RESPONSE TO REVIEWER AND EDITORIAL COMMENTS
We appreciate the detailed comments provided by the reviewers. Please find below our point-by-point responses to each comment. The corresponding changes to the manuscript have been denoted in red in the text.

Editorial comments:
Changes to be made by the Author(s):
1. Please take this opportunity to thoroughly proofread the manuscript to ensure that there are no spelling or grammar issues.

The document has been reexamined for spelling and grammar issues.

2. 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: Med64, parafilm, etc.

Med64 is removed as a keyword, Parafilm has been changed to thermoplastic film, and the silicone elastomer brand was removed from the text. The remainder of the article has been checked again for company names.

3. Please ensure that all text in the protocol section is written in the imperative tense as if telling someone how to do the technique (e.g., “Do this,” “Ensure that,” etc.). The actions should be described in the imperative tense in complete sentences wherever possible. Avoid usage of phrases such as “could be,” “should be,” and “would be” throughout the Protocol. Any text that cannot be written in the imperative tense may be added as a “Note.”

The document has been reexamined for proper tense usage throughout.

4. Please move the ethics statement before at the start of the protocol section before the numbered steps.

The ethics statement has been moved to beginning of protocol at lines 114-116.

5. Please include strain, age, sex of the animal used for the study.

Strain, age, and sex of the animal used in the study is on lines 529-530.

6. Please use the degree symbol - ˚C and do not use superscripted o.

All “˚C” have now been properly formatted.

7. For each step, please ensure you answer the “how” question, i.e., how is the step performed? e.g., how do you take a picture?

The document has been reexamined to ensure each step addresses the “How” question.

8. There is a 10-page limit for the Protocol, but there is a 3-page limit for filmable content. Please highlight 3 pages or less of the Protocol (including headings and spacing) that identifies the essential steps of the protocol for the video, i.e., the steps that should be visualized to tell the most cohesive story of the Protocol.

Please find the requested text highlighted in the document.

9. Please ensure the results are described in the context of the presented technique. e.g., how do these results show the technique, suggestions about how to analyze the outcome, etc. The paragraph text should refer to all of the figures. Data from both successful and sub-optimal experiments can be included.

The results have been reexamined and meet the criteria described above.

10. As we are a methods journal, please ensure that the Discussion explicitly cover the following in detail in 3-6 paragraphs with citations:
a) Critical steps within the protocol
b) Any modifications and troubleshooting of the technique
c) Any limitations of the technique
d) The significance with respect to existing methods
e) Any future applications of the technique

The discussion has been reexamined and sufficiently answers these points.

____________________________________
Reviewers' comments:
Reviewer #1:
Manuscript Summary:
The submitted manuscript outlines in detail the methodology for isolating the murine right atrium, and performing multi-electrode array recordings from the SAN region. This is a well written manuscript that clearly outlines in great detail each step of the solution/equipment preparation, dissection, mounting the tissue, recordings, and analyses. This is a valuable tool that others in the field could benefit from this protocol. I have several critiques and items that need clarification.

Major Concerns:
* Abstract: "…without the influence of the autonomic nervous system" - this is not correct as the isolated heart removes external/central autonomic inputs, but the heart also includes intrinsic cardiac autonomic neurons that are sensitive to electrical and pharmacological stimulation. This topic is nicely reviewed in these 2 papers (PMC7712215 & PMC4808395) and in the detailed morphological and electrophysiological characterization by Dr. Dainius H. Pauza. The introduction and/or discussion would benefit from more detail about the autonomic inputs to the SAN.

This was a really great point to bring to our attention. We have read the recommended papers and added new content on lines 57-58, 81-82, and 676-678 to reflect these considerations.

* 3.4 & 6 What was the reason for the differences in the Tyrode's solution for tissue dissection vs. recordings? As the dissection solution is kept warm (37C) with 1.8 mM Ca2+, does the preparation keep beating (i.e., metabolically active)? If so, as the solution is not oxygenated, how to do you minimize ischemia?

Our MEA system is hooked up to carbogen so we designed our experiments and buffers to correspond to this setup. We prepared different Tyrode’s solutions according to specifications in two different papers. The recording solution is referenced from ﻿doi: 10.1016/j.lfs.2008.06.020 and the dissection solution is referenced from doi: ﻿10.3791/54555. The recording solution contains NaHCO3 that needs the 5% CO2 and 95% O2 to maintain a pH of 7.4. The dissection solution contains 1.8 mM Ca2+ in 37C to keep the heart beating. The total time for dissection was brief, lasting only a few minutes such that ischemia should not significantly impact SAN tissue activity. The time for this tissue dissection is less than the total time to isolate single SAN cells which is usually done without oxygenation. Please see added text in lines 267-268 that addresses ischemia.

