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SHORT ABSTRACT: 24 
Rodent skilled reaching is commonly used to study dexterous skills, but requires significant time 25 
and effort to implement the task and analyze the behavior. We describe an automated version 26 
of skilled reaching with motion tracking and three-dimensional reconstruction of reach 27 
trajectories. 28 
 29 
LONG ABSTRACT: 30 
Rodent skilled reaching is commonly used to study dexterous skills, but requires significant time 31 
and effort to implement the task and analyze the behavior. Several automated versions of skilled 32 
reaching have been developed recently. Here, we describe a version that automatically presents 33 
pellets to rats while recording high-definition video from multiple angles at high frame rates (300 34 
fps). The paw and individual digits are tracked with DeepLabCut, a machine learning algorithm 35 
for markerless pose estimation. This system can also be synchronized with physiological 36 
recordings, or be used to trigger physiologic interventions (e.g., electrical or optical stimulation).  37 
 38 
INTRODUCTION:  39 
Humans depend heavily on dexterous skill, defined as movements that require precisely 40 
coordinated multi-joint and digit movements. These skills are affected by a range of common 41 
central nervous system pathologies including structural lesions (e.g., stroke, tumor, 42 
demyelinating lesions), neurodegenerative disease (e.g., Parkinson's disease), and functional 43 
abnormalities of motor circuits (e.g., dystonia). Understanding how dexterous skills are learned 44 
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and implemented by central motor circuits therefore has the potential to improve quality of life 45 
for a large population. Furthermore, such understanding is likely to improve motor performance 46 
in healthy people by optimizing training and rehabilitation strategies. 47 
 48 
Dissecting the neural circuits underlying dexterous skill in humans is limited by technological and 49 
ethical considerations, necessitating the use of animal models. Nonhuman primates are 50 
commonly used to study dexterous limb movements given the similarity of their motor systems 51 
and behavioral repertoire to humans1. However, non-human primates are expensive with long 52 
generation times, limiting numbers of study subjects and genetic interventions. Furthermore, 53 
while the neuroscientific toolbox applicable to nonhuman primates is larger than for humans, 54 
many recent technological advances are either unavailable or significantly limited in primates. 55 
 56 
Rodent skilled reaching is a complementary approach to studying dexterous motor control. Rats 57 
and mice can be trained to reach for, grasp, and retrieve a sugar pellet in a stereotyped sequence 58 
of movements homologous to human reaching patterns2. Due to their relatively short generation 59 
time and lower housing costs, as well as their ability to acquire skilled reaching over days to 60 
weeks, it is possible to study large numbers of subjects during both learning and skill 61 
consolidation phases. The use of rodents, especially mice, also facilitates the use of powerful 62 
modern neuroscientific tools (e.g., optogenetics, calcium imaging, genetic models of disease) to 63 
study dexterous skill. 64 
 65 
Rodent skilled reaching has been used for decades to study normal motor control and how it is 66 
affected by specific pathologies like stroke and Parkinson's disease3. However, most versions of 67 
this task are labor and time-intensive, mitigating the benefits of studying rodents. Typical 68 
implementations involve placing rodents in a reaching chamber with a shelf in front of a narrow 69 
slot through which the rodent must reach. A researcher manually places sugar pellets on the 70 
shelf, waits for the animal to reach, and then places another one. Reaches are scored as successes 71 
or failures either in real time or by video review4. However, simply scoring reaches as successes 72 
or failures ignores rich kinematic data that can provide insight into how (as opposed to simply 73 
whether) reaching is impaired. This problem was addressed by implementing detailed review of 74 
reaching videos to identify and semi-quantitatively score reach submovements5. While this 75 
added some data regarding reach kinematics, it also significantly increased experimenter time 76 
and effort. Further, high levels of experimenter involvement can lead to inconsistencies in 77 
methodology and data analysis, even within the same lab. 78 
 79 
More recently, several automated versions of skilled reaching have been developed. Some attach 80 
to the home cage6,7, eliminating the need to transfer animals. This both reduces stress on the 81 
animals and eliminates the need to acclimate them to a specialized reaching chamber. Other 82 
versions allow paw tracking so that kinematic changes under specific interventions can be 83 
studied8–10, or have mechanisms to automatically determine if pellets were knocked off the 84 
shelf11. Automated skilled reaching tasks are especially useful for high-intensity training , as may 85 
be required for rehabilitation after an injury12. Automated systems allow animals to perform 86 
large numbers of reaches over long periods of time without requiring intensive researcher 87 



  

involvement. Furthermore, systems which allow paw tracking and automated outcome scoring 88 
reduce researcher time spent performing data analysis. 89 
 90 
We developed an automated rat skilled reaching system with several specialized features. First, 91 
by using a movable pedestal to bring the pellet into "reaching position" from below, we obtain a 92 
nearly unobstructed view of the forelimb. Second, a system of mirrors allows multiple 93 
simultaneous views of the reach with a single camera, allowing three-dimensional (3-D) 94 
reconstruction of reach trajectories using a high resolution, high-speed (300 fps) camera. With 95 
the recent development of robust machine learning algorithms for markerless motion tracking13, 96 
we now track not only the paw but individual knuckles to extract detailed reach and grasp 97 
kinematics. Third, a frame-grabber that performs simple video processing allows real-time 98 
identification of distinct reaching phases. This information is used to trigger video acquisition 99 
(continuous video acquisition is not practical due to file size), and can also be used to trigger 100 
interventions (e.g., optogenetics) at precise moments. Finally, individual video frames are 101 
triggered by transistor-transistor logic (TTL) pulses, allowing the video to be precisely 102 
synchronized with neural recordings (e.g., electrophysiology or photometry). Here, we describe 103 
how to build this system, train rats to perform the task, synchronize the apparatus with external 104 
systems, and reconstruct 3-D reach trajectories. 105 
 106 
PROTOCOL:  107 
All methods involving animal use described here have been approved by the Institutional Animal 108 
Care and Use Committee (IACUC) of the University of Michigan. 109 
 110 
1. Setting up the reaching chamber  111 
 112 
NOTE: See Ellens et al.14 for details and diagrams of the apparatus. Part numbers refer to Figure 113 
1. 114 
 115 
1.1. Bond clear polycarbonate panels with acrylic cement to build the reaching chamber (15 cm 116 
wide by 40 cm long by 40 cm tall) (part #1). One side panel (part #2) has a hinged door (18 cm 117 
wide by 15 cm tall) with a lock. If the rat will be tethered to a cable, cut a slit (5 cm wide by 36 118 
cm long) into the chamber ceiling to accommodate it (part #12). The floor panel has 18 holes 119 
(1.75 cm diameter) (part #13) cut into it and is not bonded to the rest of the chamber. 120 
 121 
1.2. Mount and align infrared sensors (part #3) in the side panels 4.5 cm from the back of the 122 
chamber and 3.8 cm from the floor. The behavioral software has an indicator (‘IR Back’) that is 123 
green when the infrared beam is unbroken and red when the beam is broken. Once the software 124 
is set up, this can be used to check sensor alignment. 125 
 126 
1.3. Mount a mirror (15 cm x 5 cm, part #4) 10 cm above the reaching slot (part #14). Angle the 127 
mirror so the pellet delivery rod is visible to the camera.  128 
 129 
1.4. Place the chamber on a sanitizable support box (59 cm wide by 67.3 cm long by 30.5 cm tall, 130 
part #5). The chamber rests above a hole in the support box (12 cm wide by 25 cm long) that 131 



  

allows litter to fall through the floor holes (part #13) and out of the reaching chamber. Cut a 132 
second hole (7 cm wide by 6 cm long, part #15) into the support box in front of the reaching slot, 133 
which allows a pellet delivery rod to bring pellets to the reaching slot. 134 
 135 
1.5. Mount two mirrors (8.5 cm wide x 18.5 cm tall, part #6) to the floor with magnets on either 136 
side of the chamber so that the long edge of the mirror is touching the side panel 3 cm from the 137 
front of the reaching box. Angle the mirrors so that the camera can see into the box and the area 138 
in front of the reaching slot where the pellet will be delivered.  139 
 140 
1.6. Mount the high-definition camera (part #7) 17 cm from the reaching slot, facing the box. 141 
 142 
1.7. Mount black paper (part #18) on either side of the camera so the background in the side 143 
mirrors is dark. This enhances contrast to improve real-time and off-line paw detection. 144 
 145 
1.8. Mount the linear actuator (part #16) on a sanitizable frame (25 cm wide by 55 cm long by 24 146 
cm tall, part #8) with screws. The actuator is mounted upside down to prevent pellet dust from 147 
accumulating inside its position-sensing potentiometer. 148 
 149 
1.9. Insert a foam O-ring into the neck of the pellet reservoir (funnel) (part #9) to prevent dust 150 
from accumulating in the assembly. Mount the funnel below a hole (~6 cm diameter, part #17) 151 
in the top of the frame by slipping the edges of the funnel above three screws drilled into the 152 
underside of the frame top. Insert the guide tube (part #10) into the neck of the funnel. 153 
 154 
1.10. Attach the plastic T connector to the end of the steel rod of the actuator. Insert the tapered 155 
end of the pellet delivery rod into the top of the connector and the cupped end through the guide 156 
tube into the pellet reservoir.  157 
 158 
1.11. Place the linear actuator assembly under the skilled reaching chamber so that the pellet 159 
delivery rod can extend through the hole (part #15) in front of the reaching slot. 160 
 161 
1.12. Place the entire reaching apparatus in a wheeled cabinet (121 cm x 119 cm x 50 cm) 162 
ventilated with computer fans (the interior gets warm when well-lit) and lined with acoustic 163 
foam.  164 
 165 
1.13. Build five light panels (part #11) by adhering LED light strips on 20.3 cm by 25.4 cm support 166 
panels. Mount diffuser film over the light strips. Mount one light panel on the ceiling over the 167 
pellet delivery rod area. Mount the other four on the sides of the cabinets along the reaching 168 
chamber.  169 
 170 
NOTE: It is important to illuminate the area around the reaching slot and pellet delivery rod for 171 
real-time paw identification. 172 
 173 
2. Setting up the computer and hardware 174 
 175 



