
ters was lower in MND myotubes when compared to 

non-MND myotubes. MND myotubes were deficient 
in the largest size category of AChR clusters (those > 25 
µm2; Fig. 6h, n = 3, ** P < 0.0001, two-way ANOVA). The 
average ratio of total AChR cluster area to total NF/SV2 
axon area appeared lower for MND myotubes compared 
to non-MND myotubes (Fig. 6i). In summary, myotubes 
cultured from MND patients appeared to produce fewer 
large AChR clusters in response to innervation by human 
motor neurons.

Fig. 5 Muscle grown from MND patients responded poorly to human motor axons. A Timeline for human derived MNs innervating human 
skeletal muscle in a microfluidic culture system. B Representative visual fields showing axons of H9 stem cell-derived motor neurons (H9 MNs) 
immunostained for neurofilament (NF, white arrow). C MN axons grew along the microgrooves (white arrow) to enter the muscle chamber. Direction 
of axonal growth is indicated by the yellow arrow. D Representative visual field from the muscle chamber, showing neurofilament (red) and SV2 
(pink) positive H9 motor axons intermingled with muscle cells grown from a non-MND donor. White arrows indicate large AChR clusters (green) 
that were located close to NF/SV2-positive axons.  E Muscle cells sourced from an MND patient displaying small AChR clusters (green, yellow arrows) 
adjacent to NF/SV2 positive axons. Muscle cell nuclei in C, D were labelled with Hoechst 33,342 (blue)
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Fig. 6 Nerve-induced acetylcholine receptor clustering is impaired in muscle from MND patients. A–F Sample visual fields showing human 
myotube cultures innervated by H9 human axons labeled for neurofilament-SV2 (red-pink) and AChRs clusters (green). Three paired sets of non-MND 
versus MND muscle cells (matched for sex and approximate age) are compared (A vs B, C vs D, E vs F). Insets (A′, B′, C′, D′, E and F′) show the AChR 
clusters indicated by arrows at higher magnification. Dotted white lines indicate the edge of the myotubes. White arrows in A′, C′ and E′ indicate 
large AChR clusters proximal to NF-SV2 labeled motor axons. Yellow arrows in B′, and D′ indicate small AChR clusters close to NF-SV2 labeled motor 
axons. Yellow arrows in F′ show large AChR clusters close to NF-SV2 labeled motor axons. Scale bars for A–F = 40 µm, and for A′–F′ = 20 µm. G 
Quantitation of the area of AChR clusters, expressed as a fraction of the total area of axons averaged from 3 visual fields per MN-muscle sample, 
as per [56]. H Frequency histogram showing a significantly greater number of large AChR clusters (> 25 µm2) on myotubes of control cultures 
compared to MND cultures (n = 3 patients). I Total area of AChR clustering (large plus small clusters) per microscope field. Data points show results 
from individual data presented in G, (n = 3 patients). Data presented as mean ± SD. For H, data was analyzed using two-way ANOVA, followed by 
Bonferroni’s multiple comparisons test (**p ≤ 0.01)
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Muscle stem cells isolated from MND donors mature slower 
than those from non-MND donors
Since the maturity of myotubes can affect the expres-
sion of AChRs, MuSK and rapsyn, we examined the 
time-course of differentiation of muscle cells. The pro-
liferation capacity of myoblasts was similar between 
non-MND and MND cultures. Myoblasts took ~ 3 days 
to reach 80% confluency (Fig. 7a left panels, b left bars) 
[57]. A further ~ 3 days was required for fusion of MND 
and non-MND myoblasts into multi-nucleated desmin-
positive myotubes (Fig.  7a right panels, b right bars). 
However, there were fewer multinucleated myotubes 
per visual field compared to age- and sex-matched non-
MND cultures (Fig.  7c, d). Moreover, the diameters 
of MND myotubes were narrower when compared to 
non-MND myotubes (Fig. 7e). The lower number (den-
sity) of myotubes generated in MND cultures could be 
due to the lower proportion of desmin-positive myo-
blasts compared to total cell numbers (Fig. 8).

Given the lower proportion of myotubes in MND 
muscle cultures, we sought to characterize gene expres-
sion patterns in muscle cultures. We conducted single 
nuclei RNA-sequencing on differentiated cultures gen-
erated from two control donors and two MND donors. 
Cultures from each individual revealed shared cell 
types and similar whole-transcriptome gene expression 
profiles between control and MND muscle cultures, 
as illustrated by the mixing of nuclei in the Uniform 
Manifold Approximation and Projection (UMAP) plot 
(Fig.  9a). The heterogeneous clustering of nuclei is 
indicative of multiple cell types. We therefore used a 
single cell transcriptomic atlas of human skeletal mus-
cle [58] as a reference to annotate the cell types of the 
single nuclei collected from control and MND muscle 
cultures [59]. Our analyses revealed two cell types in 
our cultures, fibroblast and myotubes (Fig.  9b). Con-
sistent with this, analysis revealed expression of clas-
sical myogenic genes including dystrophin (DMD), 
myocyte enhancer factor 2 (MEF2A), titin (TTN), 
myosin heavy chain (MYH3), desmin (DES), ryanodine 
receptor (RYR1) and myogenin (MYOG)—all similarly 
upregulated in nuclei identified as mature skeletal mus-
cle (multinucleated myotubes). Overall, this indicates 
no overt differences in myogenic potential across MND 
and non-MND cultured muscle cells (Additional file 1: 
Figure S5 (Additional file 1: online resource 2)). Across 
myotube nuclei of both MND and non-MND lines, 
transcripts of the n-agrin-MuSK signaling pathway (e.g. 
LRP4, MuSK, Dok7, caveolin 3 (CAV3) and acetylcho-
line receptor alpha subunit (CHRNA1)) were found to 
closely mirror that of the above myogenic genes, with 
no obvious difference in their transcript expression 
across MND and control samples (Fig. 9c).

