Editorial comments:
1. Please take this opportunity to thoroughly proofread the manuscript to ensure that there are no spelling or grammar issues.

Ok.

2. Please revise the text to avoid the use of any personal pronouns (e.g., "we", "you", "our" etc.).

All personal pronouns have been removed.

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.
For example: Excel, CellProfiler,etc.

CellProfiler is open-source software. We have included this notion in step 5.1 and included the reference (line 217 in the revised manuscript). The sentence containing Excel has been removed in response to point 4 and reviewer 3 major point 5.

4. 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.” However, notes should be concise and used sparingly. Please include all safety procedures and use of hoods, etc.

We have revised the protocol accordingly.

5. 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.

We have included all of the button clicks and settings in the revised version, in particular in steps 3 and 6.

6. Line 106-111: how is the sample prepared? What is the anesthetic used in this study?

This step (2.1) has been removed from the protocol, as it was a general comment referring to the steps below.

7. Line 113: Composition of M9 buffer? Does the M9 buffer only contain Sodium azide?

The composition of the M9 buffer is mentioned in the Materials Table. To avoid confusion, we have rewritten this to “M9 buffer supplemented with 25 mM NaN3” (Line 124 in the revised manuscript).

8. Line 149/192: Please add the link to the references and cite the appropriate reference number here.

We moved the links to the reference list.

9. Please include a one-line space between each protocol step and then highlight 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. Remember that non-highlighted Protocol steps will remain in the manuscript, and therefore will still be available to the reader.

We have included the spacing and highlighted the steps for the video.

10. As we are a methods journal, please ensure that the Discussion explicitly covers 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

We rewrote the Discussion to cover these points more explicitly, at the same time addressing some of the reviewers’ comments as detailed below.

11. Please ensure that all the supplies (chemicals, reagents, equipment, software, etc.) used in this study are included in the Table of Materials.

We have checked the Table carefully and made one adjustment according to reviewer 3, major point 1 (“confocal microscope” instead of “imaging platform”).

____________________________________
Reviewers' comments:
Reviewer #1:
Manuscript Summary:
The authors present here a pipeline for image acquisition and subsequent analysis of Q40-YFP aggregates in the nematode C.elegans. They nicely summarise and refer to all publicly available resources to provide a step-wise analysis. My concern is however, that this described pipeline works only for well-defined foci in large cells such as Q40-YFP in muscles and is therefore of very limited use for analysis of e.g. neurons and other type of aggregation-prone proteins. See specific comments below.

Major Concerns:
1. A major limitation of that protocol is the nature of the aggregates. PolyQ aggregates can be easily identified by imaging software such as Cell Profiler as individual signals. To demonstrate that this protocol (as the authors claim) is useful for other aggregation-prone proteins as well they should demonstrate it on Abeta, TDP43, FUS etc aggregates. Or simply eliminate these statements. The same is true for the cell type. It all works well in large cells such as muscles and might also work in intestinal cells. But, neurodegenerative diseases affect - well neurons. They are much smaller in size and this imaging approach might not work.

We agree with the reviewer and eliminated these statements throughout the manuscript:
· To better reflect that protein aggregation can occur in various tissues we removed “many of which are neurodegenerative” from the introduction (line 51).
· We removed the last paragraph of the representative results section, which speculated about future applications (see below).
· In the discussion, we included “The fluorescence microscopy step can also be adjusted, for example using higher magnifications to monitor protein aggregation in neurons” (line 382-383).
· In the discussion, we rephrased the last sentence to “Whereas the method was demonstrated for polyQ aggregation in the C. elegans muscle tissue, future applications of the protocol may include other proteins and tissues, as well as studying the effects of proteostasis factors and small molecules” (line 401-403).