  

2.1. Install the FPGA frame grabber and digital extension cards per the manufacturer’s 176 
instructions (see the Table of Materials).  177 
 178 
NOTE: We recommend at least 16 GB of RAM and an internal solid-state hard drive for data 179 
storage, as streaming the high-speed video requires significant buffering capacity.  180 
 181 
2.2. Install drivers for the high-definition camera and connect it to the FPGA framegrabber. The 182 
behavioral software must be running and interfacing with the camera to use the software 183 
associated with the camera.  184 
 185 
NOTE: The included code (see supplementary files) accesses programmable registers in the 186 
camera and may not be compatible with other brands. We recommend recording at least at 300 187 
frames per second (fps); at 150 fps we found that key changes in paw posture were often missed. 188 
 189 
2.3. Copy the included code (project) in “SR Automation_dig_ext_card_64bit” to the computer. 190 
 191 
3. Behavioral training 192 
 193 
3.1. Prepare rats prior to training. 194 
 195 
3.1.1. House Long-Evans rats (male or female, ages 10–20 weeks) in groups of 2–3 per cage on a 196 
reverse light/dark cycle. Three days before training, place rats on food restriction to maintain 197 
body weight 10–20% below baseline. 198 
 199 
3.1.2. Handle rats for several minutes per day for at least 5 days. After handling, place 4–5 sugar 200 
pellets per rat in each home cage to introduce the novel food. 201 
 202 
3.2. Habituate the rat to the reaching chamber (1–3 days) 203 
 204 
3.2.1. Turn on the LED lights and place 3 sugar pellets in the front and back of the chamber. 205 
 206 
3.2.2. Place the rat in the chamber and allow the rat to explore for 15 min. Monitor if it eats the 207 
pellets. Repeat this phase until the rat eats all of the pellets off of the floor.  208 
 209 
3.2.3. Clean the chamber with ethanol between rats.  210 
 211 
NOTE: Perform training and testing during the dark phase. Train rats at the same time daily. 212 
 213 
3.3. Train the rat to reach and observe paw preference (1–3 days). 214 
 215 
3.3.1. Turn on the lights and place the rat in the skilled reaching chamber.  216 
 217 
3.3.2. Using forceps, hold a pellet through the reaching slot at the front of the box (Figure 1, 218 
Figure 2). Allow the rat to eat 3 pellets from the forceps. 219 



  

 220 
3.3.3. The next time the rat tries to eat the pellet from the forceps, pull the pellet back. 221 
Eventually, the rat will attempt to reach for the pellet with its paw.  222 
 223 
3.3.4. Repeat this 11 times. The paw that the rat uses most out of the 11 attempts is the rat’s 224 
“paw preference”.  225 
 226 
NOTE: An attempt is defined as the paw reaching out past the reaching slot. The rat does not 227 
need to successfully obtain and eat the pellet. 228 
 229 
3.4. Train the rat to reach to the pellet delivery rod (1–3 days) 230 
 231 
3.4.1. Align the pellet delivery rod with the side of the reaching slot contralateral to the rat’s 232 
preferred paw (use a guide to ensure consistent placement 1.5 cm from the front of the reaching 233 
chamber). The top of the delivery rod should align with the bottom of the reaching slot (Figure 234 
2B). Place a pellet on the delivery rod.  235 
 236 
NOTE: Positioning the delivery rod opposite the rat’s preferred paw makes it difficult for the rat 237 
to obtain the pellet with its non-preferred paw. We have not had issues with rats using their non-238 
preferred paw. However, in certain models (e.g., stroke) this may still occur and a restraint on 239 
the non-preferred reaching limb can be added. 240 
 241 
3.4.2. Bait the rat with a pellet held using forceps, but direct the rat towards the delivery rod so 242 
that its paw hits the pellet on the rod. If the rat knocks the pellet off of the rod, replace it. Some 243 
rats may not initially reach out far enough. In this case, move the pellet delivery rod closer to the 244 
reaching slot and then slowly move it further away as the rat improves.  245 
 246 
3.4.3. After about 5–15 baited reaches the rat will begin to reach for the pellet on the delivery 247 
rod spontaneously. Once the rat has attempted 10 reaches to the delivery rod without being 248 
baited, it can advance to the next phase. 249 
 250 
3.5. Train the rat to request a pellet (2–8 days). 251 
 252 
NOTE: Although we have had 100% success training rats to reach for pellets, about 10% of rats 253 
fail to learn to request a pellet by moving to the back of the chamber.  254 
 255 
3.5.1. Position the pellet delivery rod based on the rat’s paw preference and set it to position 2 256 
(Figure 2A). Set height positions of the pellet delivery rod using the actuator remote. Holding 257 
buttons 1 and 2 simultaneously moves the delivery rod up, while holding buttons 3 and 2 moves 258 
the delivery rod down. When the delivery rod is at the correct height, hold down the desired 259 
number until the light blinks red to set.  260 
 261 



  

3.5.2. Place the rat in the chamber and bait the rat to the back with a pellet. When the rat moves 262 
far enough to the back of the chamber that it would break the infrared beam if the automated 263 
version was running, move the pellet delivery rod to position 3 (Figure 2B).  264 
 265 
3.5.3. Wait for the rat to reach for the pellet and then move the pellet delivery rod back to 266 
position 2 (Figure 2A). Place a new pellet on the delivery rod if it was knocked off. 267 
 268 
3.5.4. Repeat these steps, gradually baiting the rat less and less, until the rat begins to: (i) move 269 
to the back to request a pellet without being baited, and (ii) immediately move to the front after 270 
requesting a pellet in the back. Once the rat has done this 10 times, it is ready for training on the 271 
automated task. 272 
 273 
4. Training rats using the automated system 274 
 275 
4.1. Set up the automated system. 276 
 277 
4.1.1. Turn on the lights in the chamber and refill the pellet reservoir if needed. 278 
 279 
4.1.2. Position the pellet delivery rod according to the rat’s paw preference. Check that the 280 
actuator positions are set correctly (as in Figure 2A). 281 
 282 
4.1.3. Turn on the computer and open the Skilled Reaching program 283 
(SR_dig_extension_card_64bit_(HOST)_3.vi). Enter the rat ID number under Subject and select 284 
the paw preference from the Hand drop-down menu. Specify the Save Path for the videos. 285 
 286 
4.1.4. Set Session Time and Max Videos (number of videos at which to end the session at). The 287 
program will stop running at whichever limit is reached first. 288 
 289 
4.1.5. Set Pellet Lift Duration (duration of time that the delivery rod remains in position “3” after 290 
the rat requests a pellet). Enable or disable Early Reach Penalty (delivery rod resets to position 291 
“1” and then back to “2” if the rat reaches before requesting a pellet).  292 
 293 
4.2. Take calibration images. The 3-D trajectory reconstruction uses a computer vision toolbox to 294 
determine the appropriate transformation matrices, which requires identifying matched points 295 
in each view. To do this, use a small cube with checkerboard patterns on each side (Figure 3).  296 
 297 
4.2.1. Place the helping hand inside the reaching chamber and poke the alligator clip through   298 
the reaching slot. Hold the cube in front of the reaching slot with the alligator clip.  299 
 300 
4.2.2. Position the cube so that the red side appears in the top mirror, the green side in the left 301 
mirror, and the blue side in the right mirror. The entire face of each of the three sides should be 302 
visible in the mirrors (Figure 3).  303 
 304 



  

