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Background: Although considerable research on neuromuscular junctions (NMJs) has been
conducted, the prospect of in vivo NMJ studies is limited and these studies are challenging to
implement. Therefore, there is a clear unmet need to develop a feasible, robust, and physiologi-
cally relevant in vitro NMJ model.

Objective: We aimed to establish a novel functional human NMJs platform, which is serum
and neural complex media/neural growth factor-free, using human immortalized myoblasts and
human embryonic stem cells (hESCs)-derived neural progenitor cells (NPCs) that can be used
to understand the mechanisms of NMJ development and degeneration.

Methods: Immortalized human myoblasts were co-cultured with hESCs derived committed
NPCs. Over the course of the 7 days myoblasts differentiated into myotubes and NPCs differ-
entiated into motor neurons.

Results: Neuronal axon sprouting branched to form multiple NMJ innervation sites along
the myotubes and the myotubes showed extensive, spontaneous contractile activity. Choline
acetyltransferase and BIII-tubulin immunostaining confirmed that the NPCs had matured into
cholinergic motor neurons. Postsynaptic site of NMJs was further characterized by staining
dihydropyridine receptors, ryanodine receptors, and acetylcholine receptors by o-bungarotoxin.
Conclusion: We established a functional human motor unit platform for in vitro investigations.
Thus, this co-culture system can be used as a novel platform for 1) drug discovery in the treat-
ment of neuromuscular disorders, 2) deciphering vital features of NMJ formation, regulation,
maintenance, and repair, and 3) exploring neuromuscular diseases, age-associated degeneration
of the NMJ, muscle aging, and diabetic neuropathy and myopathy.

Keywords: motor unit, neuromuscular junctions, human embryonic stem cells, neuronal pro-

genitor cells, human myoblasts

Introduction
Neuromuscular junctions (NMJs) serve as the interface between nerves and skeletal
muscles. Maintenance, structure, and formation of NMJs depend on the bidirectional
molecular interaction between the muscle and motor neuron.! The NMJ consists of
a presynaptic motor neuron terminal, a postsynaptic motor end plate and a synaptic
cleft. If chemical or molecular communication is disrupted, NMJ deterioration can
follow. This involves axon degeneration, synapse disruption, impaired NMJ transmis-
sion, and muscle fiber degradation® which are the features of neuromuscular diseases,
myopathies, and age-associated neuromuscular impairments.>

Despite decades of intensive research to characterize the structure and function of
NMJs by utilizing animals and ex vivo models,* effective treatment of neuromuscular
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and neurodegenerative diseases remains a significant unmet
clinical need. This is mainly due to the failure of experimental
animal models to reflect complex processes of human aging
and disease progression.’ In order to advance this field, novel,
alternative, experimental models are needed.

There has been recent progress toward the development
of in vitro co-culture models using human induced pluripo-
tent stem cells (iPSCs);%” mouse,® rat,” and human primary
myoblasts;!%!! and human embryonic stem cells (hESCs)!*14
and cross-species models.'>!'¢ However, existing in vitro
motor neuron and skeletal muscle co-culture systems typi-
cally require a complex neural growth medium that contains
serum and cocktails of around 15 neural growth factors
(some of which are derived from animals).!!'>!7 This further
complicates drug discovery and toxicology studies due to
possible cross-communication of the novel compound with
factors contained within the added media, possibly explain-
ing why many promising therapies do not translate to clinics.
Another issue with existing models is that muscle contrac-
tion is induced by applied electrical or chemical stimulation,
which does not replicate the native physiological stimulation
required for muscle contractions.®!’'° Recent innovation in
the use of iPSCs offers the potential to derive myoblasts and
motor neurons for use with in vitro NMJ models. However,
cells derived from iPSCs may exhibit genetic inconsistency
and genetic modification, which limit their use.?® Recent
human iPSC-based studies have failed to recapitulate the
severe neuronal loss observed in human neurodegenerative
diseases.?'2* Human skeletal myoblasts which were used in
some of the abovementioned models!®!! were obtained from
primary cells (eg, muscle biopsy or surgical samples), but
their life span is limited to just a few passages which restricts
experimentation and necessitates repeated supply of the pri-
mary cells.?** Furthermore, primary cells have varied cell
purity? and experience phenotypic changes when expanded,
rendering primary myoblasts a problematic choice for a con-
sistently reproducible co-culture system.?*? Therefore, there
is a clear need for a more relevant human experimental model
to study motor units and NMJs to overcome the limitations
of existing models.

