We thank the reviewers and editor for their constructive critique of our manuscript. We have addressed individual comments below in red. Briefly, we have amended the manuscript per editorial comments, and we have added a limitations section to the discussion, improved the premise of the study in the introduction, added new representative images/data to our manuscript and provided additional clarity to several needed methodological considerations. We feel the additions and edits to the manuscript strengthen it and increase the impact of the work. We hope the reviewers and editors find our revised manuscript suitable for publication. 


Editorial comments:
1. Please take this opportunity to thoroughly proofread the manuscript to ensure that there are no spelling or grammar issues.
We confirm that we have thoroughly proofread the manuscript again to address any spelling or grammar issues.

2. Please provide the institutional mailing address of all the authors.
The institutional mailing addresses have been added to all author affiliations.

3. JoVE cannot publish manuscripts containing commercial language. 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: e.g., Eppendorf, Accellerase, Thermo, Dynamic Muscle Control LabBook software, etc.
Commercial language has been removed as appropriate. This protocol is specifically designed for use with the Aurora physiology system and Dynamic Muscle Control LabBook software (DMC v6.000) as click-by-click instructions are provided that are unique to this software, so only necessary references to specific commercial software to ensure clarity regarding how to use the apparatus and corresponding software remain. We have removed “Dynamic Muscle Control LabBook” and “Dynamic Muscle Analysis/DMA”from the text and simply reference the Table of Materials for details regarding the software mentioned in the step-by-step text.

4. 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. To this end, we ask that you please do not use " Dynamic Muscle Control LabBook " within your text and use generic language instead. Please also remain neutral in tone throughout (reduce the usage of words like novel, fast, simple, etc.)
We have removed mention of specific software in the text and instead refer to the Table of Materials for details regarding appropriate software. We have also toned down language to reflect a more neutral tone throughout the Introduction and Discussion.

5. Please include any strain, age, or sex-specific bias if any.
Strain and sex of mice were previously included, and age has now been added to the manuscript in Representative Results.

6. 6.2: Please include more details, how the results are analyzed?
“Analyze Results” refers to the clickable button in Dynamic Muscle LabBook. When opened, this window displays torque output under “Max Force” which should then be manually recorded, as described in 6.2. The word “manually” has been added in the text preceding “record” to clarify this point. 

7. 8: How do you determine the baseline torque, maximal torque etc.? How do you filter raw torque data? What kind of statistics is used here?
Baseline torque and maximal torque are determined automatically in the Analyze Results window within Dynamic Muscle LabBook. There is no need for manual calculation as the software automatically calculates/generates the data. We have added a clarification that normalized data are calculated in a separate spreadsheet as torque/body weight in grams. These data are unfiltered. A NOTE line has been added to more clearly reflect this fact. We did not run statistical analyses on these data, but instead report representative results generated using this protocol. We have added a sentence in 8.2.2 to indicate statistical software was used to graph torque-frequency curves and calculate area under the curve, as shown in Representative Results figures. We have added GraphPad Prism to the Table of Materials.

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 add more details to your protocol steps. Please ensure you answer the “how” question, i.e., how is the step performed? 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 very specific details throughout all steps, specifically regarding button clicks in the data collection and analysis software. We have included specific numerical parameters for all components of experimental design, including pulse frequency, pulse width, number of pulses, train frequency, and run time for Instant Stimulation along with stimulus duration, frequency sequence, and rest period between pulses for the torque-frequency experiment. We believe the detailed steps provided are sufficient to clearly replicate the experiment in a step-by-step manner.

9. Please include a one line space between each protocol step and highlight up to 3 pages of protocol text for inclusion in the protocol section of the video. This will clarify what needs to be filmed.
A one line space has been included between each protocol step (steps 1-8), but not between sub-steps (ex. between 1.1 and 1.2). Please advise if a one line space is needed between sub-steps as well. Steps 1-7 (approximately 2.5 pages) have been highlighted for inclusion in the protocol section of the video.

10. Please include all the Figure Legends together at the end of the Representative Results in the manuscript text.
All figure and table legends have been moved to directly after the Representative Results, preceding the Discussion.

11. In the discussion section, please include some limitations of the protocol as well.
We have added a limitations/considerations paragraph to the Discussion section.

