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Author Questionnaire 
1. Microscopy: Does your protocol require the use of a dissecting or stereomicroscope for performing a complex dissection, microinjection technique, or something similar?  Yes  
If Yes, can you record movies/images using your own microscope camera?
Yes  
Authors: Please use your microscope camera to film the scope shots and upload the file to your project page as soon as possible: https://review.jove.com/files_upload.php?src=19910753

2. Software: Does the part of your protocol being filmed include step-by-step descriptions of software usage?  Yes
If Yes, we will need you to record using screen recording software.
We recommend using the screen capture program OBS. JoVE’s tutorial for using OBS Studio is provided at this link: https://www.jove.com/v/5848/screen-capture-instructions-for-authors?status=a7854k
As these files are necessary for finalizing your script, please upload all screen captured video files to your project page as soon as possible.

3. Filming location: Will the filming need to take place in multiple locations?   Yes
If Yes, how far apart are the locations? Less than 100m (same building)

Current Protocol Length

Number of Steps:  23
Number of Shots:  50 

Interviews 
1. Video 1: Author Interviews	Comment by Pallavi  Sharma: Authors:  The statements are edited for length and clarity.

Videographer: Obtain headshots for all authors. 

What is the scope of your research? What questions are you trying to answer? 
1.1. Jiashu Liu: We are interested in the capacity of the visual system in health and disease mouse models. Currently, we are using the optokinetic reflex or OKR, an involuntary eye movement that serves to stabilize retinal images, to understand how the visual system contributes to the adaptive plasticity of visual innate behaviors.
1.1.1. INTERVIEW: Named talent says the statement above in an interview-style shot, looking slightly off-camera

What are the most recent developments in your field of research?
1.2. Jiashu Liu: OKR model studies have advanced our understanding of innate behavioral plasticity by demonstrating that prolonged stimulation or impaired vestibular ocular reflex can increase behavior amplitude, and by investigating the underlying molecular, synaptic, and circuitry mechanisms.
1.2.1. INTERVIEW: Named talent says the statement above in an interview-style shot, looking slightly off-camera

What significant findings have you established in your field?
1.3. Jiashu Liu: We combined video-oculography and computerized virtual visual stimulation to precisely quantify the OKR behavior evoked by drum gratings with freely changing parameters. This procedure is relatively simple and can be standardized to accommodate large-scale studies.
1.3.1. INTERVIEW: Named talent says the statement above in an interview-style shot, looking slightly off-camera


What research gap are you addressing with your protocol?
1.4. Jiashu Liu: Our protocol accurately analyzes tuning curve shapes and preferred visual features, detects subtle differences in individual mice in normal and pathological conditions, and monitors changes in OKR due to pharmacological treatments or visual-motor learning. 
1.4.1. INTERVIEW: Named talent says the statement above in an interview-style shot, looking slightly off-camera

How will your findings advance research in your field?
1.5. Jiashu Liu: The high precision and quantitative power make it possible to compare repetitive OKR measurements of the same mice in longitudinal studies, under different pharmacological treatments, or under neural circuit perturbations. It also provides an opportunity to study the circuit mechanisms of OKR plasticity.
1.5.1. INTERVIEW: Named talent says the statement above in an interview-style shot, looking slightly off-camera


Videographer: Obtain headshots for all authors.
1.6. This research has been approved by the Biological Sciences Local Animal Care Committee in accordance with guidelines established by the University of Toronto Animal Care Committee and the Canadian Council on Animal Care.



Protocol Videos 
2. Video 2: Implantation of a Head Bar on Top of the Mouse Skull
Demonstrator: Jiashu Liu
Ethics Title Card
2.1. Procedures involving animal subjects have been approved by the Biological Sciences Local Animal Care Committee in accordance with guidelines established by the University of Toronto Animal Care Committee and the Canadian Council on Animal Care.
Protocol
2.2. After anesthetizing the mouse, place it on a heating pad to maintain its body temperature [1-TXT]. Apply a layer of lubricant eye ointment to both eyes and cover them with aluminum foil to protect them from light illumination [2].
2.2.1. WIDE: Talent transfers the mouse to a heating pad. TXT: See text for anesthesia regimen
2.2.2. Talent applies ointment to the eyes and covers them with aluminum foil.