Methods

Human immortalized myoblast cultures

The human immortalized myoblasts cell line (“C25”) was
obtained from the Institute of Myology.?’ This cell line was
established using a biopsy of semi-tendinosis from a 25-year-
old male (obtained anonymously from Myobank, a tissue
bank affiliated to EuroBioBank which is authorized by the

French Ministry of Research [authorization AC-2013-1868]).
After attaining 80% confluence, cells were seeded in six-
well plates recoated with gelatin (0.5%) at a concentration
of 1.5x10° cells/mL in growth media. The growth media
was supplemented with DMEM from Lonza (Basel, Swit-
zerland), 60% (v/v) Medium 199 with Earle’s Balanced Salt
Solution from Lonza, 20% (v/v) heat-inactivated FBS from
Thermo Fisher Scientific (Waltham, MA, USA), 20% (v/v)
L-glutamine from Lonza, 1% (v/v) fetuin from FBS from
Sigma-Aldrich (St Louis, MO, USA) 25 ng/mL, recombinant
human basic fibroblast growth factor from Thermo Fisher
Scientific 0.5 ng/mL, recombinant human EGF from Thermo
Fisher Scientific 5 ng/mL, recombinant human hepatocyte
growth factor from Sino Biological Inc. (Beijing, China)
2.5 ng/mL, recombinant human insulin from Sigma-Aldrich
5 pg/mL, dexamethasone from Sigma-Aldrich 0.2 pg/mL and
gentamicin from Thermo Fisher Scientific.

Neural differentiation of hESCs

Induction of neuroepithelial clusters (NECs)

Mouse embryonic fibroblasts (MEFs; Cell Biolabs, San
Diego, CA, USA) were cultured within MEF growth media
(summarized in Table 1) and were passaged at a 1:4 ratio. At
passage 4 (p4), MEFs were inactivated mitotically using 0.1
pg/mL mitomycin C (Sigma-Aldrich). The Shef3 hESC line
was obtained from the UK StemCell Bank under the project
SCSC10-48 and maintained on mitotically inactivated MEFs

Table | MEF growth media

DMEM from Lonza (Basel, Switzerland) 500 mL
L-glutamine from Lonza 1% (vIv)
Penicillin/streptomycin (Sigma-Aldrich, 5 mL (2 mM)
St Louis, MO, USA)

Heat-inactivated FBS from Thermo Fisher Scientific 10% (v/v)

(Waltham, MA, USA)

Abbreviation: MEF, mouse embryonic fibroblast.

Table 2 hESC media for cells on MEFs

DMEM-F12 (I:1) from Lonza (Basel, Switzerland) 385 mL
MEM nonessential amino acids (Thermo Fisher 0.5 mL (1X)
Scientific, Waltham, MA, USA)

Penicillin/streptomycin (Sigma-Aldrich, St Louis, 0.5 mL (1X)
MO, USA)

bFGF (R&D Systems, Minneapolis, MN, USA) 5uL (10 ng/
(100 pg/mL) mL)
Knockout serum replacement (Thermo Fisher 10 mL (20%)
Scientific)

Abbreviations: bFGF, basic fibroblast growth factor; hESC, human embryonic
stem cell; MEF, mouse embryonic fibroblast; MEM, Minimum Essential Medium.
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in hESC medium (summarized in Table 2) in 96-well plates.
hESCs were mechanically passaged every 5-7 days and
then conditioned to feeder-free culture by TrypLE Express
(Thermo Fisher Scientific) enzyme dissociation and plated at
ahigh density (1:1) onto hESC-qualified Matrigel® (Corning)-
coated flasks in mTESR (STEMCELL Technologies). For
neural induction, feeder-free hESCs were dissociated with
TrypLE and replated in neural induction medium (NIM; sum-
marized in Table 3) in uncoated, V-shaped 96-well plates at a
density of 1x10*cells/well. Within 24 hours, NECs formed.

Generation of neural rosette-forming progenitor
cells (NRPCs)

Medium was replaced daily for 5 days. On day 6, aggregates
were replated in 96-well plates in NIM onto 20 pg/mL laminin
(Millipore)-coated dishes to allow neural rosette formation
(2-3 days).