12. In the reference section, please use the following format for the authors: last name, first and middle initials (if available). For six or more authors, show only the first author’s name followed by et al. Do not use a comma before et al. Example: Kioh, L. G. et al. Physical Treatment in Psychiatry. Blackwell Scientific Pubs. Boston, MA (1988).
We have amended the reference style noted. 

13. Please do not use any abbreviations for journal titles and book titles. Article titles should start with a capital letter and end with a period and should appear exactly as they were published in the original work, without any abbreviations or truncations.
We have amended the bibliography to reflect the citation style specified. 

14. Table 1 and 2: Use the multiplication dot for compound units. Example mN·m,
Torque units have been changed to mN·m, using the multiplication dot, in both Table 1 and Table 2.

15. Figure 1, Figure 4, Figure 5: Please remove the commercial branding: aurora scientific.
The Aurora Scientific desktop background in the screenshot images demonstrating use of data collection and data analysis software have been removed in Figures 1, 4, and 5.

16. Figure 6, Figure 7: Please define the X and Y-axis and mention the units in brackets.
The X and Y-axes are defined in Figures 6 and 7 with corresponding units denoted in parentheses.



____________________________________
Reviewers' comments:
Reviewer #1:
Manuscript Summary:
Brightwell and colleagues detail a non-invasive technique to assess knee extension torque in anesthetized mice. This non-invasive technique allows for longitudinal testing in the same animal during disease progression, recovery from injury, and/or during treatment. Muscle torque (strength) in general is the primary function of skeletal muscle and is the most clinically relevant outcome measurement. While knee extension torque methodology has been described in rats, methods in mice are lacking.

Major Concerns:
Rationale: The current rationale for this technique is weak in two areas. First, in vivo approaches have been available to assess muscle strength non-invasively since 1985 with McCully and Faulkner, so while commercialization of the equipment may have been limited, the methods to do so were not. Second, the plantarflexors of the mouse hindlimb collectively represent ~200mg (gastrocnemius, soleus, plantaris muscles), and therefore current mouse in vivo techniques are not limited to relatively small and/or specialized musculatures. The rationale for this study relating to a reliance in human research on knee extensors is strong. I would also recommend the authors lean into their own research on ACLs and highlight the knee injuries and osteoarthritis mouse models cannot be appropriately assessed without a knee extension technique, thus this technique is expanding access to the muscle-bone-cartilage-tendon field.

We agree with the reviewer that our rationale should better reflect lacking knee extensor measures in mice given translational relevance to ACL injury, OA, etc. We also agree that methods have existed for repeated non-invasive assessment of muscle strength for some time, and we have removed comments to that effect that the reviewer correctly notes. We have significantly reformatted our introduction to emphasize translational relevance to ACL injury, OA, etc. as the premise to the current methodological study. 

Cellular and technical discussion: There is some confusing language regarding how this technique works throughout the manuscript. First, lines 66-69 mention neural control then say muscle architecture and size largely determine strength. Motor unit recruitment and the frequency of action potentials to those motor units is the primary determinant of strength, not taking into account length-tension and/or force-velocity circumstances. This is evident in individuals with central and/or peripheral nerve damage that have muscle mass but cannot generate muscle torques due to impaired recruitment. Second, lines 238-240 suggest the torque-frequency data changes due to motor unit recruitment. This electrophysiology approach stimulates the voltage-gated sodium channels along the axon and therefore all motor units are recruited. There is no motor unit recruitment with in vivo electrophysiology. What determines torques changes is that the frequency of action potentials is being modulated by your protocols (frequency) and more frequency leads to greater intracellular calcium concentration, greater cross-bridges, and more force production by the muscle. I think the manuscript could be improved with more discussion on these topics with the in vivo approach and adding details to what Frequency, stimulus duration, pulse durations are exactly in the stimulation protocol. Aurora should be able to provide you with an image of their square-wave pulse, and that would be helpful to include as well.

We agree with the reviewer that there was a lack of clarity in the introduction and discussion. We have largely rewritten the Introduction to address comment #1 from Reviewer 1, and subsequently the confusing language in the lines regarding neural control have been removed. Additionally, we have added a brief discussion of various methods (in vitro, in situ, in vivo) to assess neuromuscular function in rodents. We have also added specific details per your comment in our protocol: 
· pulse width (0.2 ms)
· pulse frequency (125 Hz)
· torque-frequency protocol sequence (10 Hz, 40 Hz, 120 Hz, 150 Hz, 180 Hz, 200 Hz)
· stimulus duration (0.35 s)
· rest period between pulses (120s)
[bookmark: _GoBack]We have added representative images on the square wave pulse in our new Figure 5 that also shows representative tentani as well. The square pulse wave is seen in red in the representative images in Figure 5.

