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 generated from iPSCs as well.”

8. Please ensure that the references appear as the following: [Lastname, F.I., 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 106 cells per vial.”

For the quality control of the NPCs using Olig2 staining, we refer to Supplemental Figure 1E-F below. 
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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 βIII-tubulin (Tubulin). Nuclei are stained with DAPI. Scale bars, 50 μm. 
F. Quantification of the number of NPCs, which are positive for Olig2 and βIII-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 protocol1, 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). doi: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 above1. 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. In a supplementary 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 MABs, 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. 
[image: ]
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. 
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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 KCl. 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 maturation2,3. 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 differentiation2.”

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 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 in the microfluidic devices (Supplemental Figure 1A-B)4.”

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 protocol4. 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 exist5–16. 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 TTAs). 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)4. 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) I 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 diffusion17,18. 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’ chambers19. 
It is possible to sustain from using the volumetric and chemotactic gradient during the cultures, as the neurites will grow through the microgrooves regardless17. 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 crossing17. 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, It is 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 protocol4. 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.

[bookmark: _GoBack]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 reproduce20 due to variability in fusion index21–24.”
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