Muscle cells cultured from MND donors respond poorly 
to n-agrin
To test the possibility that n-agrin-MuSK signaling 
is impaired in MND muscle, we used a well- estab-
lished muscle bioassay to induce AChR clusters with 
n-agrin. N-agrin was applied only when most myotubes 
in the culture reached a diameter of ~ 25–30  μm and 
spanned > 80% of the microscope field. Analysis was 
restricted to multinucleated, desmin-positive myotubes 
that spanned the visual field (~ 300 – 350  μm). Before 
treatment with n-agrin, myotubes generated from non-
MND control donor muscle displayed small AChR clus-
ters plus a few large AChR clusters (Fig. 10a). Treatment 
with n-agrin led to an increase in the number of large 
AChR clusters (Fig.  10b). By contrast, myotubes gen-
erated from MND donor muscle failed to respond to 
n-agrin. They displayed only small AChR clusters either 
with or without n-agrin treatment (Fig. 10c, d).

Untreated cultures from seven different non-MND 
donors varied in the number of large (> 25 µm2) AChR 
clusters but, with one exception (Con-9), n-agrin treat-
ment caused an increase in the number of large clusters 
in every control culture (Fig.  11a and Additional file  1: 
Figure S6 (Additional file  1: online resource 2)). Fre-
quency distributions of pooled data showed that muscle 
cells grown from non-MND donors responded robustly 
to n-agrin treatment (p = 0.02, 2-way ANOVA, effect 
of n-agrin treatment) by increasing AChR cluster size 
(p < 0.001; 2-way ANOVA, effect of cluster size; Fig. 11c 
upper graph). Treatment with n-agrin increased the total 
AChR cluster area per visual field across all non-MND 
myotube samples (** p < 0.01, n = 7, 2-way ANOVA with 
Bonferroni’s multiple comparison, compare blue data 
points vs white data points for control; Fig.  11d). These 
observations are consistent with findings from a range 
of species in which n-agrin has been shown to cause 
a growth in AChRs clusters in cultured muscle [8, 9, 
60–62].

By contrast, myotubes derived from MND donors 
showed no significant increase in the number of large 
AChR clusters (> 25 µm2) after treatment with 10  nM 
n-agrin (Figs. 11b and Additional file 1: Figure S7 (Addi-
tional file 1: online resource 2)). Frequency distributions 
of pooled data showed that muscle cells grown from 
MND patients did not respond to n-agrin treatment (i.e. 
no-effect of n-agrin treatment, p = 0.78, 2-way ANOVA, 
Fig. 11c lower graph). MND muscle cultures treated with 
n-agrin did not exhibit a significant increase in the total 
AChR area when compared to non-treated MND muscle 
cultures (p > 0.99, n = 10, 2-way ANOVA with Bonfer-
roni’s multiple comparison, MND orange data points vs 
white data points; Fig.  11d). The failure of MND mus-
cle cultures to increase AChR clustering in response to 
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Fig. 7 Muscle cells from MND patients show similar proliferation and fusion capacity, but a lower plate density. (A left panels) Desmin staining 
(red fluorescence) identifies mono-nucleated muscle cells sourced from a non-MND donor (Con-8) and a MND donor (MND-16) at 3 days in culture 
(~ 80% confluency). (A right panels) Desmin-labeled multinucleated myotubes from Con-8 and MND-16 (arrows). Scale bar = 20 µm. B First two 
bars show the number of days required for mononucleated cells to proliferate and reach 80% confluency. Non-MND and MND sourced cells 
appeared to proliferate at a similar rate. The third and fourth bars compare the days required for myoblasts from non-MND and MND donors to 
fuse to form multinucleated myotubes. There was no difference between MND and non-MND in the time required for myotube formation (n = 8 
for control and n = 10 for MND). C Shows representative visual fields of myosin heavy chain (MHC) positive myotubes from matched control (Con) 
donors and MND patients (Con-2/MND-1, Con-11/MND-7, Con-7/MND-8). White dashed lines delineate the upper edge of a myotube. Scale 
bar = 20 μm. D Percentage of MHC positive multi-nucleated myotubes (≥ 3 nuclei/visual field) that were averaged across 6 visual fields per muscle 
sample. All non-MND (control) muscle cultures produced more MHC positive myotubes per visual field, compared to cultures from MND patients. 
E Quantitation of myotube diameters. MND myotubes were slender compared to non-MND myotubes. Each symbol represents the average 
for a single non-MND or MND donor. All data presented as mean ± SD. B Data analyzed by two-way ANOVA followed by Bonferroni multiple 
comparisons test. E Data analyzed by unpaired t test, where **p ≤ 0.01
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n-agrin suggests possible defects in the n-agrin-LRP4-
MuSK signaling pathway that normally drives AChR 
cluster growth.

MND muscle presents with altered levels of MuSK 
and associated proteins
We next compared the levels of key proteins of the 
n-agrin-LRP4-MuSK pathway that drive AChR cluster 
stabilization. We observed higher levels of MuSK and 
Caveolin-3 in MND muscle cultures when compared to 

non-MND cultures (Fig. 12a–c, n = 5–6, **p = 0.008 and 
p = 0.04 respectively, unpaired two-tailed t-test). By con-
trast, LRP4 was significantly lower in MND muscle cul-
tures when compared to non-MND cultures (Fig. 12e–f, 
n = 4–6, * p = 0.03, unpaired t-test). The average band 
intensity for Dok7 expression was lower in MND mus-
cle cultures compared to controls but this difference was 
not statistically significant (Fig. 12a–d, n = 5–6, p = 0.096, 
unpaired t-test). These alterations in the relative abun-
dance of MuSK, LRP4, and Caveolin-3 proteins might 

Fig. 8 Cells cultured from muscle of MND patients produce fewer desmin-positive myoblasts, compared those from matched non-MND donors. 
A Representative visual field of desmin-positive cells cultured from matched control donors (Con, non-MND) and MND patients, black bars in 
B indicate the relative pairing of Con (non-MND) with MND samples. Scale bar = 40 μm. B Percentage of cells that stained positive for desmin, 
3 days after removal of the growth medium (mean ± SD). Each symbol represents results from one non-MND or MND donor (averaged across 4–7 
visual  fields per cultured muscle sample). Cells cultured from MND donor muscle revealed a lower percentage of myoblasts, when compared to 
their matched non-MND control muscle culture. C Pooled data showing a significantly lower percentage of desmin-positive cells in cultures from 
MND muscle compared to cultures from control (Con) muscle. All data presented as mean ± SD. For C, data analyzed by unpaired t test where 
*p ≤ 0.05
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influence the efficiency of the n-agrin-MuSK signaling 
system.

