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SUMMARY:

We describe a method to generate human motor units in commercially available microfluidic
devices by co-culturing human induced pluripotent stem cell-derived motor neurons with human
primary mesoangioblast-derived myotubes resulting in the formation of functionally active
neuromuscular junctions.


mailto:katarina.dittlau@kuleuven.be
mailto:enkras94@gmail.com
mailto:laura.fumagalli@kuleuven.be
mailto:tijs.vandoorne.work@gmail.com
mailto:pieter.baatsen@kuleuven.be
mailto:axelle.kerstens@kuleuven.be
mailto:giorgia.giacomazzi@histogenex.com
mailto:Benjamin.pavie@kuleuven.be
mailto:Elisabeth.rossaert@kuleuven.be
mailto:jimmy.beckers@kuleuven.be
mailto:Maurilio.sampaolesi@kuleuven.be
mailto:Philip.vandamme@kuleuven.be
mailto:ludo.vandenbosch@kuleuven.be
mailto:ludo.vandenbosch@kuleuven.be
https://www.editorialmanager.com/jove/download.aspx?id=1362599&guid=6b13567b-7f2d-4a97-ba55-44b279ec9292&scheme=1
https://www.editorialmanager.com/jove/download.aspx?id=1362599&guid=6b13567b-7f2d-4a97-ba55-44b279ec9292&scheme=1

45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88

ABSTRACT:

Neuromuscular junctions (NMJs) are specialized synapses between the axon of the lower motor
neuron and the muscle facilitating the engagement of muscle contraction. In motor neuron
disorders, such as amyotrophic lateral sclerosis (ALS) and spinal muscular atrophy (SMA), NMJs
degenerate, resulting in muscle atrophy and progressive paralysis. The underlying mechanism of
NMJ degeneration is unknown, largely due to the lack of translatable research models. The study
aimed to create a versatile and reproducible in vitro model of a human motor unit with functional
NMJs. Therefore, human induced pluripotent stem cell (hiPSC)-derived motor neurons and
human primary mesoangioblast (MAB)-derived myotubes were co-cultured in commercially
available microfluidic devices. The use of fluidically isolated micro-compartments allows for the
maintenance of cell-specific microenvironments while permitting cell-to-cell contact through
microgrooves. By applying a chemotactic and volumetric gradient, the growth of motor neuron-
neurites through the microgrooves promoting myotube interaction and the formation of NMJs
were stimulated. These NMJs were identified immunocytochemically through co-localization of
motor neuron presynaptic marker synaptophysin (SYP) and postsynaptic acetylcholine receptor
(AChR) marker a-bungarotoxin (Btx) on myotubes and characterized morphologically using
scanning electron microscopy (SEM). The functionality of the NMJs was confirmed by measuring
calcium responses in myotubes upon depolarization of the motor neurons. The motor unit
generated using standard microfluidic devices, and stem cell technology can aid future research
focusing on NMlJs in health and disease.

INTRODUCTION:

NMJs facilitate the communication between lower spinal motor neurons and skeletal muscle
fibers through the release of neurotransmitters®. In motor neuron disorders like ALS and SMA,
the NMJs degenerate, which causes a disruption in the communication with the muscles?™. This
results in patients gradually losing their muscle function, which causes them to be wheelchair-
bound and eventually dependent on respiratory life-support due to progressive atrophy of vital
muscle groups like the diaphragm. The exact underlying mechanisms responsible for this
profound loss of NMlJs in these disorders are unknown. Many studies have been done on
transgenic animal models, which has given us some insights into the pathogenesis of NMJ
degeneration>®%!1, However, to fully understand the pathology and counteract the denervation,
it is important to have a human system, which allows full accessibility.

Here, the protocol describes a relatively simple way to generate human NMIJs through the co-
culturing of hiPSC-derived motor neurons and human primary MAB-derived myotubes using
commercially available microfluidic devices. The use of microfluidics to polarize and fluidically
isolate the somas and axons of neurons has been known since the first description of the
‘Campenot’ chambers!? in the late 1970s. Since then, more microfluidic designs have been
fabricated, including commercial options. The devices used in this protocol contain two
compartments, and each compartment consists of two wells connected with a channel3. The
two compartments are mirrored and connected with several microgrooves. These microgrooves
have a size that facilitates neurite growth while maintaining fluidic isolation between the two
compartments through a capillary hydrostatic pressure®®!4. Using this system, it is possible to
culture motor neurons in one compartment and muscle cells in the other one, each in their
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specific culture medium, while still facilitating a physical connection through neurites passing
through the microgrooves and engaging with the muscle cells. This model provides a fully
accessible and adaptable in vitro system of a human motor unit, which can be used to study early
NMJ pathology in diseases like ALS and SMA.

PROTOCOL:

Written informed consent was obtained from all subjects, who provided their samples for iPSC
generation and MAB harvesting. The procedure was approved by the medical ethics committee
of the University Hospital Leuven (n° S5732-ML11268) and by the UK’s main research ethics
committee as part of the StemBANCC project. All reagents and equipment used in this protocol
are listed in the Table of Materials and should be used sterile. Media should be heated to room
temperature (RT) before use unless otherwise specified. For an overview of the co-culture
protocol, please see Figure 1.

1. Differentiation of motor neuron progenitors from iPSCs

1.1. Follow the motor neuron differentiation protocol'®, adapted from a previous study®®, until
reaching the day 10 neural progenitor (NPCs) state. According to the timeframe of the protocol,
the differentiation is initiated on a Monday (day 0), which results in day 10 NPCs on a Thursday.

1.2. Cryopreserve day 10 NPCs in knock-out serum replacement with 10% dimethyl sulfoxide
(DMSO) at a density of 2 x 10°— 4 x 10° cells per vial.

CAUTION: DMSO is toxic: handle in a fume hood with personal protective equipment.

NOTE: Approximately 50% of the day 10 NPCs are expected to be vital upon thawing. Stop the
motor neuron differentiation protocol at this ‘day 10 NPC’ state and cryopreserve the NPCs to
generate a large number of NPCs, which can be banked and used later, reducing the length of
the overall timeline of the co-culture protocol from 28 days to 19 days total.

2. Derivation and maintenance of human MABs

NOTE: MABs are vessel-associated mesenchymal stem cells, which in this case have been
harvested from biopsies obtained from a 58-year-old healthy donor. Alternative commercial
sources are available. The protocol to obtain MABs is briefly explained. For further information,
refer to the detailed protocol*’. All MAB media should be heated to 37 °C before use.

2.1. Mince the biopsy tissue and incubate on collagen (from calfskin) coated 6 cm dishes in a
growth medium (Table 1) for 2 weeks. Change the medium every 4 days.

2.1.1. To prepare collagen coating, dissolve 100 mg of collagen in 20 mL of 0.1 M Acetic acid.
Collagen takes time to dissolve, so place the mixture on a rocking platform overnight at RT. The
following day, top up with 80 mL of ddH0 to a final volume of 100 mL.
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CAUTION: Acetic acid is toxic; handle in a fume hood with personal protective equipment.
NOTE: Collagen from calfskin coating can be reused up to 5x. Store at 4 °C.

2.1.2. Coat the entire surface of the dish or the flask with collagen, close and incubate for 20 min
at RT inside a laminar flow. After 20 min, recover the collagen in a fresh container, close the
empty dish/flask and leave for 10 min at RT in the laminar flow.

2.1.3. Transfer the dish/flask to the incubator for overnight (or at least 6 h) incubation (37 °C, 5%
CO2). Wash 5x with Dulbecco’s phosphate-buffered saline without calcium or magnesium (DPBS)
before plating cells.

2.2. After 14 days, FACS (fluorescent activated cell sorting) sort the MABs for human alkaline
phosphatase!’” followed by further expansion. Maintain the MABs on collagen-coated T75 flasks
in the growth medium and change the growth medium every 2 days (10 mL per flask).

2.3. Cryopreserve, passage, or seed MABs in devices when reaching 70% confluence.

NOTE: MABs lose their myogenic potential due to spontaneous fusions upon cell-to-cell contact.
Make sure not to exceed 70% confluence when expanding MABs. One 70% confluent T75 flask
contains approximately 600,000—-800,000 cells, which can be cryopreserved at 100,000 cells per
vial. Each vial can later be thawed and seeded in a T75 flask for expansion.

2.4. To passage MABs, gently wash them once with 7 mL of DPBS and then incubate in 7 mL of
MAB dissociation solution for a 3-min at 37 °Cin 5% CO; to dissociate the cells.