4.2.3. In the behavioral program, make sure ROI Threshold is set to a very large value (e.g., 305 
60000). Click the run button (white arrow). Once the Camera Initialized button turns green, press 306 
START. Note that the video is being acquired. 307 
 308 
4.2.4. Click Cal Mode. Then, take an image by clicking Take Cal Image. The image directory path 309 
will now appear under “.png path” with the .png filename formatted as 310 
“GridCalibration_YYYYMMDD_img#.png”.  311 
 312 
4.2.5. Move the cube slightly, and take another image. Repeat again for a total of 3 images. 313 
 314 
4.2.6. Stop the program by clicking STOP and then the stop sign button. Remove the helping hand 315 
and cube from the box.  316 
 317 
4.2.7. Be careful not to bump anything in the behavioral chamber after calibration images have 318 
been taken that day. If anything moves, new calibration images need to be taken.   319 
 320 
4.3. Run the automated system. 321 
 322 
NOTE: Determine “ROI Threshold” settings (described below) for each mirror before running rats 323 
for actual data acquisition. Once these settings have been determined, pre-set them before 324 
beginning the program and adjust during acquisition if necessary.  325 
 326 
4.3.1. Place the rat in the skilled reaching chamber. Click on the white arrow to run the program. 327 
 328 
4.3.2. Before clicking START, set the position of the ROI for paw detection by adjusting x-Offset 329 
(x-coordinate of the top-left corner of the ROI rectangle), y-Offset (y-coordinate of the top-left 330 
corner of the ROI), ROI Width and ROI Height.  331 
 332 
4.3.3. Position the ROI in the side mirror that shows the dorsum of the paw, directly in front of 333 
the reaching slot (Figure 2C). Be sure that the pellet delivery rod does not enter the ROI and that 334 
the ROI does not extend into the box to prevent the pellet or the rat’s fur from triggering a video 335 
when the rat is not reaching.  336 
 337 
4.3.4. Click START to begin the program. 338 
 339 
4.3.5. Adjust the “Low ROI Threshold” value until the “Live ROI Trigger Value” is oscillating 340 
between “0” and “1” (when the rat is not reaching). This value is the number of pixels within the 341 
ROI with intensity values in the threshold range. 342 
 343 
4.3.6. Set the ROI Threshold. Observe the Live ROI Trigger Value when the rat pokes its nose into 344 
the ROI and when the rat reaches for the pellet. Set the ROI threshold to be significantly greater 345 
than the “Live ROI Trigger Value” during nose pokes and lower than the “Live ROI Trigger Value” 346 
when the rat reaches. Adjust until videos are consistently triggered when the rat reaches but not 347 
when it pokes its nose through the slot 348 



  

NOTE: This assumes the paw is lighter colored than the nose; the adjustments would be reversed 349 
if the paw is darker than the nose. 350 
 351 
4.3.7. Monitor the first few trials to ensure that everything is working correctly. When a rat 352 
reaches before requesting a pellet (delivery rod in position “2”), the “Early Reaches” number 353 
increases. When a rat reaches after requesting a pellet (delivery rod in position “3”), the “Videos” 354 
number increases and a video is saved as a .bin file with the name 355 
“RXXXX_YYYYMMDD_HH_MM_SS_trial#”.  356 
 357 
NOTE: The default is for videos to contain 300 frames (i.e., 1 s) prior to and 1000 frames after the 358 
trigger event (this is configurable in the software), which is long enough to contain the entire 359 
reach-to-grasp movement including paw retraction. 360 
 361 
4.3.8. Once the session time or max videos is reached, the program stops. Press the stop sign 362 
button.  363 
 364 
4.3.9. Clean the chamber with ethanol and repeat with another rat, or if done for the day proceed 365 
to converting videos. 366 
 367 
4.4. Convert .bin files to .avi files. 368 
 369 
NOTE: Compressing videos during acquisition causes dropped frames, so binary files are 370 
streamed to disk during acquisition (use a solid state drive because of high data transfer rates). 371 
These binary files must be compressed off-line or the storage requirements are prohibitively 372 
large. 373 
 374 
4.4.1. Open the “bin2avi-color_1473R_noEncode.vi” program. 375 
 376 
4.4.2. Under “File Path Control” click the folder button to select the session (e.g., 377 
R0235_20180119a) you want to convert. Repeat for each session (up to six).  378 
 379 
4.4.3. Click the white arrow (run) and then “START” to begin. You can monitor the video 380 
compression in the “Overall Progress (%)” bar. Let the program run overnight. 381 
 382 
4.4.4. Before you begin training animals the next day, check that the videos have been converted 383 
and delete the .bin files so there is enough space to acquire new videos. 384 
 385 
5. Analyzing videos with DeepLabCut 386 
 387 
NOTE: Different networks are trained for each paw preference (right paw and left paw) and for 388 
each view (direct view and left mirror view for right pawed rats, direct view and right mirror view 389 
for left pawed rats). The top mirror view is not used for 3D reconstruction—just to detect when 390 
the nose enters the slot, which may be useful to trigger interventions (e.g., optogenetics). 391 



  

Each network is then used to analyze a set of videos cropped for the corresponding paw and 392 
view. 393 
 394 
5.1. Train the DeepLabCut networks (detailed instructions are provided in DeepLabCut 395 
documentation on https://github.com/AlexEMG/DeepLabCut). 396 
 397 
5.1.1. Create and configure a new project in DeepLabCut, a machine learning algorithm for 398 
markerless pose estimation13. 399 
 400 
5.1.2. Use the program to extract frames from the skilled reaching videos and crop images to the 401 
view to include (direct or mirror view) in the program interface. Crop frames large enough so that 402 
the rat and both front paws are visible.  403 
 404 
NOTE: Networks typically require 100–150 training frames. More training frames are needed 405 
when the paw is inside as compared to outside the chamber because of lighting.  Tighter cropping 406 
reduces processing time, but be careful that the cropped regions are large enough to detect the 407 
paw’s full trajectory for each rat. It should be wide enough for the rat’s entire body to fit in the 408 
frame (direct view), and to see as far back into the chamber as possible and in front of the delivery 409 
rod (mirror view). 410 
 411 
5.1.3. Use the program GUI to label body parts. Label 16 points in each frame: 4 412 
metacarpophalangeal (MCP) joints, 4 proximal interphalangeal (PIP) joints, 4 digit tips, the 413 
dorsum of the reaching paw, the nose, the dorsum of the non-reaching paw, and the pellet 414 
(Figure 4). 415 
 416 
5.1.4. Follow the DeepLabCut (abbreviated as DLC henceforth) instructions to create the training 417 
dataset, train the network, and evaluate the trained network.  418 
 419 
5.2. Analyze videos and refine the network. 420 
 421 
5.2.1. Before analyzing all videos with a newly-trained network, analyze 10 videos to evaluate 422 
the network’s performance. If there are consistent errors in certain poses, extract additional 423 
training frames containing those poses and retrain the network.  424 
 425 
5.2.2. When analyzing videos, make sure to output .csv files, which will be fed into the code for 426 
3D trajectory reconstruction. 427 
 428 
6. Box calibration 429 
 430 
NOTE: These instructions are used to determine the transformation matrices to convert points 431 
identified in the direct and mirror views into 3-D coordinates. For the most up to date version 432 
and more details on how to use the boxCalibration package, see the Leventhal Lab GitHub: 433 
https://github.com/LeventhalLab/boxCalibration, which includes step-by-step instructions for 434 
their use. 435 

https://github.com/LeventhalLab/boxCalibration


  

 436 
6.1. Collect all calibration images in the same folder. 437 
 438 
6.2. Using ImageJ/Fiji, manually mark the checkerboard points for each calibration image. Save 439 
this image as “GridCalibration_YYYYMMDD_#.tif” where ‘YYYYMMDD’ is the date the calibration 440 
image corresponds to and ‘#’ is the image number for that date. 441 
 442 
6.2.1. Use the measurement function in ImageJ (in the toolbar, select Analyze | Measure). This 443 
will display a table containing coordinates for all points marked. Save this file with the name 444 
“GridCalibration_YYYYMMDD_#.csv”, where the date and image number are the same as the 445 
corresponding .tif file.  446 
 447 
6.3. From the boxCalibration package, open the ‘setParams.m’ file. This file contains all required 448 
variables and their description. Edit variables as needed to fit the project’s specifications. 449 
 450 
6.4. Run the calibrateBoxes function. Several prompts will appear in the command window. The 451 
first prompt asks if whether to analyze all images in the folder. Typing Y will end the prompts, 452 
and all images for all dates will be analyzed. Typing N will prompt the user to enter the dates to 453 
analyze. 454 
 455 
NOTE: Two new directories will be created in the calibration images folder: ‘markedImages’ 456 
contains .png files with the user defined checkerboard marks on the calibration image. The 457 
‘boxCalibration’ folder contains .mat files with the box calibration parameters.  458 
 459 
6.5. Run the checkBoxCalibration function. This will create a new folder, ‘checkCalibration’ in the 460 
‘boxCalibration’ folder. Each date will have a subfolder containing the images and several .fig 461 
files, which are used to verify that box calibration was completed accurately.  462 
 463 
7. Reconstructing 3D trajectories 464 
 465 
7.1. Assemble the .csv files containing learning program output into the directory structure 466 
described in the reconstruct3Dtrajectories script. 467 
 468 
7.2. Run reconstruct3Dtrajectories. This script will search the directory structure and match 469 
direct/mirror points based on their names in the leaning program (it is important to use the same 470 
body part names in both views).  471 
 472 
7.3. Run calculateKinematics. This script extracts simple kinematic features from the 3-D 473 
trajectory reconstructions, which can be tailored to specific needs.  474 
 475 
NOTE: The software estimates the position of occluded body parts based on their neighbors and 476 
their location in the complementary view (e.g., the location of a body part in the direct camera 477 
view constrains its possible locations in the mirror view). For times when the paw is occluded in 478 