Discussion
In this study we show that NMJs sampled from MND 
patient muscle biopsies display signs of disassembly, 
including diffuse AChRs and reduced localization of 
MuSK at the motor endplate. Myotubes generated from 

MND muscle did not grow large AChR clusters when 
co-cultured with hESC-derived motor neurons. They 
also failed to respond to n-agrin and displayed altered 
patterns of expression of some key proteins of the post-
synaptic MuSK signaling pathway. Our results suggest 
that MND muscle may have defects in the n-agrin-LRP4-
MuSK signaling pathway that may contribute to the 
instability of nerve-muscle connections.

Fig. 9 Transcriptomic analysis of muscle cell culture nuclei derived from human muscle stem cells identifies fibroblastic and muscle cell types 
with no apparent bias across MND status. A Whole-transcriptome expression profile patterns for individual nuclei derived from control (Con-13, 
Con-16) and MND donor (MND-16, MND-9) lines. Distinct expression profile patterns have been reduced to two-dimensions in this Uniform 
Manifold Approximation and Projection (UMAP) plot. Each point shows results for a single nucleus. MND and non-MND nuclei (pink and blue) 
are co-clustered in the UMAP, indicating similar patterns of whole-transcriptome expression between MND and controls. B Nuclei annotated for 
cell-type, identifying two distinct populations: mature skeletal muscle and fibroblasts. C Transcript dot plot comparing levels of expression for some 
key components of the n-agrin-MuSK signaling cascade in two MND samples versus two non-MND samples (see Additional file 1: Figure S5 for full 
data set). All four samples show transcripts consistent with their expression in muscle cells. Expression patterns of n-agrin-MuSK signaling transcripts 
appeared comparable between MND and control. Further, all samples do have nuclei that express transcripts associated with maturing muscle 
skeletal muscle
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Withdrawal of the motor nerve terminal and loss 
of postsynaptic AChR clusters are early pathologi-
cal events in MND patients with lower motor neuron 

involvement [4, 7, 27, 45, 63]. Our examinations of NMJs 
from MND muscle confirm these previous observa-
tions, with evidence of motor nerve terminal sprouting, 

Fig. 10 Sample images showing AChR clusters on myotubes cultured from non-MND and MND muscle before and after n-agrin treatment. A 
Sample field of desmin-positive myotubes cultured from muscle of non-MND patient Con-6, prior to n-agrin treatment. Small and occasional 
large AChR clusters are evident (yellow and white arrows respectively). A′ and A″ These AChR clusters at higher magnification. B Sample field of 
desmin-positive myotubes from Con-6 after n-agrin treatment. Large and small AChR clusters appear more numerous after n-agrin treatment 
(arrows and magnified views are shown in B′ and B″). C, D Comparable sample fields of myotubes cultured from MND-8 (C) before and (D) after 
n-agrin treatment. Only small AChR clusters are visible both before and after n-agrin treatment (white arrows in C and D and their high-powered 
views: C′–C″ no n-agrin, and D′–D″ plus n-agrin). Scale bars = 50 µm
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partially-denervated motor endplates, and possible dis-
persal of postsynaptic AChRs when compared to NMJs in 
non-MND muscle. Consistent with previous studies, we 
also found instances of motor nerve terminal withdrawal 
and limited terminal Schwann cell invasion [4, 45, 64], 
as well as muscle fiber atrophy and fiber type I grouping, 
which are thought to result from muscle fiber denerva-
tion followed by reinnervation by surviving motor neu-
rons [65, 66]. These findings suggest impairment of the 
physiological systems that maintain the healthy nerve-
muscle relationship.

Immunolabelling of MND muscle biopsies suggests 
that MuSK was less concentrated at the motor endplate, 
when compared to endplates from non-MND muscle 
biopsies. The subsynaptic localization of MuSK mRNA 
is regulated by neural activity [67]. Following surgical 
denervation, MuSK expression is upregulated through-
out the muscle fiber, but becomes restricted to the motor 
endplate again after reinnervation [68]. Thus, it is pos-
sible that the relatively diffuse MuSK immunostaining 
observed around endplates in MND muscles reflects 
denervation or impaired neuromuscular transmission 
[69]. Nevertheless, this finding prompted us to examine 
the efficacy of n-agrin-MuSK signaling in vitro.

Muscle cells cultured from MND muscle appeared 
unresponsive to motor axons and n-agrin. By contrast, 
muscle cells cultured from non-MND control individuals 
formed large AChR clusters in response to both co-cul-
ture with human motor axons and recombinant n-agrin. 
Impaired n-agrin-induced AChR clustering was observed 
in muscle cultures derived from both sporadic MND 
patients (7) and from familial MND donors (2), suggest-
ing that it might be a common phenomenon in MND 
muscle. While our findings are certainly indicative of a 
failure of the normal mechanisms by which motor axons 
and n-agrin induce and/or stabilize the postsynaptic dif-
ferentiation in skeletal muscle cells, the precise nature of 
this failure remains uncertain.