* 7.5 As cardiac beating rate and velocity of impulse propagation is extremely sensitive to temperature, please outline the methods for validating and maintaining spatially homogeneous 37C temperature control across the preparation. Are the solutions in the bottles and tubing kept at 37C?

The MEA system has temperature control built in to keep perfusion solutions at the set temperature (in our case 37C). The perfusion solution passes through the bottom of the platform where it is warmed to the set temperature before being introduced to the chamber with the tissue. A temperature sensor in the platform monitors and reports the actual solution temperature immediately before it enters the bath solution of the recording chamber.

* 10.2 When assessing the quality of the preparation, is there a minimum beating rate, minimum conduction velocity across the preparation, or maximum incidence/ratio of SAN-atrial exit block that is used to determine whether the preparation is healthy? The present definition of signal amplitude, as recognized by the authors, is very dependent upon tissue contact with the MEA, but does not fully confirm the health of the preparation.

We agree that other variables are important for assessing tissue health. The firing rate for healthy preps is about 300-330 beats/min which is similar to firing rates from patch clamp recordings. If it is lower than about 300 beats/min it may not be healthy for recording. We have now added this as a method to assess overall preparation quality in lines 540-541. In addition, we mention there that unstable variable firing rates are indicators of poor preps. As rightly pointed out, amplitude can be dependent on contact with the MEA, which we state in lines 523-524. 

* 10.4 4-AP is a transient outward potassium channel blocker that is expressed in both the SAN and atria. As the focus of this protocol and study is on the SAN, it is advised to use a pharmacological agent in which the effects will be restricted to the SAN, such as the HCN blocker ivabradine. It is unclear whether 4-AP slows the beating rate of the preparation due to slowing SAN firing or SAN-atria exit block.

We agree that administration of an SAN drug such as ivabradine makes a lot of sense. However, here we only intended the focus of our demonstration to show that the system and recording paradigm is amenable to pharmacological interrogation. We chose 4-AP because we knew it was expected to have effects and we had it readily available in the lab, whereas we did not currently have access to ivabradine. To reflect this excellent idea to use more SAN region-specific drugs, we have included that as a future study idea in lines 682-684.

* For any drug study there should be a washout period to distinguish drug vs. preparation quality changes. This should be outlined and performed to characterize the stability of the preparation.

This is an excellent point to make in our protocol, and we have included it in lines 430-432.

* 9 The procedure for the data acquisition is written in a way requiring that the user have 1) All of the required files listed, and 2) All of those files have to be stored in the exact same location. These steps should focus more on what the file that is being opened does, and how to create these protocol files.

We have written the protocol to accompany the software and system referenced in the materials page, but this is a good point and we have now provided a note describing the acquisition steps more broadly in lines 366-368.

Minor Concerns:
* 6.10 The heart is bathed with 2-3mL of heparinized Complete Tyrode's solution. Is the heart submerged?

No, the heart is not submerged. We applied heparinized Complete Tyrode’s solution to the heart using a dropper to keep the heart from drying out. We cannot completely submerge the heart tissue because it disrupts visibility during dissection. To make this point clearer we have added lines 260-262.

**7.4 “Set the peristaltic pump to 25 rpm’’ What is the size tubing used to achieve 2mL/min?

The interior diameter is 1/8’’. We have included this specification in the Materials List.

* 9.2 What are the acquisition settings (sampling rate)?

The sampling rate is 20kHz. We have added this detail at line 391.

* Discussion: "A tip to verify healthy and properly dissected SAN tissue is to examine it in Complete Tyrode's solution under the microscope as the SAN region should be clearly beating." SAN cells are not contractile, so the beating region is actually the atrial tissue.

We changed the text in line 653 to say that the “tissue is beating” rather than the “SAN tissue is beating.” However, while weaker than some cardiac cells in the heart, the SAN cells do have contractile ability (see this article for reference: https://doi.org/10.1152/ajpheart.00068.2015)

* Figure 4 - please move the IVC and SVC labels closer to those landmarks/vessels.

Please see the revised Figure 4 for clearer labeling.

