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.
Response 1: 
Following your suggestion, we have done the proofreading.
[bookmark: _Hlk83029063][bookmark: OLE_LINK1]
2. Please rephrase the Summary to clearly describe the protocol and its applications in complete sentences between 10-50 words: “The present protocol describes. …”. Here the word limit is exceeding.
Response 2:
We have revised the summary as following:
The present protocol describes all optical control and observation of triggered cellular activity in iPSC derived cardiomyocytes (iPSC-CMs) for high throughput drug screening and toxicity testing. Multi-parametric quantification of phenotypic patterns in time, and space, are shown. Long-term effects of drugs over hours, or sequential measurements over days, are demonstrated.

3. Please revise the text to avoid the use of any personal pronouns (e.g., "we", "you", "our" etc.).
Response 3:
We have made the change to avoid personal pronouns.

4. Please ensure that abbreviations are defined at first usage.
Response 4: 
Following the instruction, all abbreviations are defined at first usage.

5. Please ensure that the Introduction includes all of the following:
a) A clear statement of the overall goal of this method
b) The rationale behind the development and/or use of this technique
c) The advantages over alternative techniques with applicable references to previous studies
d) A description of the context of the technique in the wider body of literature
e) Information to help readers to determine whether the method is appropriate for their application.
Response 5:
Following the instruction, we added the additional description and reference:
[bookmark: _Hlk84204663][bookmark: _Hlk84202497]Human IPSC derived models are considered a promising solution to the 3Rs aims (Replacement, Reduction and Refinement) set out for animal studies1,2. IPSC derived cardiomyocytes have been used for disease modelling and drug discovery as they recapitulate important aspects of human biology3. Calcium imaging, typically with chemical dyes, has been used to observe cellular activity before and after drug treatment4,5. However, chemical dye-based calcium sensing probes directly inhibit the Na, K-ATPase and disrupt cellular function6. Thus, tracking the same cells over hours or days has been difficult when chemical dyes are used. Here, we utilise a range of genetically encoded calcium indicators (GECIs)7-10 across a broad excitation/emission and calcium affinity spectrum, to form a cardiac toxicity testing platform offering real-time multi-organelle measurements, over extended periods of time11. 
[bookmark: _Hlk83123873]To further develop the high-throughput calcium based screening concept in the iPSC-CM model beyond the previously demonstrated academic context using genetically encoded tools for optical control and calcium imaging by co-expression of a red-shifted calcium indicator, R-GECO or K-GECO with an optogenetic tool, ChR212,13, off-the-shelf viral kits have been generated.  By transitioning imaging into a high-content imaging instrument equipped with an auto-microfluidic system, single-channel pipetting of compound addition is layered on-top of live-cell imaging. Finally, image processing and analysis, both important aspects of the experimental pathway, have been both improved and automated. 

6. 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 (including reagents, instruments, software, etc.). Please sort the Materials Table alphabetically by the name of the material.
For example, Cardiosight, LumiStar, ImageXpress, Molecular Devices, LumiCAL.
Response 6: We remove all commercial terms from the manuscript and figure legend.

7. Please adjust the numbering of the Protocol to follow the JoVE Instructions for Authors. For example, 1 should be followed by 1.1 and then 1.1.1 and 1.1.2 if necessary. Please refrain from using bullets or dashes.
Response 7: We adjust the numbering of the protocol.

8. 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 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. There should be enough detail in each step to supplement the actions seen in the video so that viewers can easily replicate the protocol.
Response 8: We thank for the editor suggestions. We’ve revised the protocol and showed the details in each step. 

9. Please add more details to your protocol steps:
Line 76: Please mention the level of biosafety cabinet.
Line 79: The supernatant is discarded with pipette?
Line 82: How the cell density ensured? Cells counted by any standard method? Please mention, else provide citations.
Line 104: Why specifically water immersion objective is chosen?
Response 9.1: The level of biosafety cabinet is level 2, which has been described in protocol 1.6.
Response 9.2: We discard supernatant with pipette aid, which has been described in protocol 1.8.
Response 9.3: We described cell counting method in protocol 1.10.
Response 9.4: In this protocol, we choose the water immersion objective lens for obtaining better resolution images since the N/A for water immersion objective lens is higher than air one. For general imaging acquiring, all kinds of objective lens can be used.

10. Please include a single line space between all the Protocol steps and ensure that the highlight is up to 3 pages 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 and should also be in-line with the Title of the manuscript.
Response 10: Single line space has been included in protocol.

11. Please remove the commercial terms from the figure legends.
Response 11: We remove all commercial terms from the manuscript and figure legend.