We also clarified that the data fitting in Amylofit is based on the availability of strains with multiple protein concentrations, which are availabe in the case of Q40-YFP in the muscle cells but have not yet been generated for other proteins and tissues: “NOTE: This step can only be performed when data for multiple protein concentrations are available. For Q40-YFP, a set of four strains with different levels of overexpression in the body wall muscle cells has been created previously. In other cases, novel strains should be generated using plasmid micro-injection and genomic integration.” (Step 6, line 265-268)

2. Q40-YFP foci are well characterised aggregates, yet this imaging approach fails to discriminate between simple assemblies of still soluble proteins and aggregated insoluble proteins as will be the case for any other amyloid proteins or polyQ proteins with flanking regions that show a more heterogeneous as well as dynamic aggregation pattern. This was not addressed in this protocol.

We agree with the reviewer that we have only demonstrated the detection of Q40-YFP aggregates with our protocol, and cannot draw conclusions for other proteins or aggregation pathways. We have adjusted the manuscript as outlined in our response to major point 1 above.

We also adjusted the headers of steps 5 and 6 in the protocol to specify that the method is based on counting the numbers of inclusions, without considering different aggregation states:
“5. Automated inclusion counting using CellProfiler” (Line 215)
“6. Global fitting of inclusion count data using AmyloFit” (Line 263)

3. It would be helpful to comment on challenges throughout the protocol. NaN3 is a harsh method to immobilise nematodes. Would a polymer such as provided by Nemagel or anaesthetic such as levamisol work as well?

The JoVE format does not allow us to include too many challenges and alternative methods in the protocol itself. However, we included these suggestions in the revised discussion: “Sodium azide is a relatively harsh anesthetic, which could be replaced by physical immobilization with hydrogels or beads” (line 389-390).

4. The figures are of very low resolution. So low that one cannot even read axis labelling.

We regret that the resolution of figures 1 and 3 was greatly reduced in the submission process. The figures will be submitted as pdf (instead of jpeg) together with the revised version of the manuscript to solve this issue.

5. In the discussion section, different methods of synchronisation of C.elegans were compared. However, the auxin-inducible system by employing the strain PX627 was missed and should be included.

The discussion has been rewritten to be more concise, according to the editor’s instructions (editor point 10). We included only the most common methods for synchronisation that could be applied as an alternative for the strains that we used.

6. Throughout the protocol it is stressed that this procedure can be used to screen genes or small molecules. Yet no example is provided and the reason might be the very labor-intensive step of transferring individual animals into the 384 wells. The authors should demonstrate the feasibility or eliminate statements on high-throughput analyses.

The reviewer is correct that we do not provide an example of screening for drugs or small molecules. Indeed the throughput of the current methods is a limitation, as included in the revised discussion: “The throughput of the technique is currently limited by the need for manual picking of the animals into the 384-well plate. This can potentially be remedied by the use of micro-fluidic devices.” (line 387-388).

We rephrased the last sentence of the abstract to: “The method here displayed may prove useful to assess the effects of proteostasis factors and potential therapeutics for protein aggregation diseases in a living animal in a robust and quantitative manner.” (line 45-47)

We also removed “high-throughput” in the introduction (line 80), removed the last paragraph of the representative results section and rephrased the last sentence of the discussion as detailed in the response to major point 1.


Minor Concerns:
The authors should make sure that all gene names as well as C. elegans are italicised.

We apologise that C. elegans was not italicised in the reference list, this has been corrected. We are not aware of any gene names in the manuscript.

Line 108: replace "recycled" by "reused"

Adjustment has been made (line 118 in the revised manuscript).

Line 178: "one module at a time" instead of "on module at a time"

Adjustment has been made (line 242 in the revised manuscript).


Reviewer #2:
Manuscript Summary:
The manuscript by Molenkamp et al describes a semi-automated method that allows to monitor inclusion formation of PolyQ proteins expressed in C. elegans. The advantage of the presented pipeline is that it allows to quantify aggregation kinetics , as well as using mathematical modeling that allows to establish biophysical parameters that drive protein aggregation in vivo.