2.4.1. Neutralize the MAB dissociation solution with 7 mL of the growth medium, gently scrape
the cells, and transfer the cell suspension to a 50 mL centrifuge tube. Gently wash the flask with
an extra 5 mL of the growth medium to collect potentially remaining MABs.

2.4.2. Centrifuge the cell suspension for 3 min at 300 x g, then passage directly to a new collagen-
coated T75 flask for expansion, cryopreserve in knock-out serum replacement with 10% DMSO
or count to seed in a microfluidic device.

NOTE: Passages are performed 1x—2x per week for cell expansion until a maximum passage
number of 13. Upon dissociation, MABs appear spherical and large in shape when examined
under the microscope.

3. Preparation of pre-assembled microfluidic devices — Day 9
NOTE: The protocol is adapted from the microfluidic device manufacturer’s neuron device

protocol and has been adjusted for the use of both pre-assembled and silicone devices. Here,
pre-assembled devices are used for immunocytochemistry (ICC) and live-cell calcium transient
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recordings, while silicone devices are used for SEM. The timeline of the protocol follows the
timeline for the motor neuron differentiation protocol.

3.1. Prepare the microfluidic devices the day before seeding cells, as coating needs to incubate
overnight. According to the motor neuron protocol, this will be a Wednesday. Add ~10 mL of
70%—-100% ethanol to a 10 cm Petri dish. Use forceps to transfer the device from the shipping
container to the Petri dish for sterilization.

3.2. Submerge the device in ethanol for 10 s and transfer the device with forceps to a piece of
paper to air dry in the laminar flow for ~30 min. Flip the device a few times to allow both sides
to dry. When the device is dry, use forceps to move each device to an individual 10 cm Petri dish
for easy handling

CAUTION: Ethanol is toxic; handle in a fume hood with personal protective equipment

3.3. Coat the device with Poly L ornithine (PLO) (100 pg/mL) in DPBS and incubate at 37 °C, 5%
CO; for 3 h.

3.3.1. Use a P200 pipette to add 100 uL of PLO in DPBS in a top well as close to the channel
opening as possible and observe the fluid passing from the top well through the channel to the
bottom well. Subsequently, add 100 uL of PLO in DPBS to the bottom well.

3.3.2. Repeat on the other side of the microgrooves and finish by adding 100 uL on one side of
the device to create a volume gradient between the two mirrored sides of the device to coat the
microgrooves (e.g., right side 200 puL, left side 300 pL). After 3 h, wash the device 3x for 5 min
with DPBS. Use a suction system if required.

NOTE: Make sure to avoid any air bubble formation in the channels at any point during the
coating or culturing of the cells. Even small bubbles will expand over a short time, thereby
inhibiting coating, cell seeding, or media flow across the channel. If the fluid stops in the channel
during coating, resuspend the PLO solution directly into the channel from both sides. If bubbles
are still present, use 200 uL of DPBS to flush the channel and repeat the coating process as stated
above in steps 3.3.1-3.3.2. If bubbles appear after cell seeding, it is impossible to recover the
device, as flushing the channel will damage the cells.

3.4. Coat the device with laminin (20 pg/mL) in a Neurobasal medium and incubate overnight at
37 °C, 5% CO;. Follow the same instructions for PLO coating from steps 3.3.1-3.3.2.

3.5. The following day, use a P200 pipette and position the tip in the well opposite to the channel
opening to remove the laminin coating from the wells. Add DPBS to all the wells and leave the
devices with DPBS in the laminar flow at RT for cell seeding.

NOTE: From this point on, it is important not to remove liquid (laminin coating, DPBS, media,
fixation solution, etc.) directly from the channels, as this might cause air bubble formation.
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Always inspect the devices under the microscope before seeding cells.
4. Preparation of silicone microfluidic devices — Day 9

4.1. Prepare the silicone microfluidic devices the day before seeding cells, as coating needs to
incubate overnight. According to the motor neuron protocol, this will be a Wednesday.

4.1.1. Add ~10 mL of 70%—100% ethanol to a 10 cm Petri dish. Use forceps to transfer the device
from the shipping container to the Petri dish for sterilization. Submerge the device in ethanol for
10 s and transfer with forceps to a well in a 6-well plate to air dry in the laminar flow for ~30 min.
Position the device on edge to allow all sides to dry.

4.1.2. Cut down the SEM sheets to the size of the device (leave a few mm on each side). Repeat
the sterilization as stated above in step 4.1. Then, transfer with forceps to a 10 cm Petri dish to
dry. Two-three SEM sheets will fit in one dish.

4.2. Coat the devices and the SEM sheets with PLO (100 pg/mL) in DPBS and incubate at 37 °C,
5% CO; for 3 h.

4.2.1. Add 1 mL of PLO in DPBS per well to each device in the 6-well plate. Ensure the device is
floating on top of the PLO solution with the channel and microgroove side facing down into the
liquid. Add 10 mL of PLO in DPBS per 10 cm Petri dish and use forceps to push down the SEM
sheets into the liquid.

NOTE: SEM sheets will usually float on top of the coating solution. Before assembling the device
and sheet, turn the SEM sheet around so that the surface, which has been in contact with the
PLO, contacts the channel and microgroove surface of the device.

4.2.2. After 3 h, wash the device and SEM sheets 2x for 5 min with DPBS followed by another
wash for 5 min with sterile water. Use a suction system if needed. Transfer each SEM sheet to an
individual 10 cm Petri dish for easy handling.

NOTE: Both devices and SEM sheets have to be completely dry before assembly. The final wash
with sterile water removes potential salt crystals from the DPBS, which might otherwise inhibit
assembly.

4.3. Work under a microscope in a laminar flow. Use forceps to mount the silicone device with
the channel and microgroove side down at a 90° angle unto the SEM sheet, ensuring that all sides
are aligned. Press lightly down onto the device to make sure to seal not only outer edges but also
around wells, channels, and microgrooves.

NOTE: Bonded areas will appear grey, while those not yet mounted will appear clear under the
microscope. Ensure that all areas are well sealed without air bubbles to avoid detachment of the
device during culturing. In case of debris or salt crystals blocking mounting, rewash both SEM
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sheet and device in sterile water and dry before retrying the mounting procedure. If the
microgrooves appear distorted from pressing too hard on the device, remove the device
completely from the SEM sheet and try the mounting again. Be careful when coating and
changing media once the device is mounted.

4.4, Work under a microscope in a laminar flow. Coat the device with laminin (20 pg/mL) in a
Neurobasal medium and incubate overnight at 37 °C, 5% CO,.

NOTE: Overnight incubation hardens the silicone device and further seals it onto the SEM sheet.

4.4.1. Use a P200 pipette to add 100 uL of the laminin solution in a top well as close to the channel
opening as possible and observe the fluid passing from the top well through the channel to the
bottom well. Check for leakage around the well and channel.

4.4.2. Subsequently, add 100 pL of laminin solution to the bottom well and check for leakage.
Repeat on the other side of the microgrooves and finish with an additional 100 pL on one side of
the device to create a volume gradient between the two mirrored sides of the device to coat the
microgrooves (e.g., right side 200 uL, left side 300 pL).

NOTE: In case of leakage, remove the laminin coating, disassemble the device and the SEM sheets
and wash both in sterile water. Let them dry and repeat from step 4.3 onwards.

4.4.3. The following day, remove the coating from the wells with a P200 pipette by positioning
the tip in the well opposite the channel opening. Add DPBS to all the wells and leave the devices
with DPBS in the laminar flow at RT for cell seeding.

NOTE: From this point on, do not to remove liquid (laminin coating, DPBS, media, fixation
solution, etc.) directly from the channels, as this might cause air bubble formation. Always inspect
the devices under the microscope before seeding cells.

5. Plating of NPCs in microfluidic devices — Day 10

NOTE: According to the motor neuron differentiation protocol®, plating of day 10 NPCs occur on
a Thursday.

5.1. Use freshly dissociated day 10 NPCs'>, or thaw 1-2 vials of banked NPCs per 10 mL of day 10
motor neuron medium (Table 2 and Table 3) with ROCK inhibitor (10 uL/mL) solution, and
centrifuge the cell suspension at 100 x g for 4 min.

5.2. Resuspend the cell pellet in 500—1000 pL of day 10 motor neuron medium with ROCK
inhibitor (10 uL/mL) solution and count the live cells using any preferred counting method.

NOTE: As stated below, make sure to resuspend the NPCs into the correct amount of media to
accommodate an optimal seeding volume.
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5.3. Remove DPBS from two wells on one side of the microgrooves in the device with a P200
pipette and seed 250,000 NPCs in 60—100 pL of day 10 motor neuron media.