Expansion of neural progenitor cells

Neural rosette clusters were mechanically isolated and
replated in 96-well plates onto laminin-coated dishes in
neural expansion medium (NIM plus 1X B27 supplement;
Thermo Fisher Scientific). Early- and late-passage neural
progenitor cells (NPCs) were cultured in the same conditions
and passaged at a 1:3 ratio using TrypLE. To monitor NPCs
differentiation into motor neurons, some of the NPCs were
transfected with a GFP-reporter lentivirus system.

Immunohistochemistry of NECs, NRPCs, and NPCs

For immunostaining, at each stage of neural differentiation
(NECs and NRPCs), cells were sectioned onto glass slides.
Sectioned NECs and NRPCs and cultured NPCs in six-well
plates were fixed with 4% paraformaldehyde. Fixed sections
and NPCs were permeabilized with 0.3% Triton X in PBS
and then subsequently blocked with 2% BSA in PBS/Tween

Table 3 Neural induction medium

DMEM-F12 (I:1) from Lonza (Basel, 48.5 mL
Switzerland)

MEM nonessential amino acids (Thermo Fisher | 0.5 mL (1X)
Scientific, Waltham, MA, USA)

Penicillin/streptomycin (Sigma-Aldrich, 0.5 mL (1X)

St Louis, MO, USA)
bFGF (R&D Systems, Minneapolis, MN, USA)
(100 pg/mL)

10 pL (20 ng/mL)

N2 supplement (Thermo Fisher Scientific) 0.5 mL (1X)
Heparin (Sigma-Aldrich) (2 mg/mL) 50 pL (2 pg/mL)
Poly (vinyl alcohol) (Sigma-Aldrich) 4 mg/mL

Abbreviations: bFGF, basic fibroblast growth factor; MEM, Minimum Essential
Medium; NIM, neural induction medium.

20. The slides were then incubated overnight at 4°C with a
primary antibody (MAB2736; R&D Systems). The following
day, sections and NPCs were washed with PBS and incubated
for 1 hour at room temperature (RT) with goat anti-mouse
secondary antibody (Alexa Flour 568-red for NECs, NRPCs
and NPCs; Thermo Fisher Scientific) and imaged under a fluo-
rescent microscope (Leica CTR 6000; Leica Microsystems,
Wetzlar, Germany).

Co-culture of NPCs and human

myoblasts

Human myoblasts were incubated over 24 hours at 37°C
within a 5% CO, environment in six-well plates. Then, the
growth media was replaced with co-culture media supple-
mented with DMEM (500 mL), 10 pg/mL recombinant
human insulin, and 10 pg/mL gentamicin. NPCs were present
at a concentration of 25x10° cells/mL and incubated at 37°C
with 5% CO, for up to 7 days. At day 7, myotube contrac-
tions were observed.

Immunohistochemistry

At day 7, cells were stained with o-Bungarotoxin (o-BTX)
(TO195, 1/200; Sigma-Aldrich), and then fixed with 4%
paraformaldehyde for 10 minutes at RT. Co-cultures were
washed twice with PBS (Thermo Fisher Scientific). After
0o-BTX staining, cells were washed twice with PBS and
permeabilized with 1X perm/wash buffer (BD, Franklin
Lakes, NJ, USA) for 30 minutes at RT. Cells were washed
twice with PBS and then blocked with PBS containing 1%
BSA and 10% goat serum (Thermo Fisher Scientific) for 1
hour at RT. The following antibodies were used: mouse anti-
BII-tubulin (MAB1195, clone #TuJ 1, 1/400; R&D Systems),
rabbit anti-ryanodine receptor (anti-RyR; AB9078, 1/200;
Millipore), goat anti-choline acetyltransferase (anti-ChAT;
ABNI100, 1/200; Millipore), goat anti-ChAT (AB144, 1/200;
Millipore), and mouse anti-dihydropyridine receptor (anti-
DHPR; Ab2864, 1/400; Abcam). These antibodies were incu-
bated overnight at 4°C in 1X perm/wash buffer. Co-cultures
were washed with PBS and stained with the corresponding
secondary antibodies supplemented with DAPI (1/10,000;
Sigma-Aldrich) for 1 hour at RT. Stained co-culture cells
were visualized using a Leica SP5 confocal microscope
sourced by Leica Microsystems for fluorescent microscopy.