12. Please represent “sec” as “s” in the Figures. For example, Time (s) and not Time (sec).
Response 12: All “sec” were replaced by “s” in the Figures.

13. Please include a single space between the number and the units, such as “30 nm” and not “30nm”.
Response 13: All the number and the units have been included in a single space. 

14. Please include the Supplementary Figure legend in the Figure legends section of the manuscript text. Also please provide a title and description similar to other Figure legends.
Response 14: We have added figure legend of supplementary figure.

15. As we are a methods journal, please revise the Discussion to 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 techniques
Response 15:
We re-write the discussion as below:
To perform high-throughput screening successfully, signals must be evenly distributed across the culture vessel guaranteeing that randomly selected regions of interest (ROIs) can be applied automatically during imaging acquisition. Although this requirement is easily met by chemical calcium indicators, genetically encoded probes have historically produced patches, rather than sheets, of signal limiting their use. The use of a viral transduction system delivers high18,19 and equivalent, expression levels of multiple indictors among the target cells when compared to conventional transfection methods. Different cell types may require different promoters, and choice of gene delivery system may need to change accordingly20-22. In heterogeneous cell models, transduction and expression efficiency may be different in certain cell types. On the one hand, this may limit the application to certain cells, but on the other the phenomenon can be exploited to distinguish specific cells in a co-culture system23.
The main impact of this approach is the liberation from the one-to-one relationship between the experimenter and the sample by automation. In a standard multi-well experiment, collecting data at four positions within a single well, we estimate it takes about 15 hours at the microscope to gather 30 second videos from a 96 well plate. In the automated system this takes about 4 hours. Furthermore, analysis of the data manually takes far longer than data acquisition. The analysis system used here is about 200 times faster than the manual equivalent. The net result is an improved workflow, and significant cost and time savings.   
In contrast to primary cardiomyocytes loaded with calcium dyes that survive in the order of hours, GECIs expressed in iPSC-CM’s via viral delivery systems can yield a signal in an experimental model that lives for a few months. These models can be maintained in a multi-well format, and tracked at the same position, for serial analysis in high-content imaging systems developed for small molecule screening. This produces a simple human experimental platform to test drug effects over durations closer to those experienced by patients (weeks or months) rather than the minutes typically used in toxicology assays. 
The system can be expanded to deliver multi-parameter measurements, for example by including GECIs with distinct emission properties from green to near infra-red. Such experiments require proper excitation light and filter sets in the experimental design to keep signals separate. Broad application in a drug screening context requires robust, and efficient, analysis platforms in addition to drug dispensing. Although the model described here focusses on the use of multiple dynamic calcium indicators there is no reason why this cannot be modified to structural markers of cell form or function. These are typically easier to visualize as they show little beat to beat variability in comparison to the hundred-fold variation in intracellular calcium. This approach may be particular valuable for rare-disease where the iPSC intermediate derived from patients may contain all the genetic drivers and modifiers of a particular condition which can be preserved in a scaleable cell model, facilitating drug discovery in various diseases based on cellular phenotypes that can be visualized independently of the underpinning biological mechanism which may be difficult to elucidate.

16. Please provide at least 10 References. Please do not abbreviate the journal titles in the References.
Response 16: We have adjusted references format and added reference.

17. JoVE policy states that the video narrative is objective and not biased towards a particular product featured in the video. The goal of this policy is to focus on the science rather than to present a technique as an advertisement for a specific item. The authors are requested to follow this.

Response 17: 
We understand the goal of JoVE and follow the instruction for publication.

Response to Reviewer 1 Comments
Point 1: On line 106 on the manuscript the authors describe "identifying regions of interest" but do not define how they identify those areas. Are they random regions? Does one define a set pattern found on each slide/well when identifying regions of interest? How many are selected (or were selected for the experiments shown)?
Response 1: 
The transduction efficiency of our viral kit is high than 70%, we randomly choose 3-5 regions per well to record calcium signal.  Each region includes 20 cells at least. We’ve added the description in the Protocol 4.7.
Point 2: This section should be expanded to explain how someone setting up the experiment should determine how to optimize the power. What is it that one would be looking for to know if the system is optimized? Are there troubleshooting steps that might need to be considered at this point?
Response 2: 
The light power is variable for different devices, and researcher need to optimize appropriate power depending on ratio of signal to noise (S/N) for clear images and suggested S/N ratio is >= 2. We’ve added the description in Protocol 4.11 for imaging acquiring also in Protocol 4.12 for optimizing stimulation power and frequency of blue light to pace the cells.
The obvious photobleaching was observed at first 10 seconds in our system and then signals became stable. Therefore, only the fluorescent signals obtained from 11 to 30 seconds were analyzed. Researchers need to adjust recording time window if photobleaching happens. We’ve added the description in Protocol 6.2.