5.3.1. In the top right well, seed 30-50 pL of the cell suspension (125,000 cells) close to the
channel opening at a 45° angle and drag the remaining fluid gently along the well floor towards
the center of the well with the pipette tip.

5.3.2. Pause for a few seconds to allow the cell suspension to flow through the channel before
repeating this in the lower well (125,000 cells in 30-50 pL). Use a pen to mark the seeded side
“NPC” or equivalent for easy orientation of the device without a microscope.

5.3.3. Incubate the device at 37 °C, 5% CO; for 5 min to allow cell attachment before topping up
the two-seeded wells with an additional day 10 motor neuron medium (total 200 pL/well) and
incubate again at 37 °C, 5% CO,.

NOTE: Each well can contain 200 uL. Seeding cells in both wells and channels ensures a robust
structure of the culture, lowering the risk of cell detachment during media changes. It is possible
to seed fewer cells in just the channel. However, this will render the culture more susceptible to
the volume current through the channels during each medium change.

5.4. Use a P200 pipette to remove DPBS from the two wells on the other side of the microgrooves
opposite the freshly seeded NPCs. Add 200 pL/well of day 10 motor neuron media and wait a few
seconds between top and bottom well to allow media to flow through the channel. Then, add 6
mL of DPBS per 10 cm dish around the device to prevent evaporation of the medium during
incubation.

NOTE: Add additional DPBS around the device during the culture period if needed.

5.5. Perform a full motor neuron medium change in both compartments of the device on day 11
(Friday), day 14 (Monday), and day 16 (Wednesday) (Table 2 and Table 3). Add fresh media
supplements on the day of the medium change.

NOTE: From this point on, perform all medium changes with a P200 pipette. Always position the
pipette tip away from the channel at the edge of the well and do not remove liquid directly from
the channel. Be careful not to detach the silicone devices. Removing and adding medium should
be done slowly to prevent cell detachment.

5.5.1. Carefully remove all media in both wells with NPCs by positioning the P200 pipette tip at
the bottom edge of the well wall opposite the channel opening. Slowly add 50-100 pL of fresh
motor neuron medium to the top well by positioning the P200 pipette tip at the top edge of the
well wall opposite the channel opening.

5.5.2. Pause for a few seconds to allow the medium to flow through the channel before adding
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50—100 pL of motor neuron medium to the bottom well. Repeat this process carefully until both
wells contain 200 pL/well. Repeat on the side without cells.

6. Plating of MAB in microfluidic devices — Day 17

6.1. Approximately 7 days before seeding MABs in the microfluidic devices (day 10 of motor
neuron differentiation), thaw MABs and seed them in the growth medium (Table 1) in a T75 flask
coated with collagen to allow for sufficient cell expansion. See section 2.

6.2. On day 17 of the motor neuron differentiation (Thursday), dissociate MABs as explained in
step 2.4.1., resuspend the cell pellet in 500 pL of growth medium and count the live cells using
any preferred counting method.

NOTE: As stated below, make sure to resuspend the MABs into the correct amount of media to
accommodate optimal seeding volume.

6.3. Remove the motor neuron medium on the unseeded side of the microgrooves in the device
with a P200 pipette, wash gently with DPBS, and seed 200,000 MABs in 60-100 uL of growth
medium.

6.3.1. In the top right well, seed 30-50 puL of cell suspension (100,000 cells) close to the channel
opening at a 45° angle and drag the remaining fluid gently along the well floor towards the center
of the well with the pipette tip. Pause for a few seconds to allow the flow of cells through the
channel before repeating in the lower well (100,000 cells in 30-50 pL).

6.3.2. Incubate the device at 37 °C, 5% CO> for 5 min to allow cell attachment before topping up
the two freshly MAB-seeded wells with additional growth medium (total 200 uL/well) incubate
again at 37 °C, 5% CO,.

NOTE: No medium change is needed on day 17 on the motor neuron side of the device. Day 17
medium change according to the previously published motor neuron differentiation method*® is
instead performed on day 18 (Friday).

7. Implementation of a volumetric and chemotactic gradient to promote the growth of motor
neuron neurites towards the MAB compartment

7.1. On day 18, perform a full medium change on the motor neuron side with day 18 motor
neuron medium (200 pL/well). Follow the instructions for medium changes mentioned in steps
5.5.1-5.5.2. Initiate the MAB differentiation in the MAB compartment of the device (Table 2 and
Table 4).

7.1.1. Carefully wash the MAB compartments once with DPBS before adding preheated MAB
differentiation medium (Table 4) supplemented with 0.01 pg/mL of human agrin (200 pL/well).
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NOTE: MABs will fuse and form multinucleated myotubes over the time course of one week.

7.2. On day 21, according to the motor neuron differentiation protocol (Monday), initiate the
chemotactic and volumetric gradient (Table 2 and Table 3).

7.2.1. Add 200 pL/well of motor neuron basal medium with brain-derived neurotrophic factor
(BDNF) (30 ng/mL), glial cell line-derived neurotrophic factor (GDNF) and ciliary neurotrophic
factor (CNTF), human agrin (0.01 ug/mL), and laminin (20 pg/mL) to the myotube compartment
(previously defined as the MAB compartment). Add motor neuron basal medium (100 uL/well)
without growth factors to the motor neuron compartment.

7.3. Repeat step 7.2 every second day until day 28 of the motor neuron differentiation. No media
change is needed during weekends.

[Place Figure 1 here]
8. Fixation and ICC

NOTE: All steps should be done carefully to prevent detachment of the neuronal cultures. Do not
remove liquid from the channels during the following steps.

8.1. Perform fixation in a fume hood or laminar flow: Carefully wash all wells in the device once
with DPBS before fixation. Fix using 4 % paraformaldehyde (PFA) in DPBS for 15-20 min at RT in
the laminar flow (100 pL/well).

CAUTION: PFA is toxic: handle in a fume hood with personal protective equipment.

8.1.1. Carefully add 100 uL to the top well of the device and wait a few seconds to allow the
fixation solution to flow through the channel before adding 100 uL to the bottom well. Repeat
on the other side. After incubation, remove PFA solution and gently wash 3x for 5 min with DPBS.
Leave in 200 uL/well DPBS for storage and seal the 10 cm petri dish with parafilm to store at 4 °C
until ICC experiment.

NOTE: Make sure the devices do not dry out during storage.

8.2. Incubate the cells with a permeabilization solution (100 uL/well) of 0.1% Triton X-100 in
DPBS for 20 min at RT on day 1 of the ICC procedure. Remove the permeabilization solution, and
add 5% normal donkey serum in 0.1% Triton X-100/DPBS solution (100 pL/well) for 30 min at RT.
8.3. Remove the 5% normal donkey serum solution, and incubate devices with primary antibodies
(Table of Materials) in 2% normal donkey serum in 0.1% Triton X-100/DPBS solution and incubate
at 4 °C overnight.

8.3.1. Implement a volume gradient. Add 100 pL/well of antibody solution on one side of the
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microgrooves and 150 pL/well on the other (500 puL total per device).

NOTE: It is possible to use different antibodies on either side of the microgrooves. In this case,
do not implement a volume gradient with primary or secondary antibodies across microgrooves
to sustain the fluidic isolation between compartments. The neurites in the microgrooves will not
be stained without the gradient.

8.4. The following day (day 2 of the ICC procedure), remove the primary antibodies and carefully
wash the device 3x for 5 min with 0.1% Triton X-100/DPBS solution.

NOTE: In easily detachable cultures, washing 3x for 5 min can be replaced with 1x for 30 min.

8.5. Work in the dark from now on, as secondary antibodies (Table of Materials) are light
sensitive. Incubate cells with secondary antibodies in 2% normal donkey serum in 0.1% Triton X-
100/DPBS solution for 1 h at RT. Implement a volume gradient as stated in step 8.3.1. After
incubation, remove the secondary antibodies and wash 3x for 5 min with DPBS.

8.6. Label the nuclear DNA with DAPI in DPBS (100 uL/well) for 20 min at RT followed by 3x—4x of
5 min wash with 0.1% Triton X-100/DPBS solution. Remove the 0.1% Triton X-100/DPBS solution
from all wells and let the culture dry for a few seconds before adding one drop of Fluorescent
mounting media in each well to seal.

NOTE: Keep the devices horizontal for at least 24 h to allow the mounting media to set. After 24
h, the devices can be stored in a slide case at 4 °C.

8.7. Image in z-stacks with an inverted microscope.

8.7.1 To image NMJs, use a 40x objective to locate the myotubes marked with a myotube
antibody (Table of Materials) and perform z-stack recordings to ensure neuronal and myotube
tissue imaging. Take multiple images in case the myotube is too large to fit into a single frame.

