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ABSTRACT 41 

 The ability to learn dexterous motor skills is a fundamental aspect of human 42 

behavior. However, the underlying neural circuit mechanisms for dexterous skill learning 43 

are unclear. Advancing our understanding of motor skill learning requires the integration 44 

of modern neuroscientific techniques with a rigorously characterized dexterous task. 45 

The development of automated rodent skilled reaching with paw tracking allows detailed 46 

analysis of how reach-to-grasp kinematics evolve during learning. We assessed how 47 

both ‘gross’ forelimb and ‘fine’ digit kinematics changed as rats learned skilled reaching. 48 

Rats whose success rates increased (learners) consistently reduced the variability in 49 

their reach trajectories. Refinement of fine digit control generally continued after 50 

consistency in gross hand transport to the pellet plateaued. Interestingly, most rats 51 

whose success rates did not increase (non-learners) also converged on consistent 52 

reach kinematics. Some non-learners, however, maintained substantial variability in 53 

hand and digit trajectories throughout training. These results suggest that gross and fine 54 

motor components of dexterous skill are, on average, learned over different timescales. 55 

Nonetheless, there is significant inter-subject variability in learning rates as assessed by 56 

both reaching success and consistency of reach kinematics. 57 

 58 

SIGNIFICANCE STATEMENT 59 

 Humans depend heavily on the ability to learn novel, dexterous motor skills. The 60 

rodent skilled reaching task is commonly used to study dexterous skill learning. 61 

However, how reach-to-grasp kinematics evolve as rats learn skilled reaching has not 62 

been carefully characterized. By combining an automated rodent skilled reaching task 63 
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with hand and digit tracking, we found significant variability in both success rates and 64 

the evolution of hand/digit kinematics. This interindividual variability is important for 65 

interpreting skilled reaching studies. Furthermore, understanding the neurobiologic 66 

basis of this variability may yield insights into improving human motor learning and 67 

rehabilitation. 68 

 69 

INTRODUCTION 70 

 Dexterous motor skills, or coordinated multi-joint and digit movements, are 71 

acquired through practice and essential to normal daily function. However, the neural 72 

mechanisms of motor skill learning are poorly understood. Such knowledge is important 73 

for improving de novo skill acquisition, understanding disorders of motor learning (e.g., 74 

dystonia), and optimizing rehabilitation after neurologic injury (e.g., post-stroke). To 75 

determine mechanisms of motor learning at the neuronal/circuit level, animal models of 76 

skill acquisition are needed. Such models allow the application of modern circuit 77 

dissection techniques, which are especially well-developed in rodents. 78 

 Rodent skilled reaching is a common paradigm for studying dexterous skill 79 

learning. Rodent reach-to-grasp movements are strikingly similar to those of humans 80 

(Klein et al., 2012). This is true when comparing well-trained rats to healthy human 81 

subjects or rodent disease models (e.g., dopamine-depleted or cortically lesioned rats) 82 

to humans with motor system dysfunction (e.g., Parkinson Disease or cortical strokes) 83 

(Klein et al., 2011, Klein et al., 2012, Miklyaeva et al., 1994, Whishaw et al., 1994). 84 

Therefore, this task is well-suited for studying the neural circuit mechanisms that 85 

regulate dexterous motor control under “normal” conditions and in disease states. 86 
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Furthermore, rodents are not naturally adept at this task, but gradually improve over 87 

several training sessions (Whishaw et al., 2008). The rodent skilled reaching task is 88 

therefore useful for studying motor skill learning as well as performance. However, how 89 

reach-to-grasp movements evolve as rats learn this task has not been carefully 90 

characterized.  91 

Learning in the skilled reaching task has typically been assessed by success rate 92 

(i.e., whether the pellet was grasped or not). Therefore, studies could describe if, but not 93 

how, reach-to-grasp movements changed. To address this, a semi-quantitative 94 

movement element rating system was developed, wherein each submovement of the 95 

reach is evaluated as “normal”, “abnormal”, or “absent” (Alaverdashvili & Whishaw, 96 

2010, Whishaw et al., 2008). This system is useful for assessing how experimental 97 

manipulations (e.g., targeted lesions) affect reaching movements in well-trained 98 

animals, but is less informative for learning. Additionally, it still only provides information 99 

on if an individual submovement is abnormal or missing, not how the submovement 100 

changed. Finally, this scoring system is time-intensive and subjective, as it requires 101 

experimenters to evaluate twelve movement elements individually for each video.  102 