Data accuracy: The data provided is a little concerning. Figure 5 and 8 are not representing fully fused tetany as there is clearly still relaxation events occurring, i.e., the plateau portion of the curve is not flat. In Figure 6 it is not clear why frequencies between 40 and 120 Hz would not be included considering these frequencies are the most common ones for detecting left/right shifts with disease/injury. Also, the torques generated are quite low. 20mNm and ~0.7 mNm/g BM are what the plantarflexors muscles generate in C57Bl6 mice. Perhaps the quadriceps in mice are the same strength as the plantarflexors. This is OK but again requires you to revisit the rationale above. However, it is also possible that your force transducer is not capturing all the torque generated. In Figure 2, it appears that some of the torque is going into the lever arm. The lever arm is sensitive to rotational torque not compressive torque. The more appropriate configuration of this would be with the lever arm parallel with the limb such that knee extension is applied at a mostly perpendicular/rotational manner. It also might be beneficial to secure the electrodes with helping hands as muscle contractions may move them slightly and also limit full tetanic contractions.

We wish to clarify that these data are not filtered, but instead are raw torque data. The data collection and analysis software allow for application of a filter, if desired; however, we selected to not apply a filter to the data. We have amended the manuscript to more clearly reflect this point (see NOTE under Step 8. Data Analysis). Our frequency sequence for knee extension is as follows: 10 Hz, 40 Hz, 120 Hz, 150 Hz, 180 Hz, 200 Hz. We chose this sequence as we consistently observe peak tetanic torque occurring between 120-180 Hz for knee extension. We acknowledge the potential limitation to detect left/right shifts in the force-frequency curve by omitting frequencies between 40-120Hz. We have added a limitations section to the Discussion where we acknowledge this point. We have added graphical representative data (displayed in the analysis software) from each of the frequencies to demonstrate the torque-frequency pattern more clearly. This addition to Figure 5 displays torque from each frequency from a torque-frequency experiment in the same mouse (mouse 2). We also note the reviewer comment regarding fully fused tetanus. The representative images selected in Figures 5 and 8 occur at a frequency of 120Hz, where very subtle relaxation is visually evident. We have added representative images at 150Hz that show complete tetanus and updated Figure 5 accordingly. 

We acknowledge the reviewer’s comparison of quadriceps vs plantarflexor torque. However, we note that the peak tetanic knee extensor torque that we currently report in young healthy mice (≈20 mN•m) is approximately double that which our lab1 and two independent labs2,3 (≈10 mN•m) have reported for in vivo peak tetanic plantar flexion using a similar protocol. A study by Pratt and Lovering reported maximal isometric quadriceps torque in C57BL/6 mice of 11±1 N•mm4 (2-3 month old animals). While these reported values are lower than our reported values, our mice are several months older (6-8 month old). Body weight and sex for the mice in that study were not reported4 to directly compare BW-normalized quadriceps torque to data we report, but given the difference in age (and likely body weight/muscle mass), our values are likely comparable to those published by Pratt and Lovering4.  

Regarding the issue of rotational versus compressive torque, the motor arm is designed to measure torque (rotational force). The material of the plastic piece in which the tibia rests and directly presses against with isometric contraction is not compliant, so there is no loss of torque from the tibia pressing into this piece. To ensure consistent and appropriate placement, we observe the “Force In” measurement displayed in the data collection software and adjust the placement of the motor arm so that the “Force In” is approximately -1.0 mN•m or less—indicating that the tibia is lightly resting against/touching the plastic piece (i.e. not hovering in ‘dead space’ which would require a concentric contraction preceding the isometric contraction) but not being driven into the plastic piece with high force prior to the isometric contraction. We have amended Step 3 of the manuscript to clarify this point. We acknowledge that we could perform a full range of motion analysis at different knee angles to identify the angle at which peak torque occurs for the mouse, as others have done, but we chose to utilize the consistent placement displayed in Figure 2 and detailed in Step 3. We have included this discussion in our limitations and consideration section of the discussion. 

We acknowledge the benefit of helping hands to secure the electrodes during muscle contractions and we have added this to limitations/considerations in the Discussion as well.