Point 3: The protocols and the figure legends do not sufficiently explain the figures. For example, it appears Figures 1D and 2B1 are showing statistical differences between treatments but this is not described anywhere in the text. The figure and/or legend should always describe what is being detected (i.e. frequency, light intensity, etc.) 
Response 3:
We’ve added and revised the description of Figure legend:
Figure 1. Small molecular ion channel inhibitors applied to iPSC derived cardiomyocytes. (A-B) Time-lapse images of iPSC derived cardiomyocytes expressing mNG-GECO taken at 25Hz. The scale bar indicates 50 µm. (B) Representative Ca2+ oscillations after compounds addition. Fluorescent signals obtained from mNG-GECO expressed cells was further converted to F/F0. F0 was defined as basal intensity. F means fluorescent intensity detected at each time points. (C) Parameters including half maximal width (CTD50), and 90% transient duration (CTD 90), rise time and decay time calculated by calcium peak analysis software. 
Figure 2. Dose response of E4031 with optical pacing system. (A) Traces for optical stimulation with 10% blue light in different concentration of E4031 treatments. Time-lapse images of iPSC derived cardiomyocytes expressing mNG-GECO taken at 25H. (B) Peak analysis and dose response of E4031 in amplitude (B2) and Decay time (B3). Blue bars indicate 1 Hz 470 nm pulse light stimulation. Significance values are indicated by * (P=<0.05), ** (P<0.01), and *** (P<0.001) 
We’ve also added the description of results of Figure 1D (now change it to Table1) and Figure 2B1:
Content
[bookmark: _Hlk83140300]Increase of decay time with both Dofetilide (p<0.05) and E4031 treatment (p<0.001) was found when compared with vehicle group. Prolongation of CTD50 (p<0.01) and CTD90 (p<0.001) with E4031 treatment was observed compared with vehicle only (Table 1).
[bookmark: _Hlk83141970]Decrease of peak amplitude (p<0.01) and increase of decay times (P<0.05) of the calcium transients are affected by treatment with serial concentrations of E4031 (Figure 2B1).
Point 4: Is it necessary to show all of these data or can this be cleaned up a bit by including just the data that demonstrates the tool works? Perhaps all of these data show how sensitive the tool can be, but then the details of the statistical analysis would also be helpful in that case.

Response 4: 
Following the suggestion from the reviewer, we remove the Figure 1D and summarize the results of Figure 1D into Table1 with the details of the statistical analysis.
	 
	BPM
	CTD50 (s)
	CTD90 (s)
	Amplitude (F/F0) 
	Rise time
	Decay time (s)

	Vehicle
	112.3657+/-10.95
	0.25+/-0.04
	0.41+/-0.01
	1.99+/-0.02
	0.07+/-0.01
	0.28+/-0.01

	Verapamil
	0
	-
	-
	-
	-
	-

	Dofetilide
	103.42+/-9.87**
	0.23+/-0.03
	0.46+/-0.03
	1.91+/-0.03
	0.07+/-0.01
	0.35+/-0.02*

	E4031
	75.73+/-12.08***
	0.37+/-0.04**
	0.58+/-0.08***
	1.55+/-0.02**
	0.11+/-0.04***
	0.35+/-0.07**

	Significance values are indicated by 
* (P=<0.05), ** (P<0.01) and *** (P<0.001)



Point 5: The authors suggest this method is good for long term observation. It would be nice if the authors described this process (for example, the setup for Fig. 3D). Also, looking at figure 3C, it appears the optogenetic system is degrading somewhat at 70 days. The authors should address the differences between what is happening at day 63 vs. day 70. What happens if I just load Fluo4 on these during the timepoints I want to analyze instead of using this gene delivery system?
Response 5: 
We add the description of process in results section line 282-304 as following:
[bookmark: _Hlk83112379]In addition, the set up for Figure 3D using optical pacing was described in protocol 4.11 and 4.12.
[bookmark: _Hlk83113955]Content:
As demonstrated in Figures 3A and 3C, clear calcium transients remain visible a month after viral transduction, with or without the additional light used for optical pacing. In the course of this work, we identified a drug that appears to increase beat rate, regularise contraction interval and increase the calcium transient amplitude in the LVNC iPSC-CM model (Figure 3A, and 3B). There are two important observations to make from this data. Firstly, from the therapeutic perspective the drug effect appears durable at Day 63, and Day 70 time points. Secondly, and of relevance to a field which in general assays compound effects during brief windows (<1 min) at earlier time-points (typically <50 day); the disease phenotype modifying effects of the compound are only apparent after Day 60 suggesting it may be easy to discount drugs which have slow mechanisms of action in standard screening protocols. 