8.7.2. For NMJ quantification, manually count the number of co-localizations between a neuronal
presynaptic marker and an AChR marker through each z-stack. Normalize the number of co-
localizations to the number of myotubes present in the z-stack.

9. Fixation and preparation of the device for SEM
NOTE: When changing liquids, always keep a small amount to cover the culture to avoid cell
collapse. This protocol uses highly toxic substances, and it is required to work with personal

protective equipment and in a fume hood during the entire process.

9.1. Fixation and disassembly: Prepare fresh 2.5% glutaraldehyde (GA) in 0.1 M sodium
cacodylate buffer (pH 7.6), filter with a 0.2 um filter, and heat up to 37 °C.



485
486
487
488
489
490
491
492
493
494
495
496
497
498
499
500
501
502
503
504
505
506
507
508
509
510
511
512
513
514
515
516
517
518
519
520
521
522
523
524
525
526
527
528

CAUTION: GA and sodium cacodylate are toxic: handle in a fume hood with personal protective
equipment.

9.1.1. Carefully wash the device once with DPBS to remove the media and cell debris and then
prefix with GA solution for 15 min at RT.

9.1.2. Use a scalpel to carefully cut the SEM sheet to the perimeter of the device while steadying
the device with forceps. Make sure not to detach the device while cutting. Move the device and
SEM sheet with the help of forceps to a 3 cm Petri dish and place the 3 cm dish in a 10 cm dish
for easy handling.

9.1.3. After 15 min of prefixation, carefully remove the device from the SEM sheet using forceps.
Detach the device in one corner and slowly remove it in a diagonal direction towards the opposite
corner. Observe the cells detach from the device.

9.1.4. Add additional GA solution to cover the entire SEM sheet in the 3 cm dish and continue
fixation for a total of 2 h at RT or overnight at 4 °C.

NOTE: Gently push the SEM sheet under the GA solution with forceps by avoiding any cell-
covered surfaces.

9.2. Continue with a standard protocol for SEM. In brief, incubate in osmium tetroxide followed
by dehydration with a graded series of ethanol. Insert SEM sheet into a coverslip holder for
critical point drying and mount on support stubs for carbon-stickers and coating. Use a scanning
electron microscope to image at an accelerating voltage of 5 kV and a working distance of 7 mm.

10. Assessment of NMJ functionality using live-cell calcium imaging

10.1. Prepare devices: Refresh myotube compartment with 200 uL/well of day 18 motor neuron
basal medium with 30 ng/mL of BDNF, GDNF, and CNTF and the motor neuron compartment with
200 pL/well of motor neuron basal medium without growth factors (Table 2 and Table 3).

10.1.1. Add Fluo-4 AM dye diluted in Fluo-4 dye solvent to the myotube compartment at a final
concentration of 5 uM and incubate the device in the dark at 37 °C, 5% CO; for 25 min. While the
device is under incubation, dilute potassium chloride in motor neuron basal medium without
growth factors at a final concentration of 450 mM.

NOTE: Fluo-4 AM is a calcium indicator, which exhibits an increase in fluorescence upon calcium
binding. Work in the dark from now on, as the dye is light sensitive.

10.1.2. After 25 min, refresh the myotube compartment with 200 puL/well of day 18 motor neuron
basal medium with 30 ng/mL of BDNF, GDNF, and CNTF and the motor neuron compartment with
100 pL/well of motor neuron basal medium without growth factors to re-establish the
chemotactic and volumetric gradient.
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10.1.3. To block the NMls, supplement the myotube compartment medium with 19 uM of the
AChR competitive antagonist tubocurarine hydrochloride pentahydrate.

CAUTION: Tubocurarine hydrochloride pentahydrate is toxic: handle in a fume hood with
personal protective equipment.

10.2. Perform recordings with an inverted confocal microscope equipped with an incubator
adjusted to 37 °C, 5% CO..

10.2.1. With a 10x objective, use the bright field channel to locate the myotubes in the myotube
compartment. Adjust the laser power, gain and offset for the 488 channel to a level where the
Flou-4 fluorescence marks the individual myotubes.

NOTE: Representative results were acquired by adjusting the scroll bars in the Al settings of the
software to a laser power of 5%, a gain of 60 (HV), and an offset of 0.

10.3. Set the recording time to 1 min with 1 s intervals. Record for 5-10 s to have a baseline,
followed by immediately stimulating motor neurons with the potassium chloride solution.

10.3.1. After 5-10 s into the recording, slowly add 25 uL of potassium chloride solution to one
well of the motor neuron compartment to reach a final concentration of 50 mM.

NOTE: Avoid adding the potassium chloride solution too fast since this will create a wave through
the channel, causing artifacts on the recording.

10.4. Record the myotube compartment with motor neuron stimulation twice with a 2 min pause,
followed by direct stimulation with 25 pL potassium chloride solution of the myotube
compartment to assess direct myotube activity independent of motor neuron depolarisation.

10.5. For quantifications, circle each myotube manually with the recording software and analyze
the Flou-4 fluorescent intensity over the 1-min time period. To determine the increase in calcium
influx, subtract the average baseline value (i.e., average from the first 10 s before potassium
chloride stimulation) from the peak value after stimulation with potassium chloride. The
representative results were acquired using the software’s Time Measurement tool.

REPRESENTATIVE RESULTS:

Generation of NMIJs in microfluidic devices

To generate a human motor unit with functional NMJs in commercially available microfluidic
devices, human iPSC-derived motor neurons and human MAB-derived myotubes were used. The
quality of the starting cell material is important, and especially the fusion capability of the MABs
into myotubes is crucial for a successful outcome of this protocol. MABs are easy to keep in
culture. However, it is important to assess the fusion capability of each batch before applying
them to the microfluidic devices (Supplemental Figure 1A,B)'8. Any batches, which do not show
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myotube formation after 10 days of differentiation, should not be used. The fusion index in
Supplemental Figure 1B was determined by calculating the percentage of nuclei within myotubes
positive for each myotube marker of the total number of nuclei per image. We found that a fusion
index of approximately 8% was sufficient for our co-culture in generating NMJs.

It is always important to commence a motor neuron differentiation from a pure culture of iPSCs.
The purer the input — the purer the outcome. The motor neuron differentiation protocol
generates motor neuron cultures, which are typically 85%-95% positive for motor neuron
markers (Supplemental Figure 1C,D)'8. The remaining cells will usually be undifferentiated
precursor cells, which in some cases will undergo extensive proliferation and hereby have a
negative impact on the quality of the culture. To get the best outcome of this protocol, the motor
neuron differentiation efficiency should be evaluated before applying the day 10 motor neuron-
NPCs into the device. In addition, a NPC quality check can be performed at day 11 to evaluate the
expression of NPC marker Olig2 (Supplemental Figure 1E,F).

Initially, the motor neuron-NPCs and the MABs were plated at the same time point on day 10.
Here, the MAB differentiation was initiated on day 11. The volume and growth factor gradient
implemented on day 14 allowed us to evaluate the NMJ formation at day 21, thereby shortening
the protocol by one week. Interestingly, we could observe characteristic NMJ formation by ICC
(Supplemental Figure 2A). However, we were not able to acquire a functional output via the live-
cell calcium recordings this early in the motor neuron differentiation (data not shown). We
concluded that the motor neurons were not yet mature enough to form functional NMJ
connections with the myotubes, even though the NMJ morphology looked promising. This is in
line with our previous observations that spontaneous action potentials in motor neurons,
recorded through patch-clamp electrophysiological analysis, only occur at day 35 of motor
neuron differentiation?®.

In addition, we attempted to prolong motor neuron maturation, as well as the co-culture
sustainability, by maturing the motor neurons in the device for 2 weeks (day 24), before plating
the MABs. Unfortunately, a large amount of spontaneous motor neuron-neurite crossing through
microgrooves was observed, which resulted in the inhibition of MAB attachment (Supplemental
Figure 2B). Due to the lack of myotube formation in the channel, we were unsuccessful in
identifying NMJs at day 36 and therefore applied the 28-day protocol (Figure 1).