Recent studies have leveraged automated skilled reaching systems and position 103 

tracking software to assess changes in reach-to-grasp kinematics over learning with 104 

greater detail. Rats’ forelimb trajectories became less variable and the duration of 105 

reaching movements decreased as success rate increased. However, success rate 106 

continued to improve even once these measures of ‘gross’ forelimb kinematics had 107 

plateaued (Lemke et al., 2019, Li et al., 2017). Therefore, it appears that ‘fine’ motor 108 

components (i.e., individual digit control) evolve on a different timescale than the ‘gross’ 109 
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motor components of reach-to-grasp movements. However, neither of these studies 110 

directly measured changes in fine digit control. It is, therefore, unknown exactly how 111 

individual digit control changes as rats learn to perform skilled reaching. 112 

In this study, we assessed how ‘gross’ and ‘fine’ motor components of reach-to-113 

grasp movements evolve as rats learn skilled reaching. By using DeepLabCut (Mathis 114 

et al., 2018, Nath et al., 2019) to track individual digit joints and hands, we measured 115 

changes in both forelimb and digit kinematics. Consistent with the above findings, we 116 

show that for rats whose success rates improve with training, the control of fine digit 117 

movements evolves on a longer timescale than that of gross forelimb movements. 118 

However, there was significant variability among rats in the timing and magnitude of 119 

changes in both gross hand movements and fine digit movements. These results 120 

suggest that gross and fine movements are refined over different timescales to improve 121 

performance.  122 

 123 

MATERIALS AND METHODS 124 

Animals  125 

All animal procedures were performed in accordance with the University of 126 

Michigan Institutional Animal Care & Use Committee regulations. Male (n = 9) and 127 

female (n = 5) tyrosine hydroxylase-Cre+ (n = 9) and wildtype (n = 5) rats were housed 128 

in groups of 2-3 on a reverse light/dark cycle. All behavioral training was carried out 129 

during the dark phase. Food restriction was imposed on all animals during the training 130 

period for no more than 6 days in a row such that rats’ weights were kept ~85-90% of 131 

their free-feeding weight. Rats were only tested on food restricted days. Water was 132 
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available ad libitum in their home cages. Data collected after 7 of these rats were well-133 

trained have been reported previously. However, none of the “early learning” kinematics 134 

described here have been reported previously. 135 

 136 

Skilled reaching 137 

Automated reaching system. Training was carried out in custom-built skilled 138 

reaching chambers housed within soundproof, ventilated cabinets. Custom LabVIEW 139 

software controls the experiment. The chambers were rectangular prisms with a 140 

reaching slot (1.1 x 7 cm) cut in the front panel 3.5 cm from the floor and a photobeam 141 

(HoneyWell, Morriston, NJ) at the back of the chamber (Figure 1A). Before each 142 

session, a linear actuator (Creative Werks Inc, Des Moines, IA) was positioned so that 143 

the pellet delivery rod was aligned with the right or left edge of the slot according to 144 

each rat’s hand preference 15 mm from the front of the reaching slot. Each training 145 

session began with the pellet delivery rod in the “ready” position – part of the way 146 

between the bottom of the reaching chamber and the reaching slot. Rats “requested” a 147 

pellet by breaking the photobeam, which caused the pellet delivery rod to rise to the 148 

bottom of the reaching slot. Mirrors angled at either side of the front of the reaching 149 

chamber allowed side views of the hand during reaches. When the reaching hand 150 

passed the front plane of the chamber into the “region of interest” in the side mirror view 151 

(Figure 1A – red box) and surpassed the minimum threshold of pixel intensity, video 152 

acquisition was triggered, time-stamped, and labeled with the trial number. Two 153 

seconds after the video was triggered, the pellet delivery arm lowered into the pellet 154 
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funnel to pick up a new pellet and then reset to the “ready” position, allowing the rat to 155 

initiate a new trial.  156 

Videos were recorded at 300 frames-per-second and 2400 x 1024 pixels by a 157 

high-definition color camera (acA2000-340kc, Basler, Ahrensburg, Germany) mounted 158 

in front of the reaching slot. A camera-link field-programmable gate array (FPGA) frame-159 

grabber card (PCIe 1473R, National Instruments, Austin, TX) acquired the images, and 160 

an FPGA data acquisition (DAQ) task control card (NI PCIe 7841R) provided an 161 

interface with the behavior chamber. The real-time FPGA card detected pixel intensity 162 

changes within a ‘region of interest’ in front of the reaching slot in the side mirror views 163 

(Figure 1A), allowing videos of the reaching event (‘video trigger’) to be captured. Video 164 

frames were stored in RAM in a rolling buffer. When the trigger event occurred, 300 165 

frames prior to the trigger event and 1000 frames post-trigger were saved.  166 

Pre-training.  ‘Pre-training’ consists of familiarizing the rats with the reaching 167 

chamber, evaluating them for hand preference, training them to reach for the linear 168 

actuator, and training them to request a pellet by moving to the back of the chamber. A 169 

week before pre-training, rats were placed on food restriction and introduced to the 170 

sucrose reward pellets in their home cages. On day 1 of pre-training, piles of five pellets 171 

each were placed in the front and rear of the skilled reaching chamber to encourage 172 

exploration of the entire chamber. Once rats ate these pellets, they were evaluated for 173 

hand preference. 174 

Rats were allowed to eat three pellets (held in forceps through the reaching slot) 175 

with their tongues. The experimenter then began to pull the pellet away from the rat so 176 

that it could not be obtained by licking. Therefore, the rat was forced to reach with its 177 
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hand to retrieve the pellet. Hand preference was assigned to the hand used for the 178 