Reviewer #2:
Manuscript Summary:
The study provides a regular approach to test the electrophysiology of sinus node (SAN) tissue by MEA. MEAs are composed of multiple microelectrodes arranged in a grid-like pattern for recording in vitro extracellular field potentials. They present a methodology to measure the electrophysiology of SAN tissue by performing microelectrode array (MEA) recordings. However, some defects exist in the manuscript.

Major Concerns:
1. The preparation of the MEA grid and the physical characteristics electrode are not well described.

Please see lines 134-138 and Fig 1 for an in-depth description of the MEA and electrodes. 

2. Considering that the Tyrode's solution is a phosphate buffer system, but not a carbonate buffer system, carbogen is not necessary for oxygenating the Tyrode's solution. Pure oxygen might be better for maintaining the suitable oxygen content and pH of the Tyrode's solution.

Our recording solution contains NaHCO3 which requires the carbogen in order to maintain the pH. The dissection solution utilizes the phosphate buffer system and is used in our lab with pure oxygen as you describe for other electrophysiology methods. Please see lines 159-166 and 182-184 for the components in the dissection and recording solution, respectively. 

3. Can the authors add the data demonstrating the survival time of the isolated SAN tissue.

We have added survival time information in lines 514-515.

4. The DATA recorded by MEA should be further analyzed. Besides the firing rate, demonstration of the Field potential duration (showing the repolarization), activation map (showing the electrical conduction), conduction velocity, phase map, pacemaker point, etc will help a lot for the improvement of the significance of this methods study.

These are good ideas that we have not yet been able to rigorously optimize with our system. However, since our system should be theoretically capable of looking at the parameters mentioned in this comment, we have mentioned some of these in the discussion as other possible applications of this technique. Perhaps these applications would make a nice follow-up methods article. Although field potential duration has been measured in another paper doi: 10.3233/BME-151380 that used a different dissection method from ours, we do not think it represents a reliable measurement in this method since it could potentially vary between preps based on electrode placement.

5. As an inhibitor for potassium channel, 4-AP might mainly have an effect on the repolarization stage of the action potential, but not the firing rate (sometimes 4-AP might increase the beating rate of pacemaker cells). Thus, to evaluate the firing rate, Ih inhibitor (ivabradine), RyR inhibitor (Ryanodine) or PKA inhibitor (H89) might be more effective and representative to decrease the beating rate of the isolated SAN tissue.

As mentioned to Reviewer 1 above, we agree that administration of an SAN drug such as ivabradine makes a lot of sense. However, here we only intended the focus of our demonstration to show that the system and recording paradigm is amenable to pharmacological interrogation. We chose 4-AP because we knew it was expected to have effects and we had it readily available in the lab, whereas we did not currently have access to ivabradine or Ryr or PKA inhibitors. To reflect this excellent idea to use more SAN region-specific drugs, we have included that as a future study idea in lines 682-684.

Minor Concerns:
The position of the label in Figure 4B ("SVC", "IVC") should be described more precisely. Arrows will be helpful for indicating the anatomic location of the "SVC" and "IVC".

Please see the revised Figure 4 for clearer labeling

Reviewer #3:
Manuscript Summary:
This manuscript by Kumar et al describes a protocol for recording spontaneous activity of the dissected but intact sinoatrial node of the mouse heart using a microelectrode array (MEA). The protocol is clearly written and easy to follow. The notes on different steps of the protocol are particularly useful. The overall idea of using MEAs for assessing intrinsic SAN activity is likely to be useful in some applications. The lovely representative data showing the effects of 4AP perfusion (Fig 12) are very convincing.
The protocol would be more useful if it included details of the specific MEA and software used. Perhaps this information was not included due to journal policy, but since such information is essential for the utility of the protocol and it would seem to warrant an exception to the policy. The manuscript would also be improved by expanded discussion of limitations of the approach.

Major Concerns:
1. What specific MEA hardware and software is used in the protocol? It would be ideal to provide procurement info, range of costs, and a brief comparison of pros and cons of different units. As it stands, the steps and figures that describe the specific software used in the protocol are not particularly informative if the software is not identified. If journal policy prohibits identification of the hardware and software, consider deleting or generalizing the information in steps 9-10 and the corresponding figures (7-10).

The software and specifications for this MEA can be found in the materials list that is provided with the article. We have added a note that references generalizability of the steps in lines 366-368. We have added lines 690-691 to describe availability and general cost of MEA systems.