Identification, quantification, and morphological characterization of in vitro NMJs

After following the 28-day protocol (Figure 1), fully functional NMJs could be obtained. Both in
vivo and in vitro, NMIs are characterized immunohisto- or immunocytochemically through the
co-localization of a presynaptic marker and a postsynaptic marker. In this study, a combination
of neurofilament heavy chain (NEFH) and SYP as a presynaptic marker combination was used,
which allowed the following a single neurite from the soma of the motor neuron towards the
most distal process. On the muscle side, Btx is widely used as a postsynaptic marker for AChRs,
and was likewise used in this study. The supplementation of agrin and laminin promotes the
clustering of the AChRs at the sarcolemma®®=?!, making it easier to identify AChRs in vitro and
likewise increases the number of AChRs and NMJs present??,
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In order to locate and calculate the NMJs in an unbiased manner, each myotube is identified
through myosin heavy chain (MyHC)-positivity and imaged in z-stacks at 40x magnification using
an inverted confocal microscope. For very long myotubes, multiple z-stacks were acquired. For
image analysis, the number of co-localizations between NEFH/SYP and Btx is counted manually
through each z-stack, and the number of co-localizations is normalized to the number of
myotubes present in the z-stack (Figure 2A—C)*8. Not all myotubes will have NMJs, as seen in the
guantification of innervated myotubes (Figure 2D). Consequently, it is important to perform an
unbiased recording approach, where all myotubes are imaged, independent of Btx presence.

It is possible to identify two types of morphologies in this in vitro system. The NMJs either appear
as single contact point NMJs, where a neurite touches upon a cluster of AChRs at one interaction
point, or multiple contact point NMJs, where a neurite will fan out and engage with the AChR
cluster over a larger surface. These two morphologies can be identified both
immunocytochemically (Figure 2A)*® and with SEM (Figure 2B)8, and can likewise be quantified
(Figure 2C)*8. Overall, the multiple contact points facilitate a broader connection through a large
muscle embedment, which points towards a more mature NMJ formation. In contrast, the single
contact point NMlJs are considered less mature due to the early developmental state of the
culture.

Functional evaluation of in vitro NMJs

To evaluate the functionality of the NMJs, live-cell calcium transient recordings were used (Figure
3)%8, Taking advantage of the fluidically isolated system of the microfluidic devices, the motor
neuron soma side was stimulated with a high concentration (50 mM) of potassium chloride while
simultaneously recording an influx in calcium in the myotubes, which were loaded with the
calcium-sensitive Fluo-4 dye (Figure 3A). Almost immediately upon motor neuron activation, we
could observe a calcium influx in the myotubes through a characteristic wave formation, which
confirms a functional connection through the motor neuron-neurite and the myotube (Figure
3A-C)!8. No spontaneous calcium waves nor spontaneous myotubes contractions were observed,
although myotube contraction upon direct stimulation with potassium chloride was observed.
The specificity of the connection was further confirmed by adding the competitive AChR
antagonist, tubocurarine hydrochloride pentahydrate (DTC) to the myotube compartment
(Figure 3A), which resulted in an inhibition of calcium influx (Figure 3C). This effect confirmed
that the connection between motor neurons and myotubes resulted in fully functional NMlJs. To
evaluate the number of active myotubes through NMJ stimulation, the myotube compartment
was stimulated directly with potassium chloride to identify the total number of active myotubes
in this compartment. Approximately 70% of the myotubes were active through motor neuron-
stimulated activation with potassium chloride (Figure 3D)?2.

These results confirm the optimal NMJ formation, number, morphology, and functionality
through co-culturing of the iPSC-derived motor neurons and MAB-derived myotubes during a 28-
day protocol.

FIGURE AND TABLE LEGENDS:
Figure 1: Schematic overview of the motor unit protocol in microfluidic devices. Differentiation
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timeline and co-culture overview from day 0 to day 28 according to the timeline of the motor
neuron differentiation protocol??. Motor neuron differentiation from iPSCs is initiated at day O
and performed as stated previously for the following 10 days'>. On day 9, the device is sterilized
and coated with PLO-laminin. MABs are thawed for expansion in T75 flasks. On day 10, the motor
neuron-NPCs are plated in both wells and the channel of one compartment (light grey) of the
device, where their differentiation into motor neurons is continued for a week. MABs are plated
in both wells and the channel of the opposite compartment (dark grey) on day 17. On day 18,
MABs differentiation into myotubes is begun. On day 21, a volumetric and chemotactic gradient
is established to promote motor neuron-neurite polarization through the microgrooves of the
device. The motor neuron compartment received 100 pL/well of motor neuron basal medium
without growth factors (light green compartment), while the myotube compartment received
200 pL/well of motor neuron basal medium with 30 ng/mL of growth factors (dark green
compartment) (Table 2 and Table 3). The culture is continued with the volumetric and
chemotactic gradient for an additional 7 days until analysis at day 28. Bright-field images show
cell morphology at day 11, day 18, and day 28 cultured in pre-assembled microfluidic devices.
Scale bar, 100 pum. This figure has been modified from Stoklund Dittlau, K. et al.*®. Cell
illustrations have been modified from Smart Server medical Art?2.

Figure 2: NMJ formation in microfluidic devices. (A) Confocal micrographs of NMJ formation in
pre-assembled microfluidic devices at day 28. NMJs are identified through the co-localization
(arrowheads) of presynaptic markers (NEFH and SYP) and postsynaptic AChR marker (Btx) on
MyHC-stained myotubes. NMJs are identified morphologically through single or multiple contact
point formation between neurites and AChR clusters. DAPI label nuclei. Scale bar, 25 um. Inset
shows a magnification of an NMJ. Inset scale bar, 10 um. (B) SEM of NMJ morphology in silicone
microfluidic devices at day 28. Arrowheads depict neurite embedment into the myotube. Scale
bar, 2 um. Inset shows a magnification of NMJ. Inset scale bar, 1 um. (C) Quantification of total
number of NMJs per myotube as well as the number of single and multiple contact point NMJs
per myotube. Graph is shown as mean * standard error of the mean from four biological
replicates. Statistical significance is determined with Mann-Whitney test with * p < 0.05. (D)
Quantification of the percentage of innervated myotubes. Graph is shown as mean % standard
error of the mean from four biological replicates. This figure has been modified from Stoklund
Dittlau, K. et al.18.

Figure 3: Confirmation of NMJ functionality. (A) Schematic illustration of live-cell transient
calcium recordings of NMJ functionality in pre-assembled microfluidic devices at day 28 before
and after NMJ blockage with tubocurarine (DTC)?2. Motor neurons in the light green
compartment are stimulated with 50 mM potassium chloride (KCl), which causes an intracellular
motor neuron response through the neurites. This evokes an influx of calcium (Ca%*) in myotubes,
which are labeled with calcium-sensitive Fluo-4 dye (dark green compartment). (B) Fluo-4
fluorescence micrographs of pre-stimulation, intensity peak and post-stimulation of a myotube
depicting a wave of intracellular calcium increase upon motor neuron stimulation with KCl. Inset
shows a magnification of an innervated active myotube. Scale bars, 100 um. Inset scale bar, 200
um. (C) Representative calcium influx curves in myotubes after motor neuron stimulation with
KCl (arrow) confirming NMJ functionality. Myotube 1-3 show characteristic calcium curves
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through motor neuron-myotube innervation, while myotube A-C DTC depicts curves after NMJ
blocking with DTC. (D) Ratio of motor neuron-stimulated active myotubes on the total number
of active myotubes. This figure has been modified from Stoklund Dittlau, K. et al.*®. Cell
illustrations have been modified from Smart Server medical Art?2.

Supplemental Figure 1: Motor neuron verification, MAB fusion index, and NPC quality control.
(A) Confocal images of MAB-derived myotubes 10 days after initiation of differentiation.
Myotubes are labelled with myotube markers: desmin, MyHC, myogenin (MyoG) and titin. Nuclei
are stained with DAPI. Scale bar, 100 um. (B) Quantification of MAB fusion index 10 days after
initiation of differentiation. Upon starvation, MABs fuse into multinucleated myotubes, which
were quantified for myotube marker positivity (AB+). Graph depicts mean + standard error of the
mean from three biological replicates. (C) Confocal images of iPSC-derived motor neurons at day
28 of differentiation, which are labelled with motor neuron markers NEFH, choline
acetyltransferase (ChAT) and Islet-1 in addition to pan-neuronal marker Blll-tubulin (Tubulin).
Nuclei are stained with DAPI. Scale bars, 75 um. (D) Quantification of the number of cells, which
are positive for motor neuron and pan-neuronal markers (AB+). Graph depicts mean + standard
error of the mean from three biological replicates. (E) Confocal images of iPSC-derived NPCs at
day 11 of motor neuron differentiation, which are labelled with NPC marker Olig2 and pan-
neuronal marker Blll-tubulin (Tubulin). Nuclei are stained with DAPI. Scale bars, 50 um. (F)
Quantification of the number of NPCs, which are positive for Olig2 and Blll-tubulin (AB+). Graph
depicts mean + standard error of the mean from three biological replicates. This figure has been
modified from Stoklund Dittlau, K. et al.8.