Reviewer #2:
Manuscript Summary:
The manuscript submitted by Brightwell and colleagues presents a method to measure in vivo knee extensor muscle function in mice. In general, the manuscript is well written and the methods are nicely detailed. The development of an ergometer to quantify twitch and tetanic torque in mice in vivo is a useful tool for the field. However, for the field at-large to adopt this approach, more detail is needed on the calibration of the strain gauge and signal processing. I have also provided some minor comments to help improve the clarity of the manuscript.

We thank the reviewer for their feedback and agree that methods required greater development for adoption in the field. We have addressed each point and feel that the inclusion of greater detail strengthens our methods manuscript. 

Major Concerns:
1. The authors should include data and instructions for calibrating the strain gauge.
We agree that these data are needed for proper method adoption. A detailed blog regarding calibration written by one of this paper’s co-authors is available on the Aurora website at https://aurorascientific.com/how-to-calibrate-your-dual-mode-lever-system-using-dmc/. Step-by-step instructions for calibration have been added to the manuscript, Protocol section #9. From our recent calibration preceding the data collection reported in the manuscript: 
· Length in scale factor: 1.3959 mm/V
· Length out scale factor: 1.3959 mm/V
· Force in scale factor: 500 mN/V
· Force out scale factor: 500 mN/V

2. Please include the sampling frequency for the torque and position channels in the methods.
The sampling rate was 10,000 Hz. This has been added as a NOTE under Step 6.1.

3. More information is needed to understand how the raw torque and position data are filtered. Specifically, please provide details on the type of filter used and what frequency the data were filtered at.
The data presented (Fig 5, Fig 6, Fig 7, Table 1, Table 2) are not filtered but instead represent raw data. The software provides the option to set a filter (by toggling on the Filter option box in the analysis software); however, we did not select this option, as it was not necessary. We have amended the manuscript to more clearly communicate the fact that the data are unfiltered (see NOTE under Step 8. Data Analysis).
The data exported as a text file for Matlab processing (simply for the purpose of visually overlaying 3 different tetanus graphs from different mice in Figure 8) are, by default, filtered using a low pass filter (set to filter only high frequency noise). The peak torque with baseline subtracted from these filtered data is equal to 18.7650 mNm, compared to 18.7652 that we report using the raw unfiltered data taken from the analysis software—a difference of 0.001066%. 

4. Methods section 8. Please provide more detail on how the maximal torque is determined. For example, is the absolute peak from the filtered data used or does this represent the average over a given period of time? Additionally, is the baseline torque factored into the calculation of the maximal torque? Including the equations for these calculations would be useful. 
The peak torque data that we report is unfiltered, which we have now clarified in the text. The peak torque then represents the absolute maximum point (not an average of the plateau). Baseline torque is subtracted (see Step 8.1.6). A NOTE has been added under Step 8.1.6 to clarify calculation of peak torque with baseline subtracted. 

Minor Concerns:
1. Strength is an ambiguous term. Please consider using torque or power where appropriate throughout the manuscript.
Thank you for this suggestion. We have used the term torque when referring to recorded data and now only use strength when referring to translational relevance to physical function. 

2. The authors use force and torque interchangeably throughout the manuscript. Please revise to torque as you are reporting the force produced about the knee.
We thank the reviewer for this note as this has improved clarity of the manuscript as a whole. We have amended the manuscript throughout to use the term torque (specifically “torque-frequency curve”) and only use force when referring to “Max Force” which is the section within the software in which peak torque is displayed (i.e. Step 5.2. “Record the twitch torque displayed under Max Force with baseline subtracted.”). 

3. Please revise 'amperage' to current throughout the manuscript.
We have added the word current (i.e. “amperage/current”) when the term is initially introduced in text (Step 4 and 5) and in Table 1 and replaced the term “amperage” with “current” in the remaining text.

4. Methods section 2.2. Please revise to state "enter desired parameters for each of the following variables in the dialogue box" or similar.
We thank the reviewer for this suggestion. We have included the specific pulse frequency, pulse width, number of pulses, train frequency, and run time input into the software for this experimental protocol to align with editorial comments regarding clarity to facilitate step-by-step reproducibility. 

5. Methods section 3.6. Please refer to Figure 2 here to point readers to the correct position for the upper hind limb.
We thank the reviewer for this excellent suggestion to highlight correct hind limb position. We have added reference to Figure 2 on Step 3.6.