The variability of beat frequency, and the subsequent impact on calcium transient duration, is not just a well-to-well problem at any given time point. It also changes as iPSC-CM are maintained in culture, and so changes within a well overtime (Figure 3B). To impose consistency within sequential experiments, 1 Hz optical pacing can be applied with or without drug treatment (Figure 3C and 3d). Here although the Day 63 results show the encouraging trends in the calcium transient with a significantly higher amplitude, shorter CTD90 and shorter decay time; by the 70 day time-point - and indicative of the need for chronic assessments during the drug screening process for rare disease - early after depolarizations (EAD) are detected. The value of adding a pacing protocol to disease phenotyping, or small molecule evaluation, can be qualitatively assessed by comparison of the results presented in Figure 3B, and 3D for beat rate, calcium transient amplitude, CTD90, and decay time. 
The advantage of using this protocol is to record the same well for long-term observation to investigate the chronic drug effect. With Fluo-4 loading, we can’t achieve the same wells tracking for long time. We can only record the signals within few hours (as shown in Figure 5) since it is toxic to the cells.
In addition, we performed optical pacing iPSC-CM to simulate physiological conditions and control the beating frequency, using red-shifted GECI, K-GECO, to observe calcium activity in Figure 3C. Just loading with Fluo-4 cannot co-operate with optogenetic stimulation due to excitation spectrum of Fluo-4 overlapped with ChR2 conducting spectrum. This is also the advantage of using red-shifted GECI to conduct the experiments.

Response to Reviewer 2 Comments
Point 1: While LumiStars website does list the product, there are no prices listed and no links to purchase. Are they currently commercially available? Likewise, the high-throughput/auto-microfluidic system is not really described in the introduction. 
Response 1: 
Yes, the products of LumiSTAR are commercially available and the links for quotation request are also available on the website.
[bookmark: _Hlk83123537]The high-throughput/auto-microfluidic system is purchased from Molecular Device. We put the product information in Table of materials. The High-Content Imaging System from Molecular Devices includes optional Fluidics and Environmental Control modules, enabling single-channel pipetting for compound addition and then monitor living cellular responses over a timespan of minutes or even days.
We add the description in introduction line 67-69 as below:
Content:
By transitioning imaging into a high-content imaging instrument equipped with an auto-microfluidic system, single-channel pipetting of compound addition is layered on-top of live-cell imaging.

Point 2: In the iPSCM preparation, the authors list the plating density and culturing conditions in steps 10-12 (lines 82-84). Please include a sentence about how long you culture them before imaging. At the density listed, the iPS-CMs should be a monolayer, hence have gap junctions, which take time to form.
Response 2: 
We can observe the cell beating synchronously after platting for 24-48 hrs. Thus, we conduct transduction at day 3-4 and acquiring imaging at day 6-10 usually. We’ve included the information in Protocol 2.1-2.6

Point 3: Likewise, there is a time course with transgene expression. While the authors write on line 92, "incubate for a least 8 hours at 37˚C", they do not list the maximum time. They also do not list how long after transfection recordings can be obtained. Can a researcher infect on a Monday and record on a Friday? Please list the time window recordings can be obtained and at which time point the maximum signal could be obtained.
Response 3: 
Suggested incubation time is 8-16 hrs for transduction. Generally, expression level of GECIs reach to maximum at 48-72 hrs post-transduction and sustain for more than 1 month. We’ve added the description in Protocol 2.4-2.6.
If researcher conduct transduction on Monday, he/she can obtain the signals of GECIs from Wednesday. He /she can record the signal in any desired timepoint and track it for more than a month.

Point 4: Regarding the image acquisition and functional assay, please elaborate on the recording protocol. Is the recording continuous or do the authors take 10 second movies? If it is continuous, what is the maximum time point photobleaching occurs at? Also, does the fluorophore induce any cytotoxicity with prolonged excitation? Please discuss.
Response 4: 
We use continuous recording protocol for all experiment as described in Protocol 4.10 for 30 sec with stream acquisition and 4.12 for 6 mins with time-lapse protocol. 
Because photobleaching occurs at first 10 seconds in our system, peaks obtained from 11 to 30 second were analyzed. We include the information in Protocol 6.2. 
Prolong excitation duration with stream mode would have higher possibility to induce phototoxicity. By decrease the power of excitation or stimulation light, we can achieve the optimal condition.