Supplemental Figure 2: Optimization of co-culture protocol (A) Confocal images of NMJ
formation at day 21 of motor neuron differentiation, when MABs are seeded at the same time
point as NPCs at day 10. NMlJs are identified through the co-localization (arrowheads) of
presynaptic markers (NEFH and SYP) and postsynaptic AChR marker (Btx) on MyHC-stained
myotubes. Scale bar (left), 10 um. Scale bar (right), 5 um. (B) Bright-field image of the myotube
channel at day 24 depicting spontaneous motor neuron-neurite crossing inhibiting the
attachment of MABs. Scale bar, 100 um.

Table 1: MAB growth medium. Medium can last 2 weeks at 4 °C. bFGF is added fresh on the day
of use.

Table 2: Motor neuron basal medium. Medium can last 4 weeks at 4 °C.

Table 3: Motor neuron medium supplements. Supplements are added fresh on the day of use
to the motor neuron basal medium.

Table 4: MAB differentiation medium. Medium can last 2 weeks at 4 °C. Agrin is added fresh on
the day of use.

DISCUSSION:
The protocol describes a relatively easy-to-use method, which generates human motor units with
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functional NMlJs in commercially available microfluidic devices in less than 30 days. It is described
how the NMIJs can be assessed morphologically through standard techniques such as ICC and
SEM and functionally through live-cell calcium recordings.

A large advantage of this protocol is the use of stem cell technology. This allows for full
adaptability in which NMJs can be evaluated in both health and disease, independently of the
donor profile. The model has proven already successful and beneficial in ALS research, where we
identified impairments in neurite outgrowth, regrowth, and NMJ numbers as novel phenotypes
due to mutations in the FUS gene'®. With this model, it is possible to expand the research to
include sporadic forms of ALS, where the etiology is unknown, by using iPSCs from sporadic ALS
patients. This provides an advantage over traditional animal models, which rely on transgenic
overexpression of mutated genes to recapitulate human disease?®?%. In addition, our fully human
system allows for potential recapitulation of human-specific physiology and disease. Previous
studies demonstrated the differences between rodent and human NMJ morphology?®, which
suggests that caution must be implemented when using rodents to address human NMJ
pathology. Although this system is a relative simple in vitro setup, which lacks the complexity of
an in vivo model, it was possible to demonstrate that the NMJ morphology displayed in the
microfluidic devices resembled NMJs of human amputates?>. Furthermore, this model allows for
NMJ evaluation during NMJ formation and maturation, potentially revealing early disease
phenotypes, which are absent, unidentifiable, or overlooked in human post-mortem samples.

MABs provide a valid option to generate myotubes, although their limited survival of 10 days is
a disadvantage of the system. The myotube survival relies on their attachment to the surface,
which is likely compromised by spontaneous contractions of the myofibers. After more than 10
days, most myotubes will have detached, rendering the NMJ culture unusable. Ideally, the
myotubes would be generated from iPSCs as well. However, current protocols have proven
difficult to reproduce?® due to variability in fusion index?’-3C,

By using commercially available microfluidic devices, we generated a standardized system, which
is fully accessible. Other NMJ models exist3™*2. However, they typically rely on single
compartments, which lack the compartmentalization and fluidic isolation between cell types, or
on custom-made culture vessels, which lowers the availability and potentially also the
reproducibility. The microfluidic devices used for this protocol can be purchased with
microgrooves of various lengths, which allows for further analysis such as axonal transport**#4 or
axotomy'®4>46 investigations. The fluidic isolation between compartments further enables
compartmentalized drug treatment of either motor neurons or myotubes, which can be
favorable in therapy development. More companies specializing in microfluidics have emerged,
which has opened up for a large selection of device design and features, further promoting the
accessibility for in vitro research.

In conclusion, we have developed a protocol providing a reliable, versatile and easy method to
culture human motor units with functional NMJs.
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Table 1 Click here to access/download;Table;Table1_MAB growth
medium-62959_R2.xlsx

Reagent Stock concentration | Final concentration
IMDM 1x 80%
Fetal bovine serum 15%
Penicillin/Streptomycin 5000 U/mL 0.5%
L-glutamine 50x 1%
Sodium pyruvate 100 mM 1%
Non-essential amino acids 100x 1%
Insulin transferrin selenium 100x 1%
bFGF (added fresh) 50 pg/mL 5 ng/mL
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Table 2 Click here to access/download;Table;Table 2_Motor neuron
basal medium-62959_R2.xIsx

Reagent Stock concentration | Final concentration
DMEM/F12 50%
Neurobasal medium 50%
Penicillin/Streptomycin 5000 U/mL 1%
L-glutamine 50x 0.5%
N-2 supplement 100x 1%
B-27 without vitamin A 50x 2%
B-mercaptoethanol 50 mM 0.1%
Ascorbic acid 200 uM 0.5 uMm
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Day Reagent Stock concentration | Final concentration|Compartment
Day 10/11|Smoothened agonist 10 mM 500 nM Both

Retinoic acid 1mM 0.1 uM
DAPT 100 mM 10 uM
BDNF 0.1 mg/mL 10 ng/mL
GDNF 0.1 mg/mL 10 ng/mL

Day 14 |DAPT 100 mM 20 uM Both
BDNF 0.1 mg/mL 10 ng/mL
GDNF 0.1 mg/mL 10 ng/mL

Day 16 |DAPT 100 mM 20 uM Both
BDNF 0.1 mg/mL 10 ng/mL
GDNF 0.1 mg/mL 10 ng/mL
CNTF 0.1 mg/mL 10 ng/mL

Day 18 |BDNF 0.1 mg/mL 10 ng/mL| Motor neuron
GDNF 0.1 mg/mL 10 ng/mL
CNTF 0.1 mg/mL 10 ng/mL

Day 21+ |BDNF 0.1 mg/mL 30 ng/mL Myotube
GDNF 0.1 mg/mL 30 ng/mL
CNTF 0.1 mg/mL 30 ng/mL
Agrin 50 pg/mL 0,01 pg/mL
Laminin 1 mg/mL 20 pg/mL

Day 21+

No supplements

Motor neuron
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Table 4 Click here to access/download;Table;Table 4_MAB
differentiation medium-62959_R2.xlIsx

Day Reagent Stock concentration | Final concentration|Compartment
Day 18 [DMEM/F12 97% MAB
Sodium pyruvate 100 mM 1%
Horse serum 2%
Agrin 50 ug/mL 0.01 pg/mL
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Rebuttal Letter Click here to access/download;Rebuttal Letter;Answers to the 2
referees.docx

Answers to the referees

Answers to the editorial comments:

1. Please take this opportunity to thoroughly proofread the manuscript to ensure that there are
no spelling or grammar issues. Please define all abbreviations at first use.

Thank you for this reminder. We have thoroughly proofread the manuscript and made sure that no
grammatical or spelling errors are present. All abbreviations have been defined at first use.

2. Please revise the following lines to avoid overlap with previously published work: 44-46, 47-50.

Thank you for pointing this out. We have rephrased the sentences in order to avoid the overlap with
previously published work.

3. JoVE cannot publish manuscripts containing commercial language. This includes trademark
symbols (™), registered symbols (®), and company names before an instrument or reagent. Please
remove all commercial language from your manuscript and use generic terms instead. All
commercial products should be sufficiently referenced in the Table of Materials and Reagents.
For example: TrypLE express; Xona Microfluidics; XC150 Xona; Aclar sheets; RevitaCell;
Nucblue; Pluronic F-127 etc

Thank you for this comment. We have removed all commercial language from the manuscript.

4. Please note that your protocol will be used to generate the script for the video and must contain
everything that you would like shown in the video. Please add more details to your protocol steps.
Please ensure you answer the “how” question, i.e., how is the step performed? Alternatively, add
references to published material specifying how to perform the protocol action. Please add more
specific details (e.g., button clicks for software actions, numerical values for settings, etc) to your
protocol steps. There should be enough detail in each step to supplement the actions seen in the
video so that viewers can easily replicate the protocol.

Thank you for this clarification. We have added additional information and specific details to ensure the
reproducibility of the protocol.

5. Step 2.2: please provide more details about how to FACS sort or cite a paper.
We have cited a recently published protocol, which explains these steps in detail.

6. Step 10.2.1: how do you adjust gain and offset? Values?

We have included more details in the protocol regarding this step.

7. Please add limitations of this technique to your discussion.

We would like to refer to the discussion, where we explain the limitations of this model:

Line 809-810: “Although our system is a relative simple in vitro setup, which lacks the complexity of
an in vivo model..”