majority of the first eleven reaches. Once hand preference was determined, animals 179 

were trained to reach for the pellet delivery rod. As the rat reached, the experimenter 180 

pulled the forceps back so that the rat’s hand would extend to a pellet on the delivery 181 

rod. Once rats reached for the delivery rod 10 times without being baited by the 182 

experimenter, they began training to request pellets. 183 

Rats began training in the center of the chamber with the pellet delivery rod set to 184 

the ‘ready’ position. The experimenter placed a pellet in the rear of the chamber to bait 185 

the rat to break the rear IR beam, causing the delivery rod to rise so that the rat could 186 

move to the front and reach for the pellet. This was repeated until the rat began to 187 

quickly move to the front of the chamber to reach for the pellet after breaking the IR 188 

beam. At this point, the experimenter would stop baiting the rat to the rear of the 189 

chamber. Pre-training was complete once the rat requested a pellet and then 190 

immediately moved to the front to reach for the pellet 10 times. 191 

Training. Once pre-trained, rats began 30-minute training sessions with the 192 

automated system. Rats were trained for one session per day for 10 days, with one day 193 

off when rats were taken off food restriction. The day number during training when the 194 

break occurred was varied (e.g., not all rats had a break between days 5 and 6) to 195 

minimize effects of a day off on skilled reaching performance.  196 

 197 

Analysis of skilled reaching data 198 

Analyses were performed using custom-written scripts and functions in MATLAB 2019a 199 

(MathWorks) on a MacBook Pro (2018) with macOS Mojave (version 10.14.6) (Apple).  200 
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Performance outcomes. Reach outcome was scored by visual inspection as 201 

follows: 0 – no pellet presented or other mechanical failure (“no pellet”); 1 – obtained 202 

pellet on initial limb advance (“first success”); 2 – obtained pellet, but not on first attempt 203 

(“multiple success”); 3 – forelimb advanced, pellet was grasped then dropped in the box 204 

(“drop in box”); 4 – forelimb advance, but the pellet was knocked off the shelf (“pellet 205 

knocked off”); 5 – pellet was obtained using its tongue (“tongue”); 6 – the rat 206 

approached the slot but retreated without advancing its forelimb or the video triggered 207 

without a reach (“trigger error”); 7 – the rat reached, but the pellet remained on the shelf 208 

(“pellet remained”); 8 – the rat used its non-preferred hand to reach (“non-preferred 209 

hand”); or 9 – used preferred hand after obtaining or moving pellet with tongue (“tongue 210 

and hand”). An additional outcome evaluated by kinematic analysis was defined as 211 

videos which began with the rat’s hand through the slot (i.e., the video triggered late; 212 

“hand through slot”). Outcome percent was calculated by dividing the number of trials of 213 

each outcome by the total number of trials per training day (Extended Data Figure 1-214 

1D). For comparisons of kinematics between successful and failed reaches, successes 215 

were defined as “first success” (1) and failed reaches were defined as “pellet knocked 216 

off” (4) or “pellet remained” (7) (Figure 6 and Extended Data Figures 6-1 to 6-16).  217 

First reach success was calculated for each training day by dividing the total 218 

number of scores of 1 by the total number of trials (sum of scores of 1, 2, 3, 4, and 7) 219 

(Figure 1C, Extended Data Figure 1-1B and Extended Data Figures 6-3 to 6-16). 220 

Success rate was not calculated for individual days if less than 10 trials were performed 221 

(only one such instance occurred).  222 
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Rats were divided into learners and non-learners based on the change in their 223 

performance between the first two training days and last two training days. The 224 

proportion of first success reaches from days 1 and 2 combined were compared to the 225 

proportion of first success reaches from days 9 and 10 combined using a chi-squared 226 

test (Table 2). Rats with p < 0.05 whose success rate increased between days 1-2 and 227 

9-10 were considered learners (n = 4); all others were considered non-learners (n = 10). 228 

All subsequent analyses of reach-to-grasp kinematics were performed with rats divided 229 

into learners and non-learners, with averages across all rats also shown. 230 

To assess how success rate changed within individual sessions, a moving 231 

average was calculated as the fraction of “1” (first success) scores in a moving block of 232 

10 reaches. For averages within a group, the last data point for each individual was 233 

carried forward to the maximum number of reaches for any rat on that training day. This 234 

avoided sudden changes in the average caused by dropout (Figures 2D). 235 

3-dimensional reconstruction of reach trajectories. Bodyparts/objects identified in 236 

the direct and mirror views were triangulated to 3-dimensional points using custom 237 

MATLAB software. Prior to each training session, several images of a cube with 238 

checkerboards (4 x 4 mm squares) on its sides were taken so that the checkerboards 239 

were visible in the direct and mirror views. These images were used to determine the 240 

essential matrix relating the direct and mirror views, which was used to determine how 241 

the real camera and “virtual” camera behind the mirror were translated and rotated with 242 

respect to each other (Hartley & Zisserman, 2003). By assuming a 3-dimensional 243 

coordinate system centered at the camera lens with the z-axis perpendicular to the lens 244 

surface, camera matrices were derived for the