2.3. Then, subcutaneously inject carprofen at a dose of 5 milligrams per kilogram to reduce pain [1]. Shave the fur on top of the skull [2] and disinfect the exposed scalp with 70% isopropyl alcohol and chlorhexidine alcohol twice [3].
2.3.1. Talent injects carprofen into the mouse.
2.3.2. Talent shaves the fur on top of the skull.	Comment by Baohua Liu: Part of this step, the fur is first wet by 4% chlorhexidine gluconate before shaving the fur, which was captured in the video.
2.3.3. SCOPE: Talent wipes the exposed scalp with 70% isopropyl alcohol and chlorhexidine alcohol.
Authors: Please use your microscope camera to film the scope shots and upload the file to your project page as soon as possible: https://review.jove.com/files_upload.php?src=19910753

2.4. Next, inject bupivacaine intradermally at the incision site [1], then remove the scalp with scissors to expose the dorsal surface of the skull, including the posterior frontal bone, parietal bone, and interparietal bone [2].	Comment by Baohua Liu [2]: Change to 'subcutaneously'
2.4.1. SCOPE: Talent injects bupivacaine at the site of the incision.
2.4.2. SCOPE: Talent removes the scalp.
2.5. Apply several drops of 1% lidocaine and 1 to 100,000 epinephrine on the exposed skull to reduce local pain and bleeding [1], then scrape the skull with a Meyhoefer curette to remove the fascia and clean it with PBS [2].
2.5.1. SCOPE: Talent applies 1% lidocaine and epinephrine on the exposed skull.
2.5.2. SCOPE: Talent scrapes the skull and cleans it with PBS.

2.6. Gently blow compressed air onto the skull surface until the moisture is gone and the bone turns whitish [1]. Then, apply a thin layer of superglue to the exposed surface of the skull, including the edge of the cut scalp [2], followed by a layer of acrylic resin [3].
2.6.1. SCOPE: Talent blows compressed air onto the skull surface.
2.6.2. SCOPE: Talent applies superglue to the exposed surface of the skull.
2.6.3. SCOPE: Talent applies acrylic resin to the skull.

2.7. Now place a stainless-steel head bar along the midline on top of the skull [1] and apply more acrylic resin, starting from the edge of the head bar until its base is completely embedded in the acrylic resin [2-TXT]. Wait for about 15 minutes until the acrylic resin hardens [3].
2.7.1. SCOPE: Talent places a stainless-steel head bar along the midline on top of the skull.
2.7.2. SCOPE: Talent applies acrylic resin from the edge of the head bar to its base. TXT: Repeat 2-3x to build up the thickness.
2.7.3. SCOPE: Shot of the hardened acrylic resin.

2.8. Subcutaneously inject lactated ringer's solution at 1 milliliter per hour [1]. Finally, return the mouse to a cage placed on a heating pad until the animal is fully mobile [2].
2.8.1. SCOPE: Talent injects the ringer's solution into the site.
2.8.2. Talent places the mouse in a cage.

3. Video 3: Calibration of Mouse’s Eye Movements 
Demonstrator: Jiashu Liu
Ethics Title Card
3.1. [bookmark: _Hlk120633226]Procedures involving animal subjects have been approved by the Biological Sciences Local Animal Care Committee in accordance with guidelines established by the University of Toronto Animal Care Committee and the Canadian Council on Animal Care

Protocol
3.2. After setting up the virtual drum and video-oculography [1], fix the animal's head on a customized stage [2]. Adjust the tilt of the head so that the left and right eyes are leveled, and the nasal and temporal corners of the eyes are aligned horizontally [3].
3.2.1. WIDE: Shot of the virtual drum and video-oculography.
3.2.2. Talent fixes the head on a customized stage.
3.2.3. Adjust the tilt of the head. 
 
3.3. Transfer the stage with the head-fixed animal to the center of the enclosure formed by the three monitors [1]. 
3.3.1. Transfer the stage with the head-fixed animal to the center of the enclosure formed by the three monitors.

3.4. Then, turn the camera on and adjust the four infrared LEDs (L-E-Deez) surrounding the right eye to ensure uniform IR (I-R) illumination [1]. Adjust the position of the right eye until it appears at the center of the video [2].
3.4.1. Talent turns on the camera and adjusts the infrared LEDs surrounding the right eye.	Comment by Baohua Liu: We added a screenshot: Open the ‘eye tracking’ software and click ‘free run’ and then the run button to turn on the camera.
3.4.2. [bookmark: _Hlk138076307]Talent adjusts the position of the right eye.	Comment by Baohua Liu: We added a screenshot to show the movement of the eye in the video.