  

the mirror view as it passes through the slot, paw coordinates are interpolated based on 479 
neighboring frames. 480 
 481 
REPRESENTATIVE RESULTS:  482 
Rats acquire the skilled reaching task quickly once acclimated to the apparatus, with performance 483 
plateauing in terms of both numbers of reaches and accuracy over 1–2 weeks (Figure 5). Figure 484 
6 shows sample video frames indicating structures identified by DeepLabCut, and Figure 7 shows 485 
superimposed individual reach trajectories from a single session. Finally, in Figure 8, we illustrate 486 
what happens if the paw detection trigger (steps 4.3.4–4.3.6) is not accurately set. There is 487 
significant variability in the frame at which the paw breaches the reaching slot. This is not a major 488 
problem in terms of analyzing reach kinematics. However, it could lead to variability in when 489 
interventions (e.g., optogenetics) are triggered during reaching movements. 490 
 491 
FIGURE AND TABLE LEGENDS:  492 
 493 
Figure 1: The skilled reaching chamber. Clockwise from top left are a side view, a view from the 494 
front and above, the frame in which the actuator is mounted (see step 1.8), and a view from the 495 
side and above. The skilled reaching chamber (1) has a door (2) cut into one side to allow rats to 496 
be placed into and taken out of the chamber. A slit is cut into the ceiling panel (12) to allow the 497 
animal to be tethered and holes are cut into the floor panel (13) to allow litter to fall through. 498 
Two infrared sensors (3) are aligned on either side of the back of the chamber. A mirror (4) is 499 
mounted above the reaching slot (14) at the front of the reaching chamber and two other mirrors 500 
(6) are mounted on either side of the reaching chamber. The skilled reaching chamber sits atop 501 
a support box (5). The high-definition camera (7) is mounted onto the support box in front of the 502 
reaching slot. Two pieces of black paper (18) are mounted on either side of the camera (7) to 503 
enhance contrast of the paw in the side mirrors (6). Below the support box is a frame (8) that 504 
supports the linear actuator (16) and pellet reservoir (9). A guide tube encasing the pellet delivery 505 
rod (10) is fit into the pellet reservoir and controlled by the linear actuator. Holes are cut into the 506 
actuator frame (17) and support box (15) above the pellet reservoir to allow the pellet delivery 507 
rod to move up and down freely. The box is illuminated with light panels (11) mounted to the 508 
cabinet walls and ceiling.  509 
 510 
Figure 2: Single trial structure. (A) A trial begins with the pellet delivery rod (controlled by a linear 511 
actuator) positioned at the “ready” position (position 2 – midway between floor and bottom of 512 
reaching slot). (B) The rat moves to the back of the chamber to break the infrared (IR) beam, 513 
which causes the pellet delivery rod to rise to position 3 (aligned with bottom of reaching slot). 514 
(C) The rat reaches through the reaching slot to grasp the pellet. Reaches are detected in real-515 
time using an FPGA framegrabber that detects pixel intensity changes within a region of interest 516 
(ROI) in the side mirror view directly in front of the slot. When enough pixels match the user 517 
defined “paw intensity”, video acquisition is triggered. (D) Two seconds later the pellet is lowered 518 
to position 1, picking up a new pellet from the pellet reservoir before resetting to position 2.  519 
 520 
Figure 3: Sample calibration image. A helping hand is placed inside the skilled reaching chamber. 521 
An alligator clip pokes through the reaching slot to hold the calibration cube in place outside of 522 



  

the reaching chamber. The three checkerboard patterns are entirely visible in the direct view and 523 
the corresponding mirror views (green: left; red: top; and blue: right). 524 
 525 
Figure 4: Learning algorithm marker positions. Left column: direct view; right column: mirror 526 
view. Markers 1–4: MCP joints; 5–8: PIP joints; 9–12: digit tips; 13: dorsum of reaching paw; 14: 527 
nose; 15: dorsum of non-reaching paw. Marker 16 (pellet) is not visible.  528 
 529 
Figure 5: Rats rapidly acquire the automated skilled reaching task. Average first reach success 530 
rate (green, left axis) and average total trials (blue, right axis) over the first 20 training sessions 531 
in the automated skilled reaching task (n = 19). Each training session lasted 30 min. Error bars 532 
represent standard error of the mean. 533 
 534 
Figure 6: Sample video frames marked by the learning program. Left column: mirror view; right 535 
column: direct view. Cyan, red, yellow, and green dots mark digits 1–4, respectively. The white 536 
dot marks the nose, the black dot marks the pellet. Filled circles were identified by DeepLabCut. 537 
Open circles mark object positions estimated by where that object appeared in the opposite 538 
view. X’s are points re-projected onto the video frames from the estimates of their 3-D locations. 539 
This video was triggered at frame 300, as the paw passed through the slot. Top images are from 540 
the first frame when the reaching paw was detected. Bottom images are from the frame at which 541 
the second digit was maximally extended. These frames were identified by the image processing 542 
software. 543 
 544 
Figure 7: Sample 3-D trajectories from a single test session. Both axes show the same data, but 545 
rotated for ease of presentation. Black lines indicate mean trajectories. Cyan, red, yellow, and 546 
green are individual trajectories of the tips of digits 1–4, respectively. Blue lines indicate the 547 
trajectory of the paw dorsum. The large black dot indicates the sugar pellet located at (0,0,0). 548 
This represents only initial paw advancement for ease of presentation (including retractions and 549 
multiple reaches makes the figure almost uninterpretable). However, all kinematic data are 550 
available for analysis. 551 
 552 
Figure 8: Histograms of frame numbers in which specific reaching phases were identified for 2 553 
different sessions. In one session (dark solid lines), the ROI trigger values were carefully set, and 554 
the paw was identified breaching the slot within the same few frames in each trial. In the other 555 
session (light dashed lines), the nose was often misidentified as the reaching paw, triggering 556 
video acquisition prematurely. Note that this would have little effect on off-line kinematic 557 
analyses unless the full reach was not captured. However, potential interventions triggered by 558 
the reaching paw would be poorly timed. 559 
 560 
DISCUSSION:  561 
Rodent skilled reaching has become a standard tool to study motor system physiology and 562 
pathophysiology. We have described how to implement an automated rat skilled reaching task 563 
that allows: training and testing with minimal supervision, 3-D paw and digit trajectory 564 
reconstruction (during reaching, grasping, and paw retraction), real-time identification of the 565 
paw during reaching, and synchronization with external electronics. It is well-suited to correlate 566 



  

forelimb kinematics with physiology or to perform precisely-timed interventions during reaching 567 
movements. 568 
 569 
Since we initially reported this design14, our training efficiency has improved so that almost 100% 570 
of rats acquire the task. We have identified several important factors that lead to consistently 571 
successful training. As with many tasks motivated by hunger, rats should be carefully monitored 572 
during caloric restriction to maintain 80–90% of their anticipated body weight. Handling the rats 573 
daily, even prior to training, is critically important to acclimate them to humans. Rats should be 574 
trained to reach before learning to return to the back of the chamber to request pellets—this 575 
greatly reduces training time and improves the likelihood that rats acquire the task. Finally, when 576 
transferred between seemingly identical chambers, rats often perform fewer reaches. This was 577 
especially true when chambers were used for the first time. We speculate that this is due to 578 
differences in scent between chambers. Whatever the reason, it is important to maintain as 579 
stable a training environment as possible, or acclimate the rats to all boxes in which testing might 580 
occur.  581 
 582 
The apparatus described here is readily adaptable to specific needs. We described a rat version 583 
of the task, but have also implemented a mouse version (though it is difficult to identify individual 584 
digits with DeepLabCut in mice). Because individual video frames are marked with TTL pulses, 585 
videos can be synchronized with any recording system that accepts digital or analog inputs (e.g., 586 
electrophysiology amplifiers or photometry). Finally, head-fixed mice readily perform skilled 587 
reaching9, and a head-fixed version of this task could be implemented for 2-photon imaging or 588 
juxtacellular recordings. Importantly, we have only used this system with Long-Evans rats, whose 589 
nose and paw fur (black and white, respectively) differ enough in color that nose pokes are not 590 
mistaken for reaches (with appropriate ROI settings, Figure 8). This may be a problem for rats 591 
with similar coloration on their paws and noses (e.g., albino rats), but could be solved by coloring 592 
the paw with ink, nail polish, or tattoos. 593 
 594 
The presented version of skilled reaching has several distinct features, which may be 595 
advantageous depending on the specific application. The relatively complicated hardware and 596 
need for real-time video processing make it poorly suited to home cage training6,7. On the other 597 
hand, home cage training makes it difficult to acquire high-speed high-resolution video from 598 
multiple angles, or tether the animals for physiologic recordings/interventions. The data 599 
acquisition cards and requirement for one computer per chamber makes each chamber relatively 600 
expensive, and the videos require significant digital storage space (~200 MB per 4 s video). We 601 
have implemented a simpler microcontroller-based version costing about $300 per chamber, 602 
though it lacks real-time feedback or the ability to synchronize with external devices. These boxes 603 
are essentially identical to those described here, but use a commercial camcorder and do not 604 
require a computer except to program the microcontroller (details of this set-up and associated 605 
software are available upon request). Real-time video processing on the FPGA frame-grabber is 606 
especially useful; we find that it more robustly identifies reaches in real time than infrared beams 607 
or proximity sensors (which may mistake the rat’s snout for the reaching paw). Furthermore, 608 
multiple triggers may be used to identify the paw at different reaching phases (e.g., approach to 609 