Minor Concerns:
I don't really have any major concerns. The manuscript is well written and the method described in sufficient detail so that anyone should be easily able to follow it. My only suggestion would be to highlight already in the introduction how and why this method is important to quantify aggregation and understand the molecular mechanism of aggregation. The authors mention this very briefly in the last paragraph of the introduction, but this could be expanded a bit more e.g. students who may not be so familiar with the topic.

We appreciate the feedback from the reviewer. For those new to the field, we included in the revised introduction the notion that it is not yet clear how aggregation is linked to toxicity, and that therapeutics for protein aggregation diseases are not yet available: “The misfolding of these polypeptides into amyloid fibrils is associated with toxicity and cell death by mechanisms that are still largely unclear. Elucidating the mechanisms of amyloid formation will be crucial to develop effective therapies that are currently unavailable.” (line 54-57)

In the Protocol Section, point 3 (Image acquisition): please mention already here that a confocal microscope can also be used as an imaging platform if it is equipped with a multi-well plate holder (not every lab or facility has an high-throughput imaging platform). The authors do mention this later on in the discussion, but it is worth mentioning in the method description as well.

We thank the reviewer for this suggestion. Although notes in the protocol should be used sparingly according to the editor’s instructions, we have moved this information from the discussion to a note in step 3. “NOTE: This experiment can also be set up on a regular spinning disk confocal microscope with multi-well plate holder. A camera with a large field-of-view is however beneficial to limit the number of tiles to be imaged to span the entire well.” (Line 145-147)


Reviewer #3:
Summary:
This manuscript demonstrates a method for quantifying protein aggregation kinetics in C. elegans in vivo in a semi-automated manner using CellProfiler and further fitting into mathematical model using AmyloFit.

Overall analysis:
The method described in this paper warrants consideration for publication. The authors show an innovative method to quantify protein aggregation kinetics. This method is confocal-microscopy-centered, while the reagents/software are easy to obtain. However, there are several areas that need to be addressed. First, details of the method are either lacking or are difficult to locate, leaving the reader with a superficial knowledge but lacking critical information to easily implement the method (specifics listed below). Second, the accumulation of aggregates is usually, but not always, associated with declining function of the proteome. Sequestration is a known mechanism to safeguard the proteome by removing toxic species from direct interaction. Typically, in addition to the direct qualification of fluorescent foci, a secondary assay is included to measure muscular function. For instance, in many cases an age-associated paralysis assay or in rarer cases an assessment of overall levels of insoluble proteins is included to confirm that increased foci accumulation is a sign of proteome collapse. The authors do not need to include such a method, as published examples are available (including JoVE). But the authors need to discuss this limitation in their assay and reference secondary approaches to address it.

We appreciate the reviewer’s analysis of both the strengths and limitations of the protocol. We have addressed the detailed comments in the revised manuscript as outlined below.

Major concerns:
1. The "high-throughput imaging platform" mentioned by the authors in the abstract and introduction is needlessly vague. The authors should describe the use of confocal and the 384 platform in some detail within the introduction.

Unfortunately the JoVE format does not allow us to mention the specifics of the brand or model of the equipment. However, we agree with the reviewer that the term “high-throughput imaging platform” is rather vague and have replaced this by “high-throughput confocal microscope” throughout the text.

2. Step 3 requires a confocal microscope with a 384 well adaptor, which is not a standard piece of laboratory equipment. What is the platform adaptor they are using? This will limit utility in some institutions. Furthermore, it is unclear whether all of the mentioned settings are standard options across confocal setups.

Our protocol is based on the instrument listed in the Table of Materials, which is dedicated to image multiwell plates. Unfortunately the settings as stated in the protocol are indeed specific to this instrument and will need to be adjusted by users who will perform our protocol with different equipment.

3. For step 4, it would be useful to include a supplemental figure that shows step by step screenshots of how to use ImageJ to stich tiled images together.

We appreciate this suggestion and have included a new figure (Figure 2) showing the stitching procedure.