3.5. Rotate the camera arm to the left extreme end [1], then manually move the animal's right eye position on the horizontal plane perpendicular to the optical axis [2] with fine adjustment of the 2D translational stage until the X-corneal reflection is at the horizontal center of the image [3].
3.5.1. [bookmark: _Hlk138077635]Talent rotates the camera arm to the left extreme end.	Comment by Baohua Liu: We added a screenshot to show the effect of rotating camera arm on the eye video.
3.5.2. [bookmark: _Hlk138076342]Talent moves the animal's right eye position on the horizontal plane perpendicular to the optical axis.	Comment by Baohua Liu: We added a screenshot to show that the x-corneal reflection is moved to the center. I also added a single snapshot ‘x corneal reflection at 21s in screenshot 9.png’ to show which one is the x-corneal reflection.
3.5.3. Talent adjusts the 2D translational stage.

3.6. [bookmark: _Hlk138078072]Now rotate the camera arm to the other end [1], and if the X- corneal reflection runs away from the center of the image, move the right eye along the optical axis with the fine adjustment until the X- corneal reflection comes to the center [2]. Repeat several times until the X- corneal reflection stays in the center when the camera arm swings left and right [43-TXT].
3.6.1. [bookmark: _Hlk138077904]Talent rotates the camera arm to the other end. 	Comment by Baohua Liu: A screenshot is added.
3.6.2. [bookmark: _Hlk138076384]Talent moves the right eye along the optical axis.	Comment by Baohua Liu: A screenshot is added.
3.6.3. Repeat 3.5 and 3.6 until the X- corneal reflection stays in the center 	Comment by Baohua Liu: I added one step in screenshot
3.6.4. Shot of X-CR staying in the center when the camera arm swings left and right. TXT: Restart the adjustment if the right eye moves during a repetition.	Comment by Baohua Liu: A screenshot is added

3.7. Then measure the vertical distance between the Y- and the X- corneal reflection. Turn on the Y- corneal reflection LED and record its position on the video [1], then switch to the X- corneal reflection LED and record its position [2].  
3.7.1. [bookmark: _Hlk138079439]SCREEN: Click ‘Calibration’ button and then ‘run’ button.	Comment by Baohua Liu: I added this step in screenshot.
3.7.2. SCREEN: The Y-CR LED is being turned on, and its position is being recorded.	Comment by Baohua Liu: Attach ‘y corneal reflection at 12s in screenshot 10.png’ to show which is Y-CR 
3.7.3. SCREEN: The X-CR LED is being turned on, and its position is being recorded.	Comment by Baohua Liu: Attach ‘x corneal reflection at 18s in screenshot 10.png’ to show which is X-CR

3.8. To measure the radius of pupil rotation, rotate the camera arm to the left end [1] and record the positions of the pupil and X- corneal reflection on the video [2]. Then, rotate the camera arm to the right end [3], and record the positions of the pupil and X- corneal reflection on the video [4-TXT].
3.8.1. Talent rotates the camera arm to the left end, 
3.8.2. [bookmark: _Hlk138079928]SCREEN: The positions of the pupil and X-CR areis being recorded and calculated by the software.
Authors: Please create screen capture videos of the shots labeled as SCREEN, create a screenshot summary, and upload the files to your project page as soon as possible: https://review.jove.com/files_upload.php?src=19910753	Comment by Baohua Liu: By right-click the mouse
3.8.3. Talent rotates the camera arm to the right end, 
3.8.4. [bookmark: _Hlk138079957]SCREEN:  The positions of the pupil and X-CR are being recorded and calculated by the software.. TXT: Repeat this multiple times

3.9. Based on the recorded values, calculate the radius of pupil rotation Rp (R-P) using this formula [1].
3.9.1.    Text on a plain background


3.10. To develop the relationship between pupil rotation and pupil diameter, adjust the luminance of the monitors from 0 to 160 candela per square meter to control the pupil size and record the pupil diameter for each luminance value [1]. For each luminance value, measure the radius of pupil rotation 8–10 times and record the diameter of the pupil [2]. 
3.10.1. [bookmark: _Hlk138081838]SCREEN: The luminance of the monitors is being adjusted from 0 to 160 cd/m2, and the pupil diameter is being recorded for each luminance value. 
3.10.2. Talent measuresring the radius of pupil rotation by repeating 3.8. TXT: Repeat last step.	Comment by Baohua Liu: A screenshot is added to show that after the luminance changes, step 3.8 is repeated.