Agrin, MuSK, LRP4, caveolin-3, and Dok7 are proteins 
that play key roles in driving the growth and stability of 
postsynaptic AChR clusters. Mouse embryos lacking 

agrin [9], MuSK [61], Dok 7 [70, 71] or LRP4 [72] fail to 
form large AChR clusters. Likewise, primary myotube 
cultures derived from mouse embryos lacking MuSK, 
LRP4, or caveolin-3 failed to cluster AChRs in response 
to n-agrin [12, 13, 16, 72, 73]. Immunoblotting revealed 
increased expression of MuSK and caveolin-3 in muscle 
cultures from MND patients, compared to those from 
non-MND muscle donors. The upregulation of these 
muscle-specific proteins is particularly striking, given 
the relatively slow maturation of the MND muscle cells 
by other measures. An upregulation of MuSK might be 
expected to enhance MuSK-mediated AChR clustering, 
except that expression of LRP4 was reduced by approxi-
mately three-fold in MND muscle cultures, compared 
to non-MND controls. LRP4 is the true receptor for 
n-agrin, forming a complex with MuSK to activate the 
tyrosine kinase pathway [10, 12, 13]. Without LRP4, 
n-agrin cannot induce AChR clustering [12, 13]. Thus, in 
MND muscle, a paucity of LRP4, relative to MuSK, might 
explain the failure of n-agrin-induced AChR clustering 
observed in our MND muscle cultures. Incipient motor 
endplates form in mouse embryos lacking LRP4, but they 
are poorly innervated and unstable [74]. Indeed, LRP4 
plays an additional essential role as an inducer of presyn-
aptic differentiation [11]. Thus, low levels of LRP4 in the 
specialized postsynaptic membrane might hinder refor-
mation and maintenance of specialized presynaptic nerve 
terminals at the endplate in MND. If these ideas are true, 
then one might expect if LRP4 was elevated in MND 
muscle, it would slow or attenuate the withdrawal of the 
motor nerve terminal – such ideas remain to be tested.

Conceivably, the elevated expression of caveolin-3 
might also hinder AChR cluster growth in MND mus-
cle. Caveolin-3 can facilitate the clustering of AChRs via 
its interactions with MuSK [16], but overexpression of 
caveolin-3 causes NMJ disruption, characterized by poor 
AChR clusters and a downregulation of β-dystroglycan 
[75, 76]. Beta-dystroglycan is normally concentrated in 
the post-synaptic membrane. It binds to rapsyn and is 
important for stabilizing AChR clusters [77]. In sum-
mary, low expression of LRP4 and high expression of 

Fig. 11 Muscle cells cultured from MND patients fail to grow AChR clusters in response to n-agrin treatment. A Myotubes cultured from individual 
non-MND donors formed large AChR clusters in response to n-agrin. Histograms compare the frequency of large (> 25 µm2) AChR clusters in 
cultures treated with (+) and without (−) n-agrin. Six out of seven non-MND donors showed an increase in the frequency of large AChR clusters 
in response to n-agrin treatment (exception being Con-9, see also Additional file 1: Figure S6). B Myotubes cultured from MND patients responded 
poorly to n-agrin. Apart from MND-14, none of the MND patient cultures showed any increase in the frequency of large (> 25 µm2) AChR clusters 
in response to n-agrin treatment. C Frequency distributions compare the sizes of AChR clusters on myotubes with and without n-agrin treatment. 
Each symbol represents the means ± SD for technical replicates; Additional file 1: Figure S6. (C upper graph) Myotubes cultured from non-MND 
(control) muscle with and without n-agrin treatment (pooled data from 7 donors). (C lower graph) Myotubes cultured from MND patient muscle 
with and without n-agrin treatment (pooled data from 9 patients: Additional file 1: Figure S7). D After n-agrin treatment, total area of clustered 
AChRs was significantly increased in control myotubes (n = 7, blue and white symbols). No significant change in total area of clustered AChRs was 
found in MND myotubes after n-agrin treatment (n = 9, yellow and white symbols; data presented as a log of plus (+) n-agrin over no (minus, −) 
n-agrin treatment). All data presented as mean ± SD and analyzed by two-way ANOVA with Bonferroni’s multiple comparison test where **p ≤ 0.01

(See figure on next page.)
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caveolin-3 in MND muscle cultures might both contrib-
ute to the failure of n-agrin-induced postsynaptic AChR 
clustering.

Is it possible that the MND-associated abnormalities in 
AChR clustering are simply a secondary consequence of 
denervation-reinnervation of muscle that occurs in MND 
patients. We think this unlikely. First, the myotubes we 

Fig. 11 (See legend on previous page.)
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Fig. 12 Levels of n-agrin effector proteins are altered in muscle cultures from MND patients. A Sample immunoblot comparing the relative 
intensity of MuSK, Caveolin-3 and Dok7 bands in myotube cultures derived from 4–5 non-MND donors and 6 MND patients. Antibodies revealed 
bands of the expected molecular weight for MuSK (~ 97 kDa), Caveolin-3 (~ 20 kDa) and Dok7 (~ 55 kDa). Each band was normalized to a tubulin 
loading control band from the same lane (shown beneath). Comparison of the normalized band intensities for B MuSK, C Caveolin-3, and D Dok7. E 
Sample immunoblot for LRP4 (~ 212 kDa). F Compares the normalized band intensities for LRP4 in non-MND and MND myotube cultures. Symbols 
each represent cultures from an individual donor (blue and yellow data). G Key showing the source of the samples run in the indicated lanes of the 
immunoblots. All data presented as mean ± SD and were analyzed using unpaired t-tests where *p ≤ 0.05 and **p ≤ 0.01
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used in our motor neuron-muscle assays (Figs. 5, 6) and 
in our n-agrin assays (Figs. 10, 11) were generated in vitro 
from the progeny of muscle satellite cells sourced from 
MND and non-MND biopsies. The cultured muscle cells 
themselves had never previously been innervated, let 
alone denervated. Second, we demonstrate that the non-
MND derived myotube cultures did respond to motor 
axons and n-neural agrin to from large clusters of AChRs, 
a finding that has been shown to occur across several 
species of muscle satellite cells by numerous researchers 
[8, 11, 41, 43, 60, 61, 78–80]. Third, MND satellite cells 
sourced, differentiated and allowed to mature to multinu-
cleated myotubes failed to respond to either the presence 
of motor axons or n-agrin. Our protein expression data 
on MND and non-MND muscle cultures (Fig. 12), show 
a down regulation in LRP4 and Dok7 in MND cultures 
compared to non-MND cultures. By contrast, LRP4 and 
Dok7 expression increases in acute denervated muscle 
[69, 81, 82]. Taken together, the simplest explanation for 
our observations is an intrinsic fault originating within 
the satellite stem cells that support renewal of MND 
muscle ([83], see review by [84]).