4. What platforms/operating systems can run CellProfiler (step 5)? This could also be a limitation in utility.

CellProfiler is compatible with MacOS and Windows. As such, we do not expect this to be a limitation.

5. What is "post-processing?" Step 5.8 (line 186)? This needs to be defined.

This step (5.9 in the revised version) has been rewritten to improve the clarity and move non-actionable items into the note (see editor point 4): “5.9 Open the output folder to view the output files. NOTE: The number of inclusions per worm can be found in the file named ''ExpandedWormObjects''. Additional information about the input images can be found in the file named ''Image''. An image of the worms and inclusion outlines is saved for manual inspection. Additional output can be selected in the ExportToSpreadsheet module in the pipeline.” (Line 254-260)

6. Line 207: "enter the equation to fit the data" doesn't make sense until the reader gets to the results section and is jarring to the reader. Is the equation always the same? Are there examples of specific experimental setups where one equation would be more appropriate than another? If true, then the authors should provide a supplemental table to define conditions where a specific equation is needed. For all possibilities the authors should provide an appropriate equation or give additional guidance for how one would determine the correct equation and how to enter it. Clarification is needed here.

The reviewer is correct that specific instructions were missing here (see editor point 4). We have included the equation that should be used to fit the data for Q40-YFP in the muscle cells in Step 6.5: “Select Custom in the model panel, enter Ncells*(1-exp(-Kcell*m**(n)*(t-1))) in the equation box and click Load model.” (Line 288-289) 

We furthermore revised Figure 4B to show the equation. 

7. Line 210: the authors should either provide models in a supplemental table and not refer the reader to a reference, or rephrase this text to indicate that independent (and not cooperative) models are appropriate for fitting nucleation within body wall muscle. The purpose or rationale for examining "cooperative nucleation" is unclear. The manuscript first mentions cooperative nucleation in the protocol (line 210) without providing a brief description or distinguishing it from "independent nucleation." Interpretation of representative results that the "cooperative aggregation kinetics…does not match the kinetics of Q40-YFP inclusion formation" (lines 240-241) is not discussed.

We agree with the reviewer that the use of the cooperative model is confusing and we have removed it from the protocol and the representative results in the revised version of the manuscript. However, we would like to point out that other models may be required to fit other types of aggregation data. Therefore we have included the following in the revised discussion: “The analysis in Amylofit here presented is based on an aggregation mechanism consisting of independent nucleation events in individual cells. In cases where this model does not fit, the user should consider an alternative such as the cooperative aggregation model developed previously.” (Line 392-395)

8. In the representative results, the authors reported the aggregation kinetics of Q40 as "a nucleation rate constant of 2.7 x 10-12M-0.94s-1, corresponding to a nucleation rate of 0.01 molecules h-1 per cell at an intracellular protein concentration of 1mM, and a reaction order of 1.94" (lines 235-237). The authors do not provide any information about the known aggregation kinetics of Q40 and how the nucleation rate constant from their mathematical model is compared to that data. The authors do not mention the number of trials and how the nucleation rate differs between each biological replicate. This difference is an important factor should this method become a more standardized protein aggregation quantifying protocol.

The reviewer raises a valid question regarding the reproducibility of the method. In the revised version, we have included a comparison between two independent datasets (Table 1), demonstrating the robustness of the method. 

We added to the text: “Two independent biological replicates led to closely corresponding values for the nucleation rate and reaction order which are in agreement with a previous study using a similar protocol (Table 1).” (Line 333-335)

We also added to the legend of the revised Figure 4: “The data are representative of two independent biological replicates.” (Line 357)

9. The authors mention "motility defects" (line 73) in the introduction but do not discuss it afterwards. Motility is an important readout for toxicity in polyQ aggregation assays, and the authors do not discuss how they will put the nucleation rate constant from their mathematical model into the context of proteotoxicity.

The protocol does not address motility and “which correlates with motility defects” has been removed from this sentence in the introduction (line 74).