  

the slot, paw lift, extension through slot). This not only allows reproducible, precisely-timed 610 
neuronal perturbations, but can be used to trigger storage of short high-speed videos.  611 
 612 
While our automated version of skilled reaching has several advantages for specific applications, 613 
it also has some limitations. As noted above, the high-speed, high-resolution camera is 614 
moderately expensive, but necessary to include mirror and direct views in a single image and 615 
capture the very quick reaching movement. Using one camera eliminates the need to synchronize 616 
and record multiple video streams simultaneously, or purchase multiple cameras and frame 617 
grabbers. The paw in the reflected view is effectively about twice as far from the camera (by ray-618 
tracing) as in the direct view. This means that one of the views is always out of focus, though DLC 619 
still robustly identifies individual digits in both views (Figure 4, Figure 6). Finally, we used a color 620 
camera because, prior to the availability of DLC, we tried color coding the digits with tattoos. 621 
While it is possible that this learning-based program would be equally effective on black and 622 
white (or lower resolution) video, we can only verify the effectiveness of the hardware described 623 
here. Finally, our analysis code (other than DLC) is written primarily in a commercial software 624 
package (see Table of Materials) but should be straightforward to adapt to open source 625 
programming languages (e.g., Python) as needed. 626 
 627 
There are several ways in which we are working to improve this system. Currently, the mirror 628 
view is partially occluded by the front panel. We have therefore been exploring ways to obtain 629 
multiple simultaneous views of the paw while minimizing obstructions. Another important 630 
development will be to automatically score the reaches (the system can track kinematics, but a 631 
human must still score successful versus failed reaches). Methods have been developed to 632 
determine whether pellets were knocked off the shelf/pedestal, but cannot determine whether 633 
the pellet was grasped or missed entirely11. By tracking the pellet with DLC, we are exploring 634 
algorithms to determine the number of reaches per trial, as well as whether the pellet was 635 
grasped, knocked off the pedestal, or missed entirely. Along those lines, we are also working to 636 
fully automate the workflow from data collection through video conversion, DLC processing, and 637 
automatic scoring. Ultimately, we envision a system in which multiple experiments can be run on 638 
one day, and by the next morning the full forelimb kinematics and reaching scores for each 639 
experiment have been determined. 640 
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Name of Material/ Equipment Company Catalog Number

clear polycarbonate panels TAP Plastics

infrared source/detector Med Associates ENV-253SD

camera Basler acA2000-340kc

camera lens Megapixel (computar)M0814-MP2

camera cables Basler #2000031083

mirrors Amazon

linear actuator Concentrics LACT6P

pellet reservoir/funnel Amico (Amazon) a12073000ux0890

guide tube ePlastics ACREXT.500X.250

pellet delivery rod ePlastics ACRCAR.250

plastic T connector United States Plastic Corp#62065

LED lights Lighting EVER 4100066-DW-F

Light backing ePlastics ACTLNAT0.125X12X36

Light diffuser films inventables 23114-01

cabinet and custom frame materials various (Home Depot, etc.)

acoustic foam Acoustic First

ventilation fans Cooler Master (Amazon)B002R9RBO0

cabinet door hinges Everbilt (Home Depot#14609

cabinet wheels Everbilt (Home Depot#49509

cabinet door handle Everbilt (Home Depot#15094

computer Hewlett Packard Z620
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Camera Link Frame Grabber National Instruments #781585-01

Multifunction RIO Board National Instruments #781100-01

Analog RIO Board Cable National Instruments SCH68M-68F-RMIO

Digital RIO Board Cable National Instruments #191667-01

Analog Terminal Block National Instruments #782536-01

Digital Terminal Block National Instruments #782536-01

24 position relay rack Measurement Computing Corp.SSR-RACK24

DC switch Measurement Computing Corp.SSR-ODC-05

DC Sense Measurement Computing Corp.SSR-IDC-05

DC Power Supply BK Precision 1671A

sugar pellets Bio Serv F0023

LabVIEW National Instruments LabVIEW 2014 SP1, 64 and 32-bit versions

MATLAB Mathworks Matlab R2019a



Comments/Description

cut to order (see box design)

30" range

2046 x 1086 CMV2000 340 fps Color Camera Link

2/3" 8mm f1.4 w/ locking Iris & Focus

Cable PoCL Camera Link SDR/MDR Full, 5 m - Data Cables

Linear Actuator 6" Stroke (nominal), 110 Lb Force, 12 VDC, with Potentiometer

6" funnel

1/2" OD x 1/4" ID Clear. Extruded Plexiglass Acrylic Tube x 6ft long

0.250" DIA. Cast Acrylic Rod (2' length)

3/8" x 3/8" x 3/8" Hose ID Black HDPE Tee

12V Flexible Waterproof LED Light Strip, LED Tape, Daylight White, Super Bright 300 Units 5050 LEDS, 16.4Ft 5 M Spool

0.125" x 12" x 36" Natural Acetal Sheet

.007x8.5x11", matte two sides

3/4" fiber board (see protocol for dimensions of each structure)

FireFlex Wedge Acoustical Foam (2" Thick)

Rifle Bearing 80mm Silent Cooling Fan for Computer Cases and CPU Coolers

continuous steel hinge (1.4" x 48")

Soft rubber swivel plate caster with 90 lb. load rating and side brake

White light duty door pull (4.5")

HP Z620 Desktop Workstation



PCIe-1473 Virtex-5 LX50 Camera Link - Full

PCIe-17841R

Multifunction Cable

SHC68-68-RDIO Digital Cable for R Series

SCB-68A Noise Rejecting, Shielded I/O Connector Block

SCB-68A Noise Rejecting, Shielded I/O Connector Block

Solid state relay backplane (Gordos/OPTO-22 type relays), 24-channel

Solid state relay module, single, DC switch, 3 to 60 VDC @ 3.5 A

solid state relay module, single, DC sense, 3 to 32 VDC

Triple-Output 30V, 5A Digital Display DC Power Supply

Dustless Precision Pellets, 45 mg, Sucrose (Unflavored)

64-bit LabVIEW is required to access enough memory to stream videos, but FPGA coding must be performed in 32-bit LabVIEW

box calibration and trajectory reconstruction software is written in Matlab and requires the Computer Vision toolbox



12V Flexible Waterproof LED Light Strip, LED Tape, Daylight White, Super Bright 300 Units 5050 LEDS, 16.4Ft 5 M Spool



64-bit LabVIEW is required to access enough memory to stream videos, but FPGA coding must be performed in 32-bit LabVIEW

box calibration and trajectory reconstruction software is written in Matlab and requires the Computer Vision toolbox
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dramatization, fictionalization, motion picture version, 
sound recording, art reproduction, abridgment, 
condensation, or any other form in which the Materials may 
be recast, transformed, or adapted; “Institution” means 
the institution, listed on the last page of this Agreement, by 
which the Author was employed at the time of the creation 
of the Materials; “JoVE” means MyJove Corporation, a 
Massachusetts corporation and the publisher of The Journal 
of Visualized Experiments; “Materials” means the Article 
and / or the Video; “Parties” means the Author and JoVE; 
“Video” means any video(s) made by the Author, alone or 
in conjunction with any other parties, or by JoVE or its 
affiliates or agents, individually or in collaboration with the 
Author or any other parties, incorporating all or any portion 

of the Article, and in which the Author may or may not 
appear. 
2. Background. The Author, who is the author of the 
Article, in order to ensure the dissemination and protection 
of the Article, desires to have the JoVE publish the Article 
and create and transmit videos based on the Article. In 
furtherance of such goals, the Parties desire to memorialize 
in this Agreement the respective rights of each Party in and 
to the Article and the Video. 
3. Grant of Rights in Article. In consideration of JoVE 
agreeing to publish the Article, the Author hereby grants to 
JoVE, subject to Sections 4 and 7 below, the exclusive, 
royalty-free, perpetual (for the full term of copyright in the 
Article, including any extensions thereto) license (a) to 
publish, reproduce, distribute, display and store the Article 
in all forms, formats and media whether now known or 
hereafter developed (including without limitation in print, 
digital and electronic form) throughout the world, (b) to 
translate the Article into other languages, create 
adaptations, summaries or extracts of the Article or other 
Derivative Works (including, without limitation, the Video) 
or Collective Works based on all or any portion of the Article 
and exercise all of the rights set forth in (a) above in such 
translations, adaptations, summaries, extracts, Derivative 
Works or Collective Works and(c) to license others to do any 
or all of the above. The foregoing rights may be exercised in 
all media and formats, whether now known or hereafter 
devised, and include the right to make such modifications 
as are technically necessary to exercise the rights in other 
media and formats. If the “Open Access” box has been 
checked in Item 1 above, JoVE and the Author hereby grant 
to the public all such rights in the Article as provided in, but 
subject to all limitations and requirements set forth in, the 
CRC License. 
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ARTICLE AND VIDEO LICENSE AGREEMENT 
 