2. Given that beating rate/interspike intervals are usually the same in all channels, what is the advantage of using a MEA compared to a single extracellular electrode? And, why is it necessary to make sure that all electrodes in the array have a signal? Can the impulse initiation site and conduction velocity through the small mouse SAN be resolved from differences in response time of different electrodes?

1) MEA advantages: The single extracellular electrode recordings require much more specialized electrophysiological technical expertise. Also, using the MEA allows for multiple recording sites at one time which provide broader coverage in case differences do exist between different sites in the tissue.

2) It is not necessarily mandatory to make sure all electrodes have a signal, but it is a good way to ensure good contact is being made across the tissue and that all of the tissue within the MEA is healthy.

3) It should be theoretically possible to identify impulse initiation site and conduction velocity using this system, but we have not attempted or optimized that technique yet, so we do not feel qualified to discuss it, let alone provide instructions on how to do it.

3. Although the MEA approach is likely to be useful in some applications, the limitations of the approach should be better acknowledged and discussed. For example, how might problems or differences in conduction (e.g., in different preps or due to drugs) interfere with determination of a single firing rate for a prep? Might there be cases of two competing impulse initiation sites, particularly at slower FRs? Along the same lines, it seems that inclusion of atrial tissue in the prep would alter the firing rate of the SAN itself. Of course, this condition is also present in vivo, so it is not necessarily a limitation, but it's also not clear that the dissected SAN prep eliminates mechano-electric mechanisms as stated (e.g., lines 647-649).

We have included additional discussion of limitations regarding measuring action potential characteristics with an MEA, as well as potential confounding influences of autonomic innervation, in lines 675-679 and 692-695. As we now state, the MEA can only record field potentials which is less precise than the intracellular action potential recordings for measuring action potential characteristics. Regarding mechano-electric mechanisms, sinus firing rate can be variable due to mechano-electric mechanisms related to ventricular contraction and respiration, suggesting reentrant signals can occur with an entire heart with an intact conduction system. However, in our recordings these mechano-electric effects should be minimal since the only tissue present in the preps is SAN tissue and part of right atria. 

4. It should also be mentioned that movement artifacts of the spontaneously beating SAN may limit the usefulness of the MEA approach. This appears to be the case in Fig 11C. How frequently is this type of noise observed? When present, does it affect all electrodes and does it necessarily preclude assessment of firing rate?

Fig 11C was a rare example of an unstable recording. We did not find any issues with movement artifacts, perhaps because the electrodes are stably in contact with the tissue.

Minor Concerns:
1. Lines 50-51. Intrinsic heart rate not clearly defined.

We have added a definition of intrinsic heart rate in lines 50-52.

2. In reference to Fig 8, it is stated that APs may not be aligned across channels (lines 498-500) but this cannot be resolved in Fig 8.

It is not obvious in Figure 8, but there can be minute (ms scale) differences in alignment. The differences are so small it is difficult to display the alignment clearly in a figure.

3. Lines 504-505. How was the minimum acceptable amplitude of 0.5 mV determined?

From extensive personal experience with the system, we have learned that healthy tissue tends to average at least 0.5mV signal amplitude.

4. It sounds as if episodic recording was used in the example recordings. Why not use continuous recording?

Because we record 64 channels at a 20 kHz sampling rate, the file sizes get unmanageably large very fast so continuous recording is not feasible.

5. Line 653-655. How would stimulation of SAN be relevant physiologically? And what types of arrhythmias might be measured in SAN?

We removed the lines discussing stimulation because we intended it to refer to stimulation of other cardiac regions outside the SAN and upon re-reading, we removed it due to ambiguity.

*6. The SAN dissection (e.g., Figs 2-4) has previously been described by several groups and such references should be cited.

Lines 85-87 reference such articles.

7. Fig 11 showing some examples of poor data is informative. What percentage of preps are adequate for recording once the dissection has been mastered? Can some of these problems be corrected, say by repositioning the tissue on the array? Is noisy data in some channels necessarily present in all channels?

Once the dissection has been mastered, more than 90% are good for recording. We have included this information in lines 654-655. In our experience, if one channel has noise, several will also have noise because the problem is usually systemic. One exception is if you have had an electrode go bad in which case you would not get a signal at all. Repositioning the tissue typically does not resolve problems with noise but can be used to realign the region of interest with the desired electrodes. 

8. p 35-38. The list of equipment and details are poorly formatted and difficult to interpret. Perhaps this information was presented in a table in the original file?

The original file is an excel sheet table which should be more clear in the published article.