Line 814-818: “MABs provide a valid option to generate myotubes, although their limited survival of
10 days is a disadvantage of the system. The myotube survival relies on their attachment to the surface,
which is compromised by spontaneous contractions of the myofibers. After more than 10 days, most
myotubes will have detached rendering the NMJ culture unusable. Ideally, the myotubes would be
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generated from iPSCs as well.”

8. Please ensure that the references appear as the following: [Lastname, F.l., LastName, F.I.,
LastName, F.I. Article Title. Source (ITALICS). Volume (BOLD) (Issue), FirstPage-LastPage
(YEAR).] For 6 and more than 6 authors, list only the first author then et al. Please include volume
and issue numbers for all references, and do not abbreviate the journal names. Make sure all
references have page numbers or if early online publication, include doi.

We have adjusted the references to accommodate the layout above.

9. Please make sure you change the corresponding author’s name in Editorial manager.

We have made this change in Editorial manager.

Answers to the referees

Reviewer #1:

Major Concerns:

a. Line 104; 1.2 cryopreservation of NPCs. The authors should advice on the optimal density for
this cryopreservation. As described in the previous study (Maury et al., 2015), a control quality of
the differentiation (by immunoflurorescence for Olig2) could be done at this stage or right after
the thawing.

Thank you for allowing us to clarify on this. We have included a description of the optimal
cryopreservation density of the NPCs (line 117).

Line 117: “1.2.1. Cryopreserve NPCs at a density of 2-4 x 10° cells per vial.”

For the quality control of the NPCs using Olig2 staining, we refer to Supplemental Figure 1E-F below.

NPC verification

T |l
Olig2 Tubulin

Supplemental Figure 1: Motor neuron verification, MAB fusion index, and NPC quality control.

E. Confocal images of iPSC-derived NPCs at day 11 of motor neuron differentiation, which are labelled
with NPC marker Olig2 and pan-neuronal marker BIII-tubulin (Tubulin). Nuclei are stained with DAPI.
Scale bars, 50 um.

F. Quantification of the number of NPCs, which are positive for Olig2 and plII-tubulin (AB+). Graph
depicts mean + standard error of the mean from three biological replicates.
b. Line 115: the origin of the tissues used as the source of MABs should be described.

We have included the age (58 years old at the time of biopsy) and the health status (no described
diseases) of the donor, as this unfortunately is the only information we have available.

c. Line 137: the authors should provide the protocol to facs-sorted the cells for human alkaline



phosphatase. They should also provide some indications regarding the thresholds that should be
obtained during this procedure.

Thank you for this important comment. In order to keep the length of the protocol within the required
limits, we have included a reference to a recently published protocol?®, which explains the isolation and
characterization of MABs in great detail.

1Giacomazzi, G. et al. Isolation of Mammalian Mesoangioblasts: A Subset of Pericytes with Myogenic
Potential. in Pericytes: Methods and Protocols (ed. Péault, B. M.) 155-167 (Springer US, 2021).
d0i:10.1007/978-1-0716-1056-5_11.

d. Line 143: what is the protocol for the cryopreservation of MABs? What is the optimal cell
density for the freezing?

These are indeed good questions. For more detail on the steps of MAB cryopreservation, we refer to the
protocol abovel. In addition, we refer to the optimal cryopreservation density in line 158-160.

Line 158-160: “One 70 % confluent T75 flask contain approximately 6-800.000 cells, which can be
cryopreserved in 100.000 cells per vial. Each vial can later be thawed and seeded in a T75 flask for
expansion.”

e. Inasupplementary figure, the authors should include phase contrast images of the hiPSC before
differentiation, the NPCs and MABs before co-culture. This supplementary figure should be very
useful to help reproducing the protocol.

In the same supplementary figure, a schema of the entire protocol should be included. For people
not used to this type of approach, the distinction between the differentiation and co-culture might
not be so easy.

Thank you for this comment. Figure 1 depict a schematic overview of the entire protocol. We have
included a bright field image of the hiPSCs at the time of initiation of motor neuron differentiation to
display the morphology and approximate density. For representative bright field images of NPCs and
MABSs, we refer to the bright field images at day 11 and day 18, respectively. Although these images
have been taken in the microfluidic devices, they are also representative for the morphology of cells
cultured in monocultures.

d: day
NPCs: Neural progenitor cells 30 ng/iml
ABs:

Start of MN Coating of device Plating of NPCs ating of MABs  Start of MAB Start of chemotactic
differentiation Thawing of MABs in device in device differentiation and volumetric gradient Analysis
do d9 d10 d17 d18 d21 d28

P
/ 52 -

MNs are mature and form NMJs with myotubes

Ay g
d0: 70-80% cot s
for start of MN differentiation

Figure 1: Schematic overview of motor unit protocol in microfluidic devices.




- Different concerns can be raised regarding the results as they are presented:

a. The authors alert on the importance to evaluate the functional capacity of MABs to fuse into
myotubes. However, the results presented in supplementary Figure 2B are questionable. Only 8%
of myotubes are quantified? Can they comment on this? How is exactly quantify the fusion index?
For a better clarity, the authors should indicate the exact time of differentiation the
quantifications have been performed. in addition to evaluate the functional capacity of MABs to
fuse into myotubes, can the number of desmin expressing cells be also evaluated just before the
differentiation?

Thank you for allowing us to clarify on this part. We have added the time point in the MAB
differentiation, on which the myotube fusion index has been quantified to the figure legend of
Supplemental Figure 1B (line 753), as well as a description on the quantification of the fusion index to
the result section (line 597-600). We advise to use multiple myotube markers to assess the myotube
fusion.

Line 753: “B. Quantification of MAB fusion index 10 days after initiation of differentiation. Upon
starvation, MABs fuse into multinucleated myotubes, which were quantified for myotube marker
positivity (AB+).”

Line 597-600: “The fusion index in Supplemental Figure 1B was determined by calculating the
percentage of nuclei within myotubes positive for each myotube marker of the total number of nuclei
per image. We found that a fusion index of approximately 8% was sufficient for our co-culture in
generating NMJs.”

b. Similar comments can be raised for supplementary figure 2D. The authors should quantify the
purity of progenitors cells not only based on the capacity to differentiate into mature motoneurons
but also by looking at the expression of specific markers such as Olig2 before the differentiation.

We have included a quantification of Olig2 staining in NPCs to Supplemental Figure 1E-F. Please see
‘Major Concerns’, comment ‘a’ from Reviewer 1.

c. Line 593: ""not all myotubes will have NMJs". Could the authors comment? What is the exact
proportion of innervated myotubes?

We have included a quantification of the percentage of innervated myotubes to Figure 2D.

D Myotube innervation

100+
90
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60—
50
40+
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20+
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0

Innervated myotubes (%)

Figure 2: NMJ formation in microfluidic devices
D. Quantification of the percentage of innervated myotubes. Graph is shown as mean + standard error
of the mean from four biological replicates.



d. Figure 2C: the quantification of NMJ quantification is normalized per myotube. Did the authors
try to normalize by the area of myotube?

It is indeed possible to normalize according to the area of myotube, however we have chosen to
normalize to the amount of myotubes. Future users of the protocol can make their choice of
normalization depending on their research question.

e. Interesting results with scanning electron microscopy are presented in Figure 2B. Nonetheless,
it should be more interesting to present results from electronic microscopy. Are these devices
compatible with such analysis? Electronic microscopy should help at better defining the level of
maturity of the system both at the pre and post-synaptic level. In particular, it should help ate
defining the presence of presynaptic vesicles as well as the structural modifications that are
expected at the post-synaptic level. In the same vein, did the authors evaluate the presence of other
markers of NMJs such as Bassoon or synapsin for the pre synaptic compartment and markers of
sarcomeric organization for the post-synaptic one.

The reviewer raises some interesting points, and we agree that a transmission electron microscopy
(TEM) of the NMJ morphology could be interesting. However, this requires some optimization. Since
the NMJs are cultured onto an Aclar sheet for SEM, it is important not to ruin the culture in order to
visualize the intrasynaptic morphology of the NMJs. It might be possible to process the Aclar sheet for
TEM and use fluorescent markers as guidelines to select regions for transverse sectioning.
Unfortunately, it was not possible to perform this within the allocated 2-week revision period.

The NMJ markers used in our study are representative and broadly used in the literature. Other markers
such as the suggested by the reviewer can be used as well depending on the user’s research question.

f. For the functional analysis presented in Figure 3, only results after KCL stimulation are
indicated. Can calcium waves be observed without stimulation or without motoneurons?