612542.6 For questions, please contact us at submissions@jove.com or +1.617.945.9051. 

4. Retention of Rights in Article. Notwithstanding 
the exclusive license granted to JoVE in Section 3 above, the 
Author shall, with respect to the Article, retain the non-
exclusive right to use all or part of the Article for the non-
commercial purpose of giving lectures, presentations or 
teaching classes, and to post a copy of the Article on the 
Institution’s website or the Author’s personal website, in 
each case provided that a link to the Article on the JoVE 
website is provided and notice of JoVE’s copyright in the 
Article is included. All non-copyright intellectual property 
rights in and to the Article, such as patent rights, shall 
remain with the Author. 
5. Grant of Rights in Video – Standard Access. This 
Section 5 applies if the “Standard Access” box has been 
checked in Item 1 above or if no box has been checked in 
Item 1 above. In consideration of JoVE agreeing to produce, 
display or otherwise assist with the Video, the Author 
hereby acknowledges and agrees that, Subject to Section 7 
below, JoVE is and shall be the sole and exclusive owner of 
all rights of any nature, including, without limitation, all 
copyrights, in and to the Video. To the extent that, by law, 
the Author is deemed, now or at any time in the future, to 
have any rights of any nature in or to the Video, the Author 
hereby disclaims all such rights and transfers all such rights 
to JoVE. 
6. Grant of Rights in Video – Open Access. This 
Section 6 applies only if the “Open Access” box has been 
checked in Item 1 above. In consideration of JoVE agreeing 
to produce, display or otherwise assist with the Video, the 
Author hereby grants to JoVE, subject to Section 7 below, 
the exclusive, royalty-free, perpetual (for the full term of 
copyright in the Article, including any extensions thereto) 
license (a) to publish, reproduce, distribute, display and 
store the Video in all forms, formats and media whether 
now known or hereafter developed (including without 
limitation in print, digital and electronic form) throughout 
the world, (b) to translate the Video into other languages, 
create adaptations, summaries or extracts of the Video or 
other Derivative Works or Collective Works based on all or 
any portion of the Video and exercise all of the rights set 
forth in (a) above in such translations, adaptations, 
summaries, extracts, Derivative Works or Collective Works 
and (c) to license others to do any or all of the above. The 
foregoing rights may be exercised in all media and formats, 
whether now known or hereafter devised, and include the 
right to make such modifications as are technically 
necessary to exercise the rights in other media and formats. 
For any Video to which this Section 6 is applicable, JoVE and 
the Author hereby grant to the public all such rights in the 
Video as provided in, but subject to all limitations and 
requirements set forth in, the CRC License. 
7. Government Employees. If the Author is a United 
States government employee and the Article was prepared 
in the course of his or her duties as a United States 
government employee, as indicated in Item 2 above, and 
any of the licenses or grants granted by the Author 
hereunder exceed the scope of the 17 U.S.C. 403, then the 
rights granted hereunder shall be limited to the maximum 

rights permitted under such statute. In such case, all 
provisions contained herein that are not in conflict with 
such statute shall remain in full force and effect, and all 
provisions contained herein that do so conflict shall be 
deemed to be amended so as to provide to JoVE the 
maximum rights permissible within such statute. 
8. Protection of the Work. The Author(s) authorize 
JoVE to take steps in the Author(s) name and on their behalf 
if JoVE believes some third party could be infringing or 
might infringe the copyright of either the Author’s Article 
and/or Video. 
9. Likeness, Privacy, Personality. The Author hereby 
grants JoVE the right to use the Author’s name, voice, 
likeness, picture, photograph, image, biography and 
performance in any way, commercial or otherwise, in 
connection with the Materials and the sale, promotion and 
distribution thereof. The Author hereby waives any and all 
rights he or she may have, relating to his or her appearance 
in the Video or otherwise relating to the Materials, under 
all applicable privacy, likeness, personality or similar laws. 
10. Author Warranties. The Author represents and 
warrants that the Article is original, that it has not been 
published, that the copyright interest is owned by the 
Author (or, if more than one author is listed at the beginning 
of this Agreement, by such authors collectively) and has not 
been assigned, licensed, or otherwise transferred to any 
other party. The Author represents and warrants that the 
author(s) listed at the top of this Agreement are the only 
authors of the Materials. If more than one author is listed 
at the top of this Agreement and if any such author has not 
entered into a separate Article and Video License 
Agreement with JoVE relating to the Materials, the Author 
represents and warrants that the Author has been 
authorized by each of the other such authors to execute this 
Agreement on his or her behalf and to bind him or her with 
respect to the terms of this Agreement as if each of them 
had been a party hereto as an Author. The Author warrants 
that the use, reproduction, distribution, public or private 
performance or display, and/or modification of all or any 
portion of the Materials does not and will not violate, 
infringe and/or misappropriate the patent, trademark, 
intellectual property or other rights of any third party. The 
Author represents and warrants that it has and will 
continue to comply with all government, institutional and 
other regulations, including, without limitation all 
institutional, laboratory, hospital, ethical, human and 
animal treatment, privacy, and all other rules, regulations, 
laws, procedures or guidelines, applicable to the Materials, 
and that all research involving human and animal subjects 
has been approved by the Author's relevant institutional 
review board. 
11. JoVE Discretion. If the Author requests the 
assistance of JoVE in producing the Video in the Author’s 
facility, the Author shall ensure that the presence of JoVE 
employees, agents or independent contractors is in 
accordance with the relevant regulations of the Author's 
institution. If more than one author is listed at the 
beginning of this Agreement, JoVE may, in its sole 





We thank the reviewers and editorial staff for their assistance improving this manuscript. Please 

find a point-by-point response to their comments and description of the revised manuscript 

below. Our responses are in italics. 

 

Editorial Comments: 
 

• Please take this opportunity to thoroughly proofread the manuscript to ensure that there are no 

spelling or grammatical errors. 

 

• Protocol Detail: 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 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. Some examples: 

1) 3.1.1: mention animal age, sex, strain.  

We added these details.  

 

2) 3.3.1: describe the chamber briefly.  

The skilled reaching chamber is identified and described in detail in section 1 of the 

protocol. Pictures of the chamber have also been added. 

 

3) 5.1.1: unclear what deeplabcut is. Please introduce it and cite a reference. 

We added a brief description of DeepLabCut and included the reference.  

 

• Discussion: JoVE articles are focused on the methods and the protocol, thus the discussion 

should be similarly focused. Please ensure that the discussion covers the following in detail and 

in paragraph form (3-6 paragraphs): 1) modifications and troubleshooting, 2) limitations of the 

technique, 3) significance with respect to existing methods, 4) future applications and 5) critical 

steps within the protocol. 

The Discussion has been updated to reflect several of the reviewers’ comments.  

 

• References: Please spell out journal names. 

We edited the references to spell out the full journal names.  

 

• Commercial Language: JoVE is unable to publish manuscripts containing commercial 

sounding language, including trademark or registered trademark symbols (TM/R) and the 

mention of company brand names before an instrument or reagent. Examples of commercial 

sounding language in your manuscript are National Instruments PCIe-1473R, LabVIEW 2014 

SP1, Basler camera, Pylon software, etc. 

1) Please use MS Word’s find function (Ctrl+F), to locate and replace all commercial sounding 

language in your manuscript with generic names that are not company-specific. All commercial 

products should be sufficiently referenced in the table of materials/reagents. You may use the 

generic term followed by “(see table of materials)” to draw the readers’ attention to specific 

commercial names.  

We have removed all commercial language from the manuscript and replaced them with generic 

terms.  
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• If your figures and tables are original and not published previously or you have already 

obtained figure permissions, please ignore this comment. If you are re-using figures from a 

previous publication, you must obtain explicit permission to re-use the figure from the previous 

publisher (this can be in the form of a letter from an editor or a link to the editorial policies that 

allows you to re-publish the figure). Please upload the text of the re-print permission (may be 

copied and pasted from an email/website) as a Word document to the Editorial Manager site in 

the "Supplemental files (as requested by JoVE)" section. Please also cite the figure appropriately 

in the figure legend, i.e. "This figure has been modified from [citation]." 

All figures are original. 

 
Comments from Peer-Reviewers:  

 

Reviewer #1: 
Manuscript Summary: 

The authors describe a method for tracking of reaching movements in rodents. 

Because the method described is highly automatized in both data collection and analysis this 

approach should be of significant interest to researchers in the field studying the 

neurophysiology of motor control. 

 

Major Concerns: 

The recommended choice of camera type and geometrical arrangement seems a bit sub-optimal. 

We thank the reviewer for their helpful comments. There are, no doubt, many improvements that 

could be made to this system (many of which we are actively pursuing). Our purpose here is to 

describe a system that we have found to be useful for understanding the neural basis of dexterous 

skill in our lab. Because all of our code is open source, end users are welcome to adapt and 

improve the system as they see fit. That being said, we have added a paragraph to the discussion 

explicitly discussing each of the reviewer’s points below. 