Minor concerns:
1. Line 73: The authors should reference manuscripts that use similar transgenic approaches within intestinal cells (currently missing).

We have added “and the intestine” with the appropriate references (line 75).

2. Step 1.4: how many animals are typically transferred?

We have included this information in Step 1.4: “Transfer ca. 40 animals per strain times the number of points to be imaged, to compensate for animals that die or are lost during transfer (see Step 2).” (line 107-108).

3. Step 2.3: "after transferring them there when necessary" is awkwardly written.

This sentence has been rephrased and moved to the note: “The worms must be placed outside the bacterial lawn before picking them into the well.” (line 130-131).

4. Step 2.5: the authors need to give an approximation of a typical number of time points that will be needed for control conditions.

This information has been included in the representative results section: “From day 1 up to day 10 of adulthood” (line 321) and is also shown in Figure 4C.

5. Step 4.3 There is no mention in earlier steps that it is important to note the "type" of tile, nor the order in which images are collected.

The order by which the tiles were collected was left to the default setting of the instrument in Step 3. In response to major point 3, we added the new Figure 2 and associated text which further clarify this step of the protocol: “The images of the wells were acquired as 6 tiles, which were stitched together using a plugin in ImageJ (Figure 2).” (Line 323-324)

6. Step "6.7" (line 184) should be 5.7.

Corrected in the revised version.

7. Step "6.8" (line 185) should be 5.8.

Corrected in the revised version.

8. No mention of number of biological or technical replications.

As responded to major point 8, we included this information in the revised version.

9. The bottom right three panels in Figure 2 lacks specification in the figure legend. What does each panel stand for? What do the arrows mean?

We apologise for this omission in the legend of this figure (Figure 3 in the revised version). To clarify the meaning of the panels and arrows, we have labelled the panels and revised the legend as follows: “Figure 3. Schematic of the CellProfiler pipeline to quantify inclusions numbers. A-C) The brightfield image (A) is used to identify the worms (B, close-up in C). D-G) The fluorescence image (D, close-up in E) is used to identify the inclusions (F). The worms and inclusions are related to provide the number of inclusions for each worm in the well (G). The images shown are of Q40 line A animals at day 3 of adulthood.” (Line 348-352)

10. In Figure 3B, the models for independent nucleation and cooperativity is not mentioned in the legend.

We removed the cooperative model from the protocol and from the figure (see major point 7), and included the equation for independent nucleation in the new Figure 4B.

11. Figure 3 in general is too blurry to see the details.

As responded to reviewer 1, major point 4, we regret that the quality of figures 1 and 3 was lost during the submission process. We revised figure 3 (now Figure 4) and will submit it as a pdf file.

12. In the summary section, it seems like the protocol is looking at the same animals at different timepoints (line 23-24), which does not match the protocol section in which different animals from the same parents are imaged at different timepoints.

We understand that the sentence in the summary could be interpreted as such, and rephrased this into “Animals from an age-synchronized population are imaged at different timepoints” (line 23-24).

13. Step 1.3 (lines 98-100)- How will the animals grow to adulthood on NGM plates? Won't they arrest at L1 due to lack of food?

The NGM plates are seeded, as inserted in step 12 in the revised version (line 96).

14. The discussion section does not mention situations other than body wall muscle cells. How is this protocol applicable to aggregation in other tissues like neurons and the intestine? For example, in the neurons, how will a higher magnification and smaller aggregate sizes affect data collecting and the accuracy of the programs?

Indeed the small size of the neurons presents a challenge for the current method. As outlined in the revised discussion, the sample preparation and image acquisition would need to be adjusted, but the data analysis methods will still be applicable: “The fluorescence microscopy step can also be adjusted, for example using higher magnifications to monitor protein aggregation in neurons. (…) The CellProfiler pipeline can still be used in these cases, but the settings (pixel size and intensity threshold to recognize worms and inclusions) will need to be adjusted by the user.” (Line 382-387).