Results

A functional human motor unit platform
The present work describes a functional human motor unit
platform established using immortalized skeletal myoblasts
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and hESCs-derived NPCs that develop into motor neurons
in muscle differentiation media (co-culture media) devoid of
any complex neural growth factors or serum.

To validate the platform, two monoculture controls were
included, one of NPCs and the other of immortalized human
myoblasts?’ with co-culture media for 7 days. Cultured GFP-
transfected NPCs did not show any morphological changes
or motor neuron differentiation, but instead they deteriorated
and died (Figure 1A). The human myoblasts stained with
phalloidin-DAPI showed normal morphology and differentia-
tion features with centrally and peripherally located nuclei,
but the myotubes did not spontaneously contract (Figure 1B).

Derivation of NPCs from hESCs and

establishment of the NMJs model
The NPCs were derived from hESCs, as described previ-
ously.?® Neural differentiation of hESCs progressed through
three stages of differentiation to NECs (Figure 2A) and
NRPCs (Figure 2B) which were stained with Nestin red
color. To confirm that differentiated NPCs were homogeneous
committed neural lineage, cells were stained with DAPI,
anti-GFAP (a specific marker for glial cells) and anti-Nestin.
Double-positive staining (DAPI blue and Nestin red) con-
firmed the formation of NPCs while single DAPI staining was
not observed, which confirmed that the differentiated cells
were NPCs (Figure 2C). Staining of GFAP was not present,
confirming again that all of the cells were NPCs (Figure 2C).
The NPCs were co-cultured with human immortalized
myoblasts for 7 days in co-culture media. After myogenic
differentiation was initiated, the characteristics of functional
motor units began to develop. This included myotube forma-
tion and axonal sprouting from the NPCs which subsequently
formed NM1Js along the myotubes (Figure 2D). The myotubes

Figure | Monoculture of NPCs (A) and myoblasts (B).

showed spontaneous muscle contractions from approximately
day 7 onwards in the absence of any exogenous electrical
and chemical stimuli (Video S1). Due to the force of con-
tractions, some myotubes were detached from the culture
plate, causing large spaces within the co-culture. Since the
myotubes cultured without NPCs did not contract, they did
not detach from the culture plate and did not open up large
spaces (Figure 1B).

Characterization of co-cultures
On day 7, the motor neuron formation was assessed using the
specific marker for motor neuron differentiation, BIII-tubulin.
Figure 3A shows a typical shape of mature motor neurons
with axons terminating on myotubes. To further confirm the
formation of cholinergic motor neurons, acetyltransferase
antibodies (ChAT, a key enzyme for acetylcholine biosyn-
thesis) were used and are shown in green in Figure 3B.
Neurally and aneurally cultured myotubes were character-
ized by antibody staining against DHPRs and RyRs voltage-
gated channels which are located at muscle fiber T-tubules
and the sarcoplasmic reticulum, respectively. The DHPR-
and RYR-stained images showed transversal triad structures
(Figure 3C). These images illustrated mature differentiated
myotubes within the co-culture platform with peripherally
located nuclei (Figure 3A and B). The aneurally cultured
myotubes (control image) differentiated as expected, but did
not exhibit appropriate transversal triad structures (Figure 3D).
NMIJs display acetylcholine receptor (AChR) clusters
along myotubes, and these were assessed by staining for
a-BTX, as shown in Figure 3B and E where AChRs are
marked by red clusters. As shown in Figure 3A and E, motor
neuron axons extend to innervate myotubes and AChR
clusters at this same location, marked with o-BTX (red),

Notes: NPCs and myoblasts were separately cultured for 7 days. The same growth media was used for monocultures and co-cultures. (A) A representative image of GFP-
transfected NPCs. The NPCs did not exhibit any morphological changes or motor neuron differentiation; instead, they deteriorated and died. (B) A representative image of
phalloidin-DAPI-stained human myoblasts showed normal morphology and differentiation features with centrally and peripherally located nuclei. Scale bar: 50 uM.

Abbreviation: NPC, neural progenitor cell.
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Figure 2 Neural differentiation of hESCs.

Notes: Identification of NPCs from hESCs using Nestin red color as a specific neural differentiation marker. (A) NECs. (B) NRPCs. (C) Nestin-red color for NPCs. (D) A
representative phase-contrast image of NMJ formation showing an axon extended to contact a myotube. White dotted circle indicates a rosette shape. Scale bars are 100

uM for images (A)—(C) and 25 uM for image (D).