 

In particular, by using a single camera placed 17cm from the reaching slot and a top mirror being 

recorded by the same camera 10cm above the reaching slot two limitations appears to be 

introduced: 

1) The body parts being tracked makes up only a very small part of the camera image field (a 

few percent) which leads to a significant loss in spatial resolution - this can perhaps be partly 

compensated for by using a camera with very high resolution but that introduced unnecessary 

costs and additional problems in dealing with large data-streams 

We agree that the camera/mirror arrangement has limitations. However, we tried multiple 

different camera/mirror orientations, each of which had advantages and disadvantages. This 

system has the advantage that both views can be recorded with a single camera, so there are no 

issues of synchronizing and storing multiple video streams. We also tried conventional 

camcorders, but they do not allow synchronization with external data streams (or each other) 

and do not record at a high enough rate. This setup works robustly, though we continue to look 

for other arrangements that may allow a simpler hardware configuration.  

 

2) Because the (ray-tracing) distance from the camera to the pellet via the mirror is almost 

double the distance from the pellet to the camera in the direct view, the focus in one of these two 



image planes will be sub-optimal. There is no example image shown, but this would seem like a 

clear limitation. 

The reviewer is correct that one of the views (direct vs mirror) is always out of focus. However, 

DeepLabCut still tracks individual digits well once the paw is outside the box, and the paw itself 

is tracked well even inside the box. Figure 4 gives sample direct and mirror views from the same 

reach. 

 

Finally, the authors also suggest the use of a color camera - again producing very heavy data-

streams at a frame rate of 300 Hz and high resolution. It is not clear if color is really needed (in 

the calibration procedure a colored cube is used but other markers could probably be used)? 

A more natural choice would seem to be two black and white cameras with lower spatial 

resolution placed closer to the 3D space where the animal is reaching 

Please clarify the rationale behind this approach and discuss other possible solutions 

We used a color camera because, in early versions of the task, we tried to identify digits by 

coloring them. Once DeepLabCut became available, and we found that it works on the color 

images, we did not buy a black and white camera to see if it would also work. 

 

In order to make the method widely available it is important to point out to what extent 

alternative solutions are possible. For example, Python is used by many labs that do not have 

access to a Matlab license. For the same reason it is also informative to discuss the recommended 

and minimal hardware requirements with respect to computer, camera and other acquisition 

components 

This is a good point, though we have not systematically changed all of the hardware to find the 

cheapest, simplest system that would still be effective. We can therefore only describe the 

hardware that we know works. 

The computer hardware is described in Protocol step 2.1. We added a sentence at the end of 

section 2.1 recommending that recording be performed at at least 300 fps.  

 

Minor Concerns: 

The text will need another round of editing; I will here mention the minor typos etc. that I 

noticed while reading the manuscript together with other recommendations on how to improve 

readability. 

 

Short abstract, first sentence: 'is' -> 'it' 

Thank you for catching this. We deleted the word entirely, which makes it read better. 

 

Introduction: 

1st section - Introduce 'CNS'  

We replaced ‘CNS’ with ‘central nervous system’. 

 

2nd section - the first reference does not seem to be appropriate (perhaps the second reference 

was intended?)  

This reference is correct as it introduces a reach-to-grasp task for non-human primates that 

allows simultaneous recording of wrist trajectories and neural signals in motor cortex. The 

second reference compares human and rodent reach-to-grasp movements.  



 

3rd section last sentence - exemplify what rodent research can add in terms of new scientific 

tools.  

These were previously listed in the previous paragraph as limitations of using non-human 

primates. The list was moved to the location mentioned by the reviewer. 

 

Paragraph 1 

Refer to Figure 1 when describing the geometrical arrangement of the components of the set-up.  

We added references to a new figure showing photos of the box set up (now Fig. 1) where 

appropriate.  

 

Paragraph 2 

The numbering is incorrect (2.1 appears twice) 

This has been corrected. 

 

Paragraph 3 

Refer to the panels of Figure 1 (A to D) when describing the components of the set-up.  

We added references to the Figure panels (now Figure 2). 

 

Paragraph 4 

This section is a bit hard to follow when just reading the manuscript - will need to be properly 

presented in the video 

4.1.3 - name file and/or show in video  

We added the name of the LabVIEW file.  

The numbering is incorrect (4.2.1 appears twice). 

Fixed. 

 

Describe the object used for calibration in further detail  

We added a figure that shows a typical calibration image.  

 

Paragraph 5 

Procedures in DeepLabCut may have to be shown in the video (e.g. cropping procedures) 

We can show this in the video, but detailed instructions are also provided with the DeepLabCut 

package by the Mathis group. 

 

5.1.2.2. 'or' -> 'of'.  

The word “or” does not appear in this step. 

 

5.1.3. Dorsum of reaching paw is perhaps a bit imprecise - marker positions denoted on a 

skeleton paw would perhaps be the clearest illustration?  

We added Figure 4 to show marker positions labeled on the paw in both the direct and mirror 

views. Figure 6 also shows the labeled parts. 

 

Paragraph 6 and 7 

Make sure documentation/commenting of code holds the same standard as the rest of the method 

descriptions 



The code has been modified to include additional comments. 

 

Discussion 

In the part where you discuss alternative (cheaper) solutions, please clarify if you are willing to 

share additional software developed in the lab and expand the discussion to include the hardware 

components (see point above on minimal/recommended specifications). 

The cheaper solution is essentially the same as what is described here, except that an Arduino 

microcontroller moves the pellet arm without feedback from the video. A sentence has been 

added to describe the setup and acknowledge that we will share all the specifications and code 

upon request. 

 

General naming/numbering conventions 

Use of capital letter according to typical naming practice: DeepLabCut  

We changed all instances of ‘deeplabcut’ to ‘DeepLabCut’.  

 

Use SI units when possible. 

We converted all units to SI units. 

 

Figures and legends 

Figure 3 

Some journals recommend color representations that are possible to interpret also for red-green 

colorblind readers and which maintain the same order of brightness if printed in black and white 

- this should perhaps be taken into consideration. 

We have modified figures where possible to eliminate red/green contrasts, and checked in 

Photoshop “colorblind” mode that they can still be viewed. 

 

Figure 4 

Do the images represent trajectories only from the advancement phase? 

A background grid would make it easier for the reader to perceive the 3D perspective 

The images represent only the initial advancement for ease of presentation, but the kinematics 

are available for multiple retractions and reach attempts as long as the recording time window 

is long enough. A sentence has been added to the relevant figure caption clarifying this point. A 

grid has been added to the figure. 

 

Reference list 

Reference 4 seem to be missing page reference 

We added the volume and page numbers. 

 

Reviewer #2: 
Manuscript Summary: 

The manuscript "Automated rat single-pellet reaching with 3-dimensional reconstruction of paw 

and digit trajectories" describes a method for performing automated forepaw kinematics using a 

machine learning algorithm and a well established and important forelimb motor task in rats. 

They describe how to construct a chamber and device for training/testing animals in the single 

pellet reaching task. This device also includes video acquisition hardware for high-speed high-

resolution imaging of the animal performing the task. The authors provide a detailed description 



for how to train the animals and how to collect the data using their custom software. Importantly, 

they describe how to use their custom software to extract reaching kinematic data. One potential 

limitation of this approach is the amount of data and the extensive processing required to extract 

the kinematic data, which could prove too cumbersome for some labs - that is until computer 

processing power 'catches up' to the computational requirements of this approach. Regardless, 

this is a very well written paper and highly relevant to the field. 

 

Major Concerns: 

*Section 1 lacks details of how to build/setup the apparatus. There are likely difficult points in 

the setup that should be highlighted, along with strategies to overcome these challenges. For 

example, section 1.2 simply says to mount and align the IR sensors. How are they mounted? 

What are the key steps for successful alignment? How can we identify if they are misaligned or 

become misaligned over time (e.g., by being hit during cleaning). 

Due to space constraints and because apparatus construction is described in detail in a previous 

publication, we intentionally omitted some of these details. We have added some back but still 

refer to the previous publication. We note in instruction 1.2 that an indicator in the behavior 

software can be used for alignment. Additionally, we added photos of the reaching apparatus as 

a figure, which should provide clarification. 

 

*Please show kinematic data of 'pass' and 'fail' trials. A key point to kinematic analysis is to 

differentiate between successful motor strategies and unsuccessful ones. Please then comment on 

what were the differences in the kinematics between pass and fail trials. 

We have looked at the difference between successful and failed reaches, but have been unable to 

find clear differences in kinematics (in healthy rats). This is likely because, in well-trained rats, 

the movements are highly stereotyped and reach success depends on subtle differences in digit 

movements during the grasp phase. We have observed differences under various neuronal 

manipulations, which we will report in a research manuscript but are beyond the scope of this 

Methods paper. 

 

*One of the major potential limitations of the approach is the massive amount of video data that 

is acquired for each session. I can understand why high frame rates are required since the paws 

move so fast, but a 2MP resolution seems excessive. Even reducing to 1 MP with the same field 

of view, or reducing the field of view and using 0.5 MP would dramatically facilitate acquisition 

and data handling. The authors should either test with a lower resolution camera or provide solid 

reasons why such a high resolution is required for their analysis package. 