3.11. Then, use linear regression to analyze the relationship between the radius of pupil rotation Rp and pupil diameter and to derive the slope and intercept of the linear model [1].
3.11.1. SCREEN: The slope and intercept are being obtained.


4. Video 4: Recording Eye Movements of the Optokinetic Reflex (OKR)
Demonstrator: Jiashu Liu
Ethics Title Card
4.1. Procedures involving animal subjects have been approved by the Biological Sciences Local Animal Care Committee in accordance with guidelines established by the University of Toronto Animal Care Committee and the Canadian Council on Animal Care.

Protocol
4.2. After fixing the head of the mouse in the rig and calibrating the eye movements [1], lock the camera arm at the central position [2]. 
4.2.1. WIDE: Shot of head-fixed mouse in the rig. 
4.2.2. Talent locks the camera arm at the central position.

4.3. Run the visual stimulation and eye tracking software [1]. For photopic OKR (O-K-R) measurement, ensure the drum grating oscillates horizontally with a sinusoidal trajectory [2]. 
4.3.1. SCREEN: The visual stimulation and eye tracking software are being started.	Comment by Baohua Liu: We could not capture how to start the visual stimulation software with obs or xbox. Instead, Jenni did it with her camera. Here is to show the eye tracking software.
4.3.2. Shot of the drum grating oscillates horizontally with a sinusoidal trajectory.

4.4. For scotopic OKR, to achieve scotopic visual stimulation, cover the screen of each monitor with a customized filter made of five layers of 1.2 neutral density film [1-TXT] and turn the room light off [2]. 
4.4.1. Talent covers the screen of each monitor with a customized filter. TXT: Measure OKR under scotopic condition.
4.4.2. Talent turns off the light.
4.5. Apply one drop of pilocarpine solution to the right eye and wait 15 minutes to shrink the pupil to a proper size for eye tracking under the scotopic condition [1]. Ensure the drop stays on the eye and is not wiped away by the mouse [2-TXT].
4.5.1. Talent applies a pilocarpine solution to the right eye.	Comment by Baohua Liu: We added a screenshot to show pilocarpine shrinks the eye in the darkness. I attached a png photo ‘Snapshot at 19s in screenshot 12.png’ to demonstrate on which frame to show a caption ’15 min later’.
4.5.2. CU: Drop of the solution on the eye. TXT: Apply more pilocarpine solution if the solution is wiped away.

4.6. Afterward, rinse the right eye with saline to thoroughly wash away the pilocarpine solution [1]. Finally, pull down the curtain to completely seal the enclosure, which prevents stray light from interfering with the scotopic vision [2].
4.6.1. Talent adds saline to the right eye.
4.6.2. Talent pulls down the curtain.

4.7. Allow the animal to adjust to the scotopic environment for 5 minutes and then run the visual stimulation and eye tracking software. For scotopic OKR measurement, ensure the drum grating drifts at a constant velocity from left to right, the temporo-nasal direction about the left eye [1].
4.7.1. SCREEN: The visual stimulation and eye tracking software are being started. The drum grating is being drifted at a constant velocity from left to right.

Representative Results
4.8. The OKR gain varied with the values of spatial frequency, oscillation frequency, and the direction of movement grating [1]. The spatial frequency tuning curve of the OKR behavior peaked at an intermediate spatial frequency of 0.16 cycles per degree [2].
4.8.1. LAB MEDIA: Figure 4 
4.8.2. LAB MEDIA: Figure 4 Video editor: Please emphasize the leftmost plot of 4A

4.9. The oscillation frequency tuning curve monotonically declined as the oscillation frequency of the drum grating increased [1]. 
4.9.1. LAB MEDIA: Figure 4 Video editor: Please emphasize the middle plot of 4A

4.10. The horizontal OKR could also be induced by gratings moving in different directions. But the strongest horizontal OKR behavior was elicited by the temporo-nasal motion [1]. 
4.10.1. LAB MEDIA: Figure 4 Video editor: Please emphasize the right plot of 4A 

4.11. Following 45 minutes of continuous OKR stimulation, the amplitude of the OKR behavior was significantly potentiated [1].
4.11.1. LAB MEDIA: Figure 4 Video editor: Please emphasize 4D
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