6. Line 176: Please revise 'max force' to 'maximal torque'. This appears elsewhere throughout the manuscript but torque is measured, not force.
We thank the reviewer for pointing this out, as stated in the previous response to comment 2. We have replaced the term “force” with “torque” throughout the manuscript, except when referring directly to the “Max Force” display box within the software (but we have clarified that torque is displayed under “Max Force” in this software).

7. Line 186: Please remove "be used for and".
We have amended the language used to improve clarity and readability. 

8. Methods section 6. Please revise 'force-frequency' to 'torque-frequency' because force is not measured with this apparatus.
We have replaced the term “force-frequency” with “torque-frequency” throughout the manuscript and figures. 

9. Methods section 6.2. The reference to mouse 2 is not necessary. Please remove.
For clarification, “mouse 2” was included to denote that this is the same mouse shown in Figures 6 and 7; however, we have removed reference to mouse 2 in Step 6.2.

10. Line 241 does not read well. Please revise for clarity.
Thank you for this suggestion. We have revised the Discussion to improve clarity.

11. Lines 254-259: The authors refer to body-weight normalized torque data in Figure 7A, but these data are in Figure 7B, and the non-normalized data are in Figure 7A. Please revise these Figure numbers to be consistent with the way the data are reported.
Figure 7A shows the area under the curve (AUC) using body weight normalized isometric torque data for each mouse, to consider the impact of differential size on peak torque output. This represents the normalized torque output across the entire torque-frequency experiment (10 Hz, 40 Hz, 120 Hz, 150 Hz, 180 Hz, 200 Hz), instead of the peak torque alone (from a single frequency between 120-180 Hz). We have added text to this portion of the Discussion in which Figure 7 is referenced to clarify this distinction. Figure 7B shows the single peak tetanic torque (occurring between 120-180Hz) normalized to body weight for each mouse.

12. Lines 273-274: A detailed image with the dimensions of the custom-fabricated plastic part would be useful for other research groups.
We agree with the reviewer that this is important information to facilitate replication of the experiment and have added a new Supplementary Figure 1.
Under step 3.7, we have added a new note which states:
NOTE: Detailed images and dimensions of the custom-fabricated plastic piece are shown in Supplementary Figure 1.  

13. Reporting the coefficient of variation for the torque-frequency curve would be advantageous to statistically demonstrate the robust repeatability of these data.
We thank the reviewer for this insightful suggestion. For area under the curve (AUC) of the torque-frequency experiment using body weight normalized torque data (Fig 7A), below are the coefficients of variation for the 3 mice on which repeat testing was performed:
Mouse 1: 5.6%
Mouse 2: 8.1%
Mouse 3: 8.8%
For body weight adjusted peak torque, below are the coefficients of variation for the same 3 mice on which repeat testing was performed:
Mouse 1: 4.8%
Mouse 2: 7.8%
Mouse 3: 8.7%
These data have been added to the Representative Results section of the manuscript. 

14. Please indicate somewhere in the discussion section whether it would be feasible to include intramuscular EMG measures to obtain measures of CMAP with stimulation as done in human studies.
Intramuscular EMG has been performed in rodent models by many groups, particularly in models of neuromuscular disease, and is sometimes used as a clinical diagnostic tool of neuromuscular disease in humans. We have not previously performed EMG studies in rodent models; however, this seems to be a feasible option for other groups to add to this protocol for assessment of CMAP, if desired. We have added a sentence to the limitations/considerations section of the Discussion to acknowledge this.

15. Please mention in the whether the plastic piece is adjustable for different shank lengths.
The custom-fabricated plastic piece is not adjustable for tibial length, although the motor arm can be adjusted/positioned as desired in relation to the platform on which the mouse rests in the supine position. We did not design the plastic piece to be adjustable in this regard as we don’t expect and have not observed significant variability in the tibial length between mature mice in our lab. 

16. Figures 1, 3, 4, and 5: Please remove the background image (Aurora Scientific desktop image) for greater clarity.
The Aurora Scientific desktop image has been removed from all screenshot Figures.

17. Figure 3. Please include an arrow to show where knee extension occurred in the torque trace.
Red arrows have been included in Figure 3 to denote the first three knee extension twitches, and the Figure 3 legend has been updated to reflect this addition.
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