We went through several hardware iterations to come up with this system. While we would like 

to develop a simpler system that works just as well, development of the current system was quite 

time and labor intensive. Given the difficulty in establishing it, and the need to switch to 

(possibly expensive) cameras that would likely need different interfaces to communicate with the 

hardware/software, we feel that this is not something that could be accomplished in a reasonable 

time frame or at reasonable expense. Other labs are, of course, welcome to adapt the system to 

their own needs. We added a paragraph to the Discussion describing this limitation. 

 

*Reaching and grasping research is often performed using albino rats, which offer a very 

different contrast than dark rats since paw and fur are essentially the same color in albino rats. 

This could make it incredibly difficult for the software to differentiate between nose and paw 



structures. Have the authors tried to use albino animals? If yes, why not include or comment 

here? Regardless, the authors should comment on the suitability of their software for albino 

animals (or animals of other colors in general) since this could be very important for widespread 

implementation of the technique. 

We have added a discussion of the use of albino rats in the discussion section and identified 

alternate strategies and any shortcomings that go along with them. 

 

 

Minor Concerns: 

*Long abstract: "…dexterous skills, but it requires…"  

We removed the word “is” entirely, which makes it read better in our opinion. Thank you for 

catching this mistake. 

 

*In the introduction it would be good to discuss the idea of training intensity in automated vs 

manual task implementation. This is a major advantage of automated training and your data 

support this (Fig. 2). Your method is especially relevant for higher-intensity training approaches 

since as training intensity increases so does the researcher time needed to analyze the data. 

Recent work highlighting this idea include Torres-Espin, 2018, Brain (doi: 

10.1093/brain/awy128) and Torres-Espin, 2018, Behavioural Brain Research 

(10.1016/j.bbr.2017.08.033).  

We addressed this benefit in the introduction and cited Torres-Espin et al, Brain, 2018. 

 

*For sections 1.12 and 1.13 - please convert inches to SI units.  

We converted all measurements to SI units.  

 

*3.4.2 - "…delivery rod so that its paw hits…"  

We changed ‘it’s’ to ‘its’. Thank you for catching this. 

 

*5.1.2.2 "…chamber because of lighting."  

We changed ‘or’ to ‘of’. 

 

*It is unfortunate that the methods focus entirely on the reaching aspect of the task and do not 

extend to the 'retrieval' phase of the task. If they have is, this data should be included. 

Alternatively, they can raise this point in the discussion - hopefully with a plan to include this in 

the future. 

The retrieval phase data are available as long as the video recordings are long enough (the 

default settings are plenty long), as is now noted in the caption for Figure 7. 

 

Reviewer #3: 
Manuscript Summary: 

The authors present a methodology for an adapted, automated rodent reaching apparatus and 

kinematic behavioral assessment, based on a previously published protocol (Ellens, D. J. et al., 

2016) and leveraging on a recent deep learning toolbox for marker-less tracking (Mathis, A. et 

al., 2018). The protocol is carefully explained, generally with a good level of detail. 

 

Major Concerns: 



In general, the authors may clarify in the introduction and/or discussion that the methodology 

explained in this article does not allow for automatic assessment of reaching task completion, but 

for extraction of reaching kinematics and 3-D reaching trajectory reconstruction, excluding 

grasping or retraction, which are normally also studied with the classic single-pellet behavioral 

task. 

The last paragraph of the Discussion mentions that we are working on automated scoring, and 

added a parenthetical to clarify that our system only evaluates kinematics. We also added 

sentences to the Figure 7 caption emphasizing that kinematic data are available for grasping 

and retraction, but not shown for clarity. 

 

Minor Concerns: 

Instruction 1.4: the authors mention that the front box slit is 7 cm wide. Is this value correct? 

Based on Figure 3, the width of this slit looks much narrower, of ~1 cm, which is more 

appropriate also for this behavioral task. 

Yes, but we can see how this was confusing as initially presented. To clarify, this is the size of the 

hole in the support box that allows the pellet delivery arm to rise up. We specified that this is in 

the support box in addition to including a figure with photos of the set-up to reduce confusion.  

 

How far away from the reaching box should the pellet delivery rod be positioned to ensure the 

animal will not eat the pellet it with its mouth instead of reaching it? 

We note in 3.4.1 that the pellet delivery rod is positioned 1.5 cm from the front of the reaching 

chamber. 

 

Instruction 1.6: What camera was used and with what specifications (i.e. wide-angle)? 

The specific camera and lenses are listed in the Materials sheet. JoVE requests that specific 

companies/products not be listed in the main text. 

 

I am missing in the animal training protocol and in the discussion how or if the authors are 

constraining the animal to perform with the preferred limb exclusively. If this apparatus is to be 

used in a model of stroke or brain lesion, impaired rats are well known to compensate by 

reaching with their non-impaired forelimb. Is this apparatus coping with that?  

We addressed this issue in 3.4.1 (NOTE).  

 

Based on Figure 3, the head of the animal may obscure the view over the slit.  

This is correct, but we only use the top view to identify when the rat is preparing to reach (nose 

penetrates the slot), but not for the 3D reconstruction. We added a note in the section 5 (NOTE) 

that the top mirror view is not used for 3D reconstruction.  

 

What percentage of the frames during a reaching attempt is lost because the reaching paw is not 

visible, from either top and side mirror view? How is the 3D reconstruction affected by missing 

information? 

First, as has been clarified in section 5 (see response to previous comment), only the side mirror 

is used for 3D reconstruction. The precise number of missed points is difficult to quantify 

because DeepLabCut always returns its “best guess” as to where a body part is located, but also 

provides a certainty score so that ambiguous points can be disregarded. The probability of an 

occlusion varies considerably depending on whether the paw is inside or outside the box, the 



orientation of the paw with respect to horizontal, how far it is extended, etc. The paw is 

necessarily lost in the mirror view as it passes through the slot, and these trajectory points are 

interpolated based on neighboring frames. This is now noted in step 7.3. 

 

Instruction 3.4.3.: what does 'eventually' mean? The authors should quantify how much time it 

takes to condition an animal for the task, based on representative tests presented in this paper. 

What percentage of animals were successfully conditioned to request a new pellet this way?  

We specified that it takes typically 5-15 baited reaches for the rat to reach for the pellet off of the 

delivery rod without the investigator baiting it.  

We added a note that the pellet request stage (3.5) is when rats typically fail to learn the task, 

although success rates are still high (~90% of all rats learn the automated task). 

 

Instruction 4.3.2. The authors could explain in more detail the required extent of the ROI, 

namely why the pellet and delivery rod cannot enter the ROI. How can grasping be monitored, 

then? If the current system can only monitor reaching, future perspectives of extending 

assessment to grasping and retraction may be discussed. What analysis errors occur is the ROI is 

extended to include the pellet/delivery rod?  

We specified that the ROI is used for paw detection and explained that if the ROI is extended to 

include the pellet/delivery rod a video will be triggered by the pellet when the rat is not reaching 

(instruction 4.3.3). Note that grasping/retrieval can still be analyzed because video can be 

recorded for several seconds after the trigger event. 

 

The authors should instruct new users how to define an attempt during training: is the animal 

required to retrieve the food pellet back in the reaching chamber or also to eat it? How does the 

automated assessment define an attempt? 

We defined an attempt in 3.3.4 (“An attempt is defined as the paw reaching out past the reaching 

slot.”). This is the same definition as used in the automated system because a reach will be 

detected only once the paw extends past the reaching slot into the ROI. 

 

Instruction 4.3.6: what does one 'Video' contain? Is it one reaching attempt, excluding grasping 

and retrieval? This should be clarified. How is the extend of reaching defined, based on the ROI 

location? How accurate is this definition, given that each rat will develop a unique reaching 

strategy? 

We clarified that the video captures 300 pre-video trigger and 1000 post-video trigger frames 

(as a default; this can be set in the software) and that this captures the entire reach-to-grasp 

movement including retraction. The clarification above should, hopefully, address confusion 

about the ROI location and definition of a reach. The system captures almost every reach (see 

Ellens et al, 2016) since the paw has to pass through the ROI to get to the pellet. Figure 8 

illustrates problems that arise with reach detection if the ROI is not set carefully. 

 

Unsupervised tracking of separate digits of a rodent has been previously difficult without 

markers. In general, in models of impaired reaching and grasping, far more prevalent errors are 

due to impaired grasping. This system benefits from using a recent solution for marker-less, 

supervised digit tracking, so how can it be adapted to identify digit and paw movement during 

grasping, which is arguably of higher interest in investigations of motor impairments? 



As noted above, the entire reach including grasping and retraction is recorded (see 4.3.6).We 

added a parenthetical to the first paragraph of the Discussion noting that reach, grasp, and 

retraction phases can all be analyzed. This is also noted in the caption for Figure 7. 

We have not found clear differences between successful and failed reaches in any measures of 

paw or digit kinematics (other than repeated reaching when the pellet is dropped). We have 

observed consistent changes in paw/digit kinematics under various neural manipulations, which 

we are preparing as a research report but is beyond the scope of this video tutorial. 
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