Point 5: As for the small molecule preparation, please include a few steps describing the Fluo-4 loading protocol. While the authors correctly point out that Fluo-4 inhibits the Na-K ATPase, it is concentration dependent. What concentration did they use? Further, how long did they load the cells for and at what temperature?
Response 5: 
As suggested, we add Fluo-4 loading protocol in protocol 3. We loaded 5μM Fluo-4 and incubated 30 minutes at 37 ˚C then replaced it with pre-warm medium before imaging. 
We agree the inhibition of the Na-K ATPase is concentration dependent. 
Point 6: Finally, what was the rationale for using E4031 a potassium channel blocker when their indicators report on calcium. I would have expected that minor blockade of a repolarizing current would increase the peak amplitude. Also, the representative examples appear to show that E4031 shortens the decay time, rather than prolong it, which the average data suggest. Please change or explain why.
Response 6: 
E4031 and Dofetilide are both class III antiarrhythmic agents (toxic compounds), which were reported to induce prolong APD in cardiomyocytes and increase the QT interval. It has been shown that CTD is highly correlated to APD and QT interval based on cardiac EC coupling. In our previous study12, we’ve demonstrated using calcium probes to observe the activity of the cells including the analyzing the peak shape as a phenotypic screening method. 
By measuring spontaneous activity of cardiomyocytes (figure 1), the prolong CTD90 and decay time can be observed in both E4031 and Dofetilide treatments (Table 1). The average data of decay times shown In Figure 3 suggests that E4031 prolongs the decay time compared with vehicle control with statistically significant. Please also refer to the definition of decay time shown in Figure 1C. 
For decrease of the peak amplitude of calcium transient upon E4031 treatment, the similar results were obtained in iPSC derived cardiomyocytes (BMG LABTECH AN253 application note- Real-time calcium influx measurements in iPSC derived 3D heart tissue). We suspect that channels and gene expression level in iPSC derived cardiomyocytes may differ from primary cardiomyocytes. Detailed mechanism needs to be further examined in future. 

Point 7: Please list the drug and molar concentration of the compound used in figure 3.
Response 7: 
The figure here demonstrate our whole system can support long-term tracking and observation for the same well more than a month.
Since this is an article for protocol and methodology, would it be possible not to disclosure the drug information? We’re filing the patent for this drug so that we’re not able to provide detailed information for the compound. 
Alternatively, we can just simply replace the figure as shown below if it’s more appropriate, in which we remove the data for drug treatment. We demonstrated tracking the cell activities on the same wells toward maturation. Decrease of spontaneous beating frequency and calcium influx were observed.
Please let us know whether we can keep original arrangements.
[image: ]




Response to Reviewer 3 Comments

Point 1: protocol guidance includes non-specific timelines (e.g. "at least 2 hrs") - what is the specific time range?
Response 1: 
We’ve revised it to specific time range in protocol.
Point 2: room temperature: RT is generally understood to be 21* C, however, in practice, there is a variation from lab to lab. A specific temperature or temperature range would be more helpful.
Response 2: In this protocol, we defined room temperature as 25 ˚ C. We’ve revised it in the protocol.
Point 3: It is unclear what the immediate impact is of this procedure - by how much is the throughput increased? What are the sources of error or variation in this protocol? A guide for how to address common problems would be helpful.
Response 3: 
We add the description in discussion section line 402-408:
Content
The main impact of this approach is the liberation from the one-to-one relationship between the experimenter and the sample by automation. In a standard multi-well experiment, collecting data at four positions within a single well, we estimate it takes about 15 hours at the microscope to gather 30 second videos from a 96 well plate. In the automated system this takes about 4 hours. Furthermore, analysis of the data manually takes far longer than data acquisition. The analysis system used here is about 200 times faster than the manual equivalent. The net result is an improved workflow, and significant cost and time savings.   
Furthermore, researchers are usually fully occupied operating microscopes and computers in processes of manual measurements and analyzations. 
In this protocol, researchers only need to confirm setups at the beginning. After that, the high-content image system and data analyzing software, LumiCAL, can automate processes. Therefore, the protocol not only shortens the time for image acquiring and analyzing but also reduces the labor works of researchers.
In addition, we also modified the results section line 294-298 as following:
Content
The variability of beat frequency, and the subsequent impact on calcium transient duration, is not just a well-to-well problem at any given time point. It also changes as iPSC-CM are maintained in culture, and so changes within a well overtime (Figure 3B). To impose consistency within sequential experiments, 1 Hz optical pacing can be applied with or without drug treatment (Figure 3C and 3d).
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