This is indeed an interesting question. We do not observe any spontaneous calcium waves, nor
spontaneous contractions of the myotubes during the recordings. However, the myotubes do contract,
when we stimulate them directly with KCI. This is the case both with and without the presence of motor
neurons. In previous studies, we show that spontaneous action potentials are only recorded in
monocultured motor neurons after day 35 of motor neuron maturation®3. Since we perform the NMJ
functionality assessment at day 28 of motor neuron maturation, the maturation state might explain the
lack of spontaneous activity.

We have included a statement in the results section, which includes this information.

Line 667-669: “No spontaneous calcium waves, nor spontaneous myotubes contractions were observed,
although we did observe myotube contraction upon direct stimulation with potassium chloride.”

Line 619-621 highlights the importance of the motor neuron maturation time point, when assessing
electrophysiological activity.

Line 619-621: “This is in line with our previous observations that spontaneous action potentials in motor
neurons, recorded through patch clamp electrophysiological analysis, only occur at day 35 of motor
neuron differentiation?.”

g. The authors did not mention whether they observed or not the presence of muscle contractions?

We refer to the answer to comment ‘f> from reviewer 1 above.



- General comments/questions:

a. What is the reproducibility of the system? The authors claim they developed **a standardized
system™ but can some differences be observed in function of the donor for MABs (as it is well
described for primary myoblasts)?

Thank you for allowing us to clarify on this point. As stated in line 593-596, we highlight the importance
of assessing the MAB quality before applying the cells to the microfluidic system. Each batch of cells
derived from a biopsy might vary in quality and fusion capacity, resulting in a significant impact on the
successful output of the culture.

Line 593-596: “The quality of the starting cell material is important, and especially the fusion capability
of the MABSs into myotubes is crucial for a successful outcome of this protocol. MABS are easy to keep
in culture. However, it is important to assess the fusion capability of each batch before applying them
in the microfluidic devices (Supplemental Figure 1A-B)*.”

Regarding the reproducibility of this protocol, we refer to our recent paper, where we use two different
ALS-patient iPSC lines as well as two different isogenic controls iPSC lines to generate NMJs using
this protocol*. We observed no differences in the reproducibility between lines.

b. Did the authors evaluate the possibility of using other sources than primary MABs? One of the
main question is off course the possibility of using hiPSC-derived myotubes? Can the authors
comment?

Thank you very much for this important question. It might indeed be a possibility to use other types of
primary muscle precursor cells such as myoblast to generate myotubes in this system. Ideally, we would
use hiPSC-derived myotubes as stated by the reviewer. However, we have not succeeded in replicating
other available protocols with a high enough yield to replace the MABs-derived myotubes in our system
(despite many attempts).

c. In the introduction or in the discussion, the authors should at least integrate their results in
regard of the studies recently published that also described humanized co-cultures systems with
microfluidic devices (Bellmann et al., 2019; Vila et al.,, 2019; Santhanam et al., 2018).

We have included a reference for each study mentioned above in the discussion.

Line 820-824: “By using commercially available microfluidic devices, we generated a standardized
system, which is fully accessible. Other NMJ models exist>®. However, they typically rely on single
compartments, which lacks the compartmentalisation and fluidic isolation between cell types, or on
custom-made culture vessels, which lowers the availability and potentially also the reproducibility.”



Reviewer #2:

Major Concerns:
None.

Minor Concerns:

A minor drawback to all of this is that the iPS cell starting material is not available (I think?) and
muscle + motor neuron differentiations depend (as the authors state) largely on the quality of the
starting cell line. Many labs in this area have their own iPS lines and protocols that could be used
in place of the authors, but for those who do not this limits the methods scope. This is not a
necessarily a concern for the authors, but maybe they could (if they were willing) add a sentence
to say that their starting material could be made available upon reasonable request?
(acknowledging need for all regulatory MTAs TTASs). This really would maximise impact of the
methods presented.

Thank you very much for this comment. We indeed specify that the best outcome can be expected from
a pure population of iPSCs as well as the MABs ability to fuse into multinucleated myotubes. Despite
this statement, we believe that there is very little variability between different lines. We successfully
used this protocol to generate NMJs from four different iPSC lines (two different ALS-patient iPSC
lines and two corresponding isogenic control iPSC lines)*. This suggests that all iPSC lines can be used
in this model, and that the donor is less important. We are willing to share our material although we are
convinced that the successful replication of this method does not depend on the availability of these
specific lines.

Reviewer #3:

I have a few general remarks/questions.

First, the authors describe the formation of a volumetric/chemotactic gradient. As they provide
no evidence that true gradients are formed (or if so what these look like) | was wondering whether
there is previous work to suggest that the devices used allow formation of proteins gradients?

Thank you very much for this question and for allowing us to clarify this. When implementing a volume
gradient, we establish a small but steady flow of fluid from the compartment containing the largest
volume towards the compartment with the lowest volume. This flow is due to the hydrostatic pressure
implemented from the size of the microgrooves and acts against leakage and diffusion®”*8, If we add
growth factors to the media in the compartment with the largest volume, we facilitate a steady flow of
growth factors towards the compartment with no growth factors, which overall promotes the polarization
of the neurites. This technique of using nerve growth factors was first described together with the
introduction of the ‘Campenot’ chambers®®.

It is possible to sustain from using the volumetric and chemotactic gradient during the cultures, as the
neurites will grow through the microgrooves regardless'’. However, we found that the gradient ‘speeds
up’ the neurite polarization and overall time line of the protocol.

Second, did the authors examine whether the neuritis in the microgrooves are axons (or also
dendrites)?

In the first description of the use of these devices, it is shown how only axons extend into the
microgrooves after 7 days of culture. Only after 14 days, could the authors demonstrate a small amount
of dendrites crossing®’. Since we are evaluating NMJ morphology at what can be considered an early
maturity state, we do not expect that the motor neuron neurites have developed fully into axons at this
point. However, we generally observe a single large neurite from each motor neuron soma, which later
in maturation likely can be characterized as an axon.



Third, Itis well known that great differences exist between individual iPSC lines (e.g. with respect
to differentiation potential). Did the authors examine different iPSC lines? This could be valuable
information for future users of the system.

In our recent paper, we used two different ALS-patient iPSC lines as well as two different isogenic
controls iPSC lines to generate NMJs using this protocol*. We observed no differences in the
reproducibility between lines. Since then, this technique is routinely used in the lab also starting from
other iPSC lines and the outcome is always very similar.

Fourth, it is stated that single contact point NMJs are less mature. However, during development
motor axons first make multiple contacts followed by pruning to a single NMJ. So why are single
contact point NMJs in vitro more immature?

We agree with the reviewer’s statement above. However, we believe that the single contact point NMJs
are a representation of the very first contact between motor neuron neurite and myotube. In this case, a
large engagement through multiple contact point NMJs follows, and would therefore be considered more
mature. If we could sustain the culture longer, we might be able to observe the synaptic pruning into
fully matured NMJs.

Fifth, it is stated that generation of myotubes from iPSCs is difficult and a 2018 paper is listed. By
now there are more papers on iPSC-derived muscle cells, which could be mentioned.

We have included references to several available protocols and also highlighted the lack of
reproducibility due to variability in fusion index.

Line 818-819: “However, current protocols have proven difficult to reproduce® due to variability in
fusion index?2.”
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Answer to the editorial comments

We would like to thank the editors for their comments. All changes have been tracked within the
manuscript.

Editorial comments:

1. Please note that the manuscript has been formatted to fit the journal standard. The use of

personal pronouns (e.g., "we", "you", "our" etc.) has been reduced in the manuscript text.

Thank you for this information.

2. Please merge shorter steps of the protocol section to ensure that the protocol section is
between 10-11 pages.

This has been adapted in the manuscript.

3. Please reword the lines to avoid the issue of plagiarism:

As no specific sentences have been highlighted, we have not made any changes to the manuscript
regarding this point.

4. The highlighting from the notes was removed to fit the 3-page limit.

Thank you for this information.

5. Lines 700-701/732-734: Please add “Smart Servier Medical Art” to the references and cite the
reference number in the appropriate lines. Upload the permission/ reprint link separately to the
Editorial manager. (Creative Commons Attribution 3.0 Unported Licence-
https://creativecommons.org/licenses/by/3.0/)

This has been corrected in the manuscript.

6. Figure 1: Please revise the units in the figure to “ng/mL” instead of “ng/ml”

This has been changed in Figure 1.

7. Figure 2/3/supplemental figure 1: Please include scale bars in all the images of the panel.

A scale bar has been included in all images of the panels in the figures mentioned above.
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