While we have used human tissue and human-derived 
cell culture models to investigate muscle pathology and 
NMJ signaling defects in MND, there are some limita-
tions to our study. Firstly, our EM analyses of MND 
NMJs were only qualitative, being based on a small 
number NMJs. Nevertheless, our ultrastructure results 
are consistent with previous EM analyses of NMJs from 
MND patients, showing flattening of the primary syn-
aptic gutter of the postsynaptic membrane not occupied 
by motor nerve terminals [4, 45]. This was supported 
by our confocal microscopic analyses, which revealed a 
50% loss of motor nerve terminal, relative to postsynap-
tic AChR endplate area [4, 27]. A second caveat is that 
our myotubes were grown from cells that were isolated 
from muscle biopsies. While we observed fewer and nar-
rower myotubes in MND cultures, which is in line with 
previous observations of reduced differentiation capacity 
of MND muscle satellite cells [83], it remains uncertain 
whether this model system can adequately recapitulate 
the relevant properties of mature muscle fibers in  vivo. 
Thirdly, while we have shown substantial differences in 
the expression of MuSK, caveolin-3 and LRP protein, 
we have yet to clarify whether these changes arise from 
altered patterns of gene transcription, mRNA stability, or 
protein stability, and whether these changes are shared 
among muscle from sporadic and familial MND patients. 
Our preliminary RNA seq data suggest that the changes 
in the protein expression may not be a consequence of 
altered levels of their transcripts, but further in-depth 
experiments will be required to test this relationship.

In summary, our study has revealed that muscle cell 
cultures derived from MND biopsies failed to form 
large clusters of AChRs in response to either human 
motor axons or n-agrin. Our observations support the 
idea that the poor responsiveness of MND myotubes 
is due to abnormalities in the n-agrin-LRP4-MuSK 
signaling pathway. Future studies extended to a much 
larger cohort of MND patients could determine what 
drives alterations in the expression of LRP4, MuSK and 
caveolin-3.

Supplementary Information
The online version contains supplementary material available at https:// doi. 
org/ 10. 1186/ s40478- 022- 01360-5.

Additional file 1 Contains Online Resource 1 - Supplementary Methods, 
and Online Resource 2 - Supplementary Tables (S1 to S4) and Supplemen-
tary Figrues (S1 to S7).

Acknowledgements
We are very grateful to the MND patients, their families and healthy individuals 
for their valuable contribution and support of this research. We acknowledge 
the assistance of Drs Devine, Forrest and Ms Thorpe who assisted in initial 
ethics drafts, and some patient recruitment. We are grateful to RBWH neuro-
surgeons, Drs Campbell, Redmond, Findlay, and Pearce who with RLJ isolated 
some of the muscle biopsies. We thank Mary White for culturing muscle 
biopsies, Ms Liu for electron microscopy, and to Dr Martin for single nuclei iso-
lation from myotubes. We also thank the following: Dr Condon from Institute 
for Molecular Bioscience (IMB) at UQ who assisted in NMJ analysis; Drs Walters, 
Fraser, and Kasherman for assisting in confocal microscopy; IMB sequencing 
facility for assisting with the generation of single nuclei sequencing data. We 
also thank Professors Reugg, Mei, and Kroger for supplying antibodies, advice, 
and support. This work was supported by Motor Neuron Disease Research 
Australia (MNDRA, GIV 1842 to PGN, and MNDRA Charcot Grant to STN, PAM, 
RDH and FJS), National Health & Medical Research Council Australia (NHMRC 
1188169 to PGN and WDP, and 1101085 to STN and FJS), and start-up funds to 
STN and JCM from the Australian Institute for Bioengineering and Nanotech-
nology. STN acknowledges support through the Scott Sullivan MND Fellow-
ship (2015-2020, MND & Me Foundation, RBWH Foundation), and a FightMND 
Fellowship (2020-2023). QD was supported by a PhD scholarship from the 
Chinese Scholarship Council (CSC).

Dedication
We would like to dedicate this work to the MND patients, their families, and 
healthy individuals, who consented to the use of their muscle biopsies to 
undertake this research into the peripheral contributions to MND.

Author contributions
PGN, PAM, RLJ, and RDH conceived the study. RDH, PAM, RLJ, SH, KT, STN and 
FJS recruited and clinically assessed MND and non-MND participants. RLJ and 
MJC collected surgical biopsies. PGN, STN, EW, KK, and FJS oversaw the collec-
tion of muscle biopsies and subsequent processing. PGN, MH, DN, and EJW 
designed the additional culture experiments. QD performed and analysed 
the muscle co-culture experiments and motor neuron generation, supervised 
by EJW. PGN stained and imaged NMJs and muscle biospies. KLM stained 
and imaged MuSK-stained sections. KK and EW performed and analysed the 
n-agrin muscle bioassays, supervised by WDP, PGN and STN. QD and MG 
performed the immunoblots supervised by DN. TR supervised and supplied 
the pathological data. STN and DP designed the single nuclei sequencing 
experiments. DP conducted the single nuclei RNA sequencing experiments 
and collated respective data. JC analyzed single nuclei RNA sequencing data 
with input from PGN, ATF, JCM, WDP and STN. PGN wrote the original draft 
and assembled the figures. FJS assisted PGN with figure layout and statistical 
analyses. QD and KK are co-first authors; QD had a larger role with finalising 
the manuscript. All authors read and approved the final manuscript.

https://doi.org/10.1186/s40478-022-01360-5
https://doi.org/10.1186/s40478-022-01360-5


Page 23 of 24Ding et al. Acta Neuropathologica Communications           (2022) 10:61  

Data availability
Single-nuclei sequencing data is available on GitHub at https:// github. com/ 
Cadaei- Yuvxvs/ snRNA seq_ muscle_ MND.

Declarations

Competing interests
All authors declare no competing interests.

Author details
1 School of Biomedical Sciences, The University of Queensland, St. Lucia, QLD 
4072, Australia. 2 Pathology Queensland, Faculty of Medicine, Royal Brisbane 
and Women’s Hospital, Herston, QLD 4006, Australia. 3 Australian Institute 
for Bioengineering and Nanotechnology, The University of Queensland, 
St. Lucia, QLD 4072, Australia. 4 Department of Neurology, Royal Brisbane 
and Women’s Hospital,  4006, Herston, QLD, Australia. 5 University of Queens-
land Centre for Clinical Research, The University of Queensland, Herston, QLD 
4006, Australia. 6 Department of Neurosurgery, Royal Brisbane and Women’s 
Hospital, Herston, QLD 4006, Australia. 7 Clem Jones Centre for Ageing Demen-
tia Research, Queensland Brain Institute, The University of Queensland, St. 
Lucia, QLD 4072, Australia. 

Received: 6 April 2022   Accepted: 6 April 2022

References
 1. Al-Chalabi A et al (2016) Amyotrophic lateral sclerosis: moving towards a 

new classification system. Lancet Neurol 15(11):1182–1194
 2. Maselli RA et al (1993) Neuromuscular transmission in amyotrophic lateral 

sclerosis. Muscle Nerve 16(11):1193–1230
 3. Moloney EB, de Winter F, Verhaagen J (2014) ALS as a distal axonopathy: 

molecular mechanisms affecting neuromuscular junction stability in the 
presymptomatic stages of the disease. Front Neurosci 8:252

 4. Bruneteau G et al (2015) Endplate denervation correlates with Nogo-A 
muscle expression in amyotrophic lateral sclerosis patients. Ann Clin 
Transl Neurol 2:362–372

 5. Campanari ML, Bourefis AR, Kabashi E (2019) Diagnostic challenge and 
neuromuscular junction contribution to ALS pathogenesis. Front Neurol 
10:68

 6. Pikatza-Menoio O et al (2021) The skeletal muscle emerges as a new 
disease target in amyotrophic lateral sclerosis. J Pers Med 11(7):671

 7. Dadon-Nachum M, Melamed E, Offen D (2011) The “dying-back” phenom-
enon of motor neurons in ALS. J Mol Neurosci 43(3):470–477

 8. Magill-Solc C, McMahan UJ (1990) Synthesis and transport of agrin-like 
molecules in motor neurons. J Exp Biol 153:1–10

 9. Gautam M et al (1996) Defective neuromuscular synaptogenesis in agrin-
deficient mutant mice. Cell 85(4):525–535

 10. Ghazanfari N et al (2011) Muscle specific kinase: organiser of synaptic 
membrane domains. Int J Biochem Cell Biol 43(3):295–298

 11. Burden SJ, Huijbers MG, Remedio L (2018) Fundamental molecules and 
mechanisms for forming and maintaining neuromuscular synapses. Int J 
Mol Sci 19(2):e490

 12. Kim N et al (2008) Lrp4 is a receptor for Agrin and forms a complex with 
MuSK. Cell 135(2):334–342

 13. Zhang B et al (2008) LRP4 serves as a coreceptor of agrin. Neuron 
60:285–297

 14. Bergamin E et al (2010) The cytoplasmic adaptor protein Dok7 
activates the receptor tyrosine kinase MuSK via dimerization. Mol Cell 
39(1):100–109

 15. Zong Y, John R (2013) Structural mechanisms of the agrin-LRP4-MuSK 
signaling pathway in neuromuscular junction differentiation. Cell Mol Life 
Sci 70(17):3077–3088

 16. Hezel M, de Groat WC, Galbiati F (2010) Caveolin-3 promotes nicotinic 
acetylcholine receptor clustering and regulates neuromuscular junction 
activity. Mol Biol Cell 21(2):302–310

 17. Ohno K et al (2002) Rapsyn mutations in humans cause endplate 
acetylcholine-receptor deficiency and myasthenic syndrome. Am J Hum 
Genet 70(4):875–885

 18. Chevessier F et al (2004) MUSK, a new target for mutations causing 
congenital myasthenic syndrome. Hum Mol Genet 13(24):3229–3240

 19. Beeson D et al (2006) Dok-7 mutations underlie a neuromuscular junc-
tion synaptopathy. Science 313(5795):1975–1978

 20. Huze C et al (2009) Identification of an agrin mutation that causes 
congenital myasthenia and affects synapse function. Am J Hum Genet 
85(2):155–167

 21. Ohkawara B et al (2014) LRP4 third β-propeller domain mutations cause 
novel congenital myasthenia by compromising agrin-mediated MuSK 
signaling in a position-specific manner. Hum Mol Genet 23(7):1856–1868

 22. Hoch W et al (2001) Auto-antibodies to the receptor tyrosine kinase 
MuSK in patients with myasthenia gravis without acetylcholine receptor 
antibodies. NAt Medicine 7(3):365–368

 23. Yan M et al (2018) Induction of anti-agrin antibodies causes myasthenia 
gravis in mice. Neuroscience 373:113–121

 24. Pevzner A et al (2012) Anti-LRP4 autoantibodies in AChR- and MuSK-
antibody-negative myasthenia gravis. J Neurol 259(3):427–435

 25. Clark JA et al (2016) Axonal degeneration, distal collateral branching and 
neuromuscular junction architecture alterations occur prior to symptom 
onset in the SOD1(G93A) mouse model of amyotrophic lateral sclerosis. J 
Chem Neuroanat 76(Pt A):35–47

 26. Dupuis L, Loeffler JP (2009) Neuromuscular junction destruction during 
amyotrophic lateral sclerosis: insights from transgenic models. Curr Opin 
Pharmacol 9(3):341–346

 27. Bruneteau G et al (2013) Muscle histone deacetylase 4 upregulation in 
amyotrophic lateral sclerosis: potential role in reinnervation ability and 
disease progression. Brain 136:2359–2368

 28. Pérez-García MJ, Burden SJ (2012) Increasing MuSK activity delays dener-
vation and improves motor function in ALS mice. Cell Rep 2(3):497–502

 29. Cantor S et al (2018) Preserving neuromuscular synapses in ALS by stimu-
lating MuSK with a therapeutic agonist antibody. Elife 7:e34375

 30. Brooks BR et al (2000) El Escorial revisited: revised criteria for the diagnosis 
of amyotrophic lateral sclerosis. Amyotroph Lateral Scler Other Motor 
Neuron Disord 1(5):293–299

 31. Slater CL et al (1992) Stucture and function of neuromuscular junctions in 
the vastus lateralis of man: a motor point biopsy study of two groups of 
patients. Brain 115:451–478

 32. Decary S et al (1997) Replicative potential and telomere length in human 
skeletal muscle: implications for satellite cell-mediated gene therapy. 
Hum Gene Therapy 8:1429–1438

 33. Nix JS, Moore SA (2020) What every neuropathologist needs to know: the 
muscle biopsy. J Neuropathol Exp Neurol 79(7):719–733

 34. Dubowitz V, Sewry CA, Oldfors A (2013) Muscle biopsy: a practical 
approach, vol 1, 4th edn. Elsevier, China

 35. Banks GB et al (2005) Glycinergic and GABAergic synaptic activity dif-
ferentially regulate motoneuron survival and skeletal muscle innervation. 
J Neurosci 25(5):1249–1259

 36. Noakes PG et al (1995) Aberrant differentiation of neuromuscular junc-
tions in mice lacking s- laminin/laminin beta 2. Nature 374(6519):258–262

 37. Thomson JA et al (1998) Embryonic stem cell lines derived from human 
blastocysts. Science 282:1145–1147

 38. Du Z-W et al (2015) Generation and expansion of highly pure motor neu-
ron progenitors from human pluripotent stem cells. Nat Commun 6:6626

 39. Zhong C, Talmage DA, Role LW (2015) Live imaging of nicotine induced 
calcium signaling and neurotransmitter release along ventral hippocam-
pal axons. JOVE 100:e52730

 40. Zeng Q et al (2002) Single-nucleus RNA-seq of differentiating human 
myoblasts reveals the extent of fate heterogeneity. Nucleic Acids Res 
44(21):e158

 41. Ngo ST et al (2012) Neuregulin-1 potentiates agrin-induced acetylcholine 
receptor clustering via muscle specific kinase phosphorylation. J Cell Sci 
126(Pt 6):1531–1546

 42. Schindelin J et al (2012) Fiji: an open-source platform for biological-image 
analysis. Nat Methods 9(7):676–682

 43. Ngo ST et al (2004) Neuregulin potentiates agrin-induced acetylcholine 
receptor clustering in myotubes. NeuroReport 15(16):2501–2505

 44. Slater CR (2008) Structural factors influencing the efficacy of neuromus-
cular transmission. Ann N Y Acad Sci 1132:1–12

 45. Tsujihata M et al (1984) The motor end-plate fine structure and ultras-
tructural localization of acetylcholine receptors in amyotrophic lateral 
sclerosis. Muscle Nerve 7(3):243–249

https://github.com/Cadaei-Yuvxvs/snRNAseq_muscle_MND
https://github.com/Cadaei-Yuvxvs/snRNAseq_muscle_MND


Page 24 of 24Ding et al. Acta Neuropathologica Communications           (2022) 10:61 

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your researchReady to submit your research  ?  Choose BMC and benefit from: ?  Choose BMC and benefit from: 

 46. Chen TW et al (2013) Ultrasensitive fluorescent proteins for imaging 
neuronal activity. Nature 499:295–300

 47. Davis-Dusenbery BN et al (2014) How to make spinal motor neurons. 
Development 141:491–501

 48. Stifani N (2014) Motor neurons and the generation of spinal motor neu-
ron diversity. Front Cell Neurosci 8:293

 49. Goulding M (2009) Circuits controlling vertebrate locomotion: moving in 
a new direction. Nat Rev Neurosci 10:508–518

 50. Arber S et al (1999) Requirement for the homeobox gene Hb9 in the 
consolidation of motor neuron identity. Neuron 23(4):659–674

 51. Thaler J et al (1999) Active suppression of interneuron programs within 
developing motor neurons revealed by analysis of homeodomain factor 
HB9. Neruon 23(4):675–687

 52. William CM, Tanabe Y, Jessell TM (2003) Regulation of motor neuron sub-
type identity by repressor activity of Mnx class homeodomain proteins. 
Development 130:1523–1536

 53. Lee S-K et al (2004) Analysis of embryonic motoneuron gene regulation: 
derepression of general activators function in concert with enhancer 
factors. Development 131(14):3295–3306

 54. Ericson J et al (1992) Early stages of motor neuron differentiation revealed 
by expression of homeobox gene Islet-1. Science 256(5063):1555–1560

 55. Oda Y (1999) Choline acetyltransferase: the structure, distribution 
and pathologic changes in the central nervous system. Pathol Int 
49(11):921–937

 56. Yoshida M et al (2015) Modeling the early phenotype at the neuromuscu-
lar junction of spinal muscular atrophy using patient-derived iPSCs. Stem 
Cell Reports 4(4):516–568

 57. Scaramozza A et al (2014) Skeletal muscle satellite cells in amyotrophic 
lateral sclerosis. Ultrastruct Pathol 38(5):295–302

 58. De Micheli AJ et al (2020) A reference single-cell transcriptomic atlas of 
human skeletal muscle tissue reveals bifurcated muscle stem cell popula-
tions. Skeletal Muscle 10(19):2–13

 59. Stuart T et al (2019) Comprehensive integration of single-cell data. Cell 
177(7):1888-1902.e21

 60. Nitkin RM et al (1987) Identification of agrin, a synaptic organizing protein 
from Torpedo electric organ. J Cell Biol 105:2471–2478

 61. Glass DJ et al (1996) Agrin acts via a MuSK receptor complex. Cell 
85(4):513–523

 62. Bian W, Bursac N (2012) Soluble miniagrin enhances contractile function 
of engineered skeletal muscle. FASEB J 26(2):955–965

 63. Liu JX et al (2013) Distinct changes in synaptic protein composition at 
neuromuscular junctions of extraocular muscles versus limb muscles of 
ALS donors. PLoS ONE 8(2):e57473

 64. Siklós L et al (1996) Ultrastructural evidence for altered calcium in motor 
nerve terminals in amyotropic lateral sclerosis. Ann Neurol 39(2):2145

 65. Baloh RH et al (2007) Frequent atrophic groups with mixed-type 
myofibers is distinctive to motor neuron syndromes. Muscle Nerve 
36(1):107–110

 66. Jensen L et al (2016) Skeletal muscle remodelling as a function of 
disease progression in amyotrophic lateral sclerosis. Biomed Res Int 
2016:5930621

 67. Herbst R (2020) MuSk function during health and disease. Neurosci Lett 
716:134676

 68. Valenzuela DM et al (1995) Receptor tyrosine kinase specific for the skel-
etal muscle lineage: expression in embryonic muscle, at the neuromus-
cular junction, and after injury. Neruon 15(3):573–584

 69. Pinheiro-Dardis CM et al (2017) Electrical stimulation delays reinnervation 
in denervated rat muscle. Muscle Nerve 56(6):108-E118

 70. Okada K et al (2006) The muscle protein Dok-7 is essential for neuromus-
cular synaptogenesis. Science 312(5781):1802–1805

 71. Inoue A et al (2009) Dok-7 activates the muscle receptor kinase MuSK 
and shapes synapse formation. Sci Signal 2(59):ra7

 72. Weatherbee SD, Anderson KV, Niswander LA (2006) LDL-receptor-related 
protein 4 is crucial for formation of the neuromuscular junction. Develop-
ment 133(24):4993–5000

 73. Gomez AM, Burden SJ (2011) The extracellular region of Lrp4 is sufficient 
to mediate neuromuscular synapse formation. Dev Dyn 240:2626–2633

 74. Yumoto N, Kim N, Burden SJ (2012) Lrp4 is a retrograde signal for 
presynaptic differentiation at neuromuscular synapses. Nature 
489(7416):438–442

 75. Galbiati F et al (2000) Transgenic overexpression of caveolin-3 in skeletal 
muscle fibers induces a Duchenne-like muscular dystrophy phenotype. 
Proc Natl Acad Sci U S A 97(17):9689–9694

 76. Jacobson C et al (2001) The dystroglycan complex is necessary for 
stabilization of acetylcholine receptor clusters at neuromuscular junc-
tions and formation of the synaptic basement membrane. J Cell Biol 
152(3):435–450

 77. Bartoli M, Ramarao MK, Cohen JB (2001) Interactions of the rapsyn RING-
H2 domain with dystroglycan. J Biol Chem 276(27):24911–24917

 78. Anderson MJ, Cohen MW (1977) Nerve-induced and spontaneous redis-
tribution of acetylcholine receptors on cultured muscle cells. J Physiol 
268(3):757–773

 79. Uzel SG et al (2016) Microfluidic device for the formation of optically 
excitable, three-dimensional, compartmentalized motor units. Sci Adv 
2(8):e1501429

 80. Guo X et al (2011) Neuromuscular junction formation between human 
stem cell-derived motoneurons and human skeletal muscle in a defined 
system. Biomaterials 32:9602–9611

 81. Jing H et al (2021) Synapse-specific Lrp4 mRNA enrichment requires 
Lrp4/MuSK signaling, muscle activity and Wnt non-canonical pathway. 
Cell Biosci 11:105

 82. Punga AR et al (2011) MuSK levels differ between adult skeletal muscles 
and influence postsynaptic plasticity. Eur J Neurosci 33:890–898

 83. Pradat PF et al (2011) Abnormalities of satellite cells function in amyo-
trophic lateral sclerosis. Amyotroph Lateral Scler 12(4):264–271

 84. Badu-Mensah A, Guo X, Hickman JJ (2021) ALS skeletal muscle: victim or 
culprit. Neurosci Chron 2(2):31–33

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.


	Impaired signaling for neuromuscular synaptic maintenance is a feature of Motor Neuron Disease
	Abstract 
	Introduction
	Methods
	Study population
	Muscle biopsy and culture
	Surgical biopsy

	Muscle pathology
	Electron microscopy
	H9-hESC motor neuron differentiation
	Calcium imaging in GCaMP6f derived MNs
	Quantitative Real-Time Polymerase Chain Reaction (qPCR)
	Immunostaining of H9 motor neurons
	Microfluidic cultures of human derived MNs and human muscle
	Isolation of single nuclei from myotubes for RNA sequencing
	Bioassay for n-agrin induced AChR clustering
	Immunostaining of muscle biopsies
	Western blotting
	Statistics
	Study approval

	Results
	Demographics and clinical assessment
	MND muscle presents with an increased proportion of slow type fibers and fibers with low diameter
	Neuromuscular synapses disassemble in MND muscle
	MuSK localization is altered at the motor endplate of NMJs in MND muscle
	Impaired nerve induced AChR clustering in muscle cells grown from MND satellite cells
	Muscle stem cells isolated from MND donors mature slower than those from non-MND donors
	Muscle cells cultured from MND donors respond poorly to n-agrin
	MND muscle presents with altered levels of MuSK and associated proteins

	Discussion
	Acknowledgements
	References