Abbreviations: hESC, human embryonic stem cell; NEC, neuroepithelial cluster; NMJ, neuromuscular junction; NPC, neural progenitor cell; NRPC, neural rosette-forming

progenitor cell.

indicating NMJ formation. Spontaneous myotube contractile
activity was determined on day 7. The myotubes co-cultured
with motor neurons showed high levels of spontaneous con-
tractile activity (Video S1). Muscle contractions were absent
from aneural myoblast cultures.

Discussion

Implications and future uses

This report describes a novel functional human motor unit
platform engineered from immortalized skeletal myoblasts
and NPCs derived from hESCs. This unique platform was
established for investigation of human NMJs and motor unit
formation, maintenance, and disease, as well as for drug
discovery and toxicity research.

The motor neuron and skeletal muscle co-cultures matured
without adding complex cocktails of serum or neural growth
factors. NMJ formation was observed and spontaneous myo-
tube contractions were recorded (Video S1) over a period as
short as 67 days, which is very early compared with the 14
days needed in previous studies'® or where NMJs formed after
20-25 days.” These are crucial advances for studying the
basic aspects of development and for recognizing pathophysi-
ological systems of NMJ disorders associated with disease

or aging. It is important that this type of work is carried out
with relevant human cultures to increase the possibility for
translation to clinical practice. Most previous cell culture
model systems used cross-species cell types'>!® and required
cocktails of serum3®*!' and growth factors.!®!"1*? These were
absent from the present model without any adverse effects,
which suggests that nerve and muscle cells release all of the
necessary factors needed to stimulate nerve axonal sprouting
and formation of NMJs with myotubes. Moreover, eliminat-
ing serum, which contains unknown factors that may affect
assay reproducibility, simplifies the interpretation of pharma-
cology and toxicity studies.?? Functional NMJ formation is
strongly supported by bidirectional communication' between
nerve and muscle as well as by neural growth factors (such
as brain-derived neurotrophic factor, glial cell line-derived
neurotrophic factor and neurotrophin-3/4) secreted by muscle
to support NMJ formation, maturation and maintenance. >3
Future investigations using this model will identify key fac-
tors released from nerve and muscle to orchestrate axonal
sprouting, localization, and NMJ maintenance.

Although animal models can represent essential parts of
physiological changes in a human disease,* in vitro human
cell cultures offer many advantages because they are formed
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DAPI BllI-tubulin Bll-tubulin DAPI

DAPI ChAT BTX

BTX Bll-tubulin DAPI

DAPI BTX fllI-tubulin

BllI-tubulin BTX DAPI

Figure 3 Characterization of muscle—nerve co-cultures.

Notes: (A and B) Characterization of motor neuron formation. (A) A representative image of the co-culture cells stained for Blll-tubulin (green) and DAPI (blue); scale bars:
25 pm. (B) A representative image of the co-culture cells stained for ChAT (green), 0-BTX (red), and DAPI (blue); scale bars: 75 pm. (C and D) Characterization of advanced
differentiated myotubes. (C) A representative image of the co-culture cells stained for DHPR (red), RyR (green), and DAPI (blue); scale bars: 2.5 ym. (D) A representative
image of the co-culture cells stained for DHPR (red), RyR (green), and DAPI (blue); scale bars: 7.5 pm. (E) Characterization of functional NMJs formation. A representative
image of the co-culture cells stained for Blll-tubulin (Tul; green), 0-BTX (red), and DAPI (blue); scale bars: 25 pm.

Abbreviations: 0-BTX, a-bungarotoxin; ChAT, choline acetyltransferase; DHPR, dihydropyridine receptor; NMJ, neuromuscular junction; RyR, ryanodine receptor.
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of relevant cell types, they can be produced quickly for high-
throughput screening, and they are more cost-effective in
comparison to animal models.'*!

Conclusion

In summary, human immortalized myoblasts were co-cultured
with hESCs-derived NPCs. Over the course of 7 days, myo-
blasts differentiated into myotubes and NPCs sprouted axons
that branched to form multiple NMJ innervation sites along
myotubes, and myotubes showed extensive, spontaneous
contractile activity. This cell culture platform may be used
to study human NMJ growth and disease and may reduce the
use of animal models in future related research.
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Video S| Phase contrast video micrograph of innervated human myotube
contractions at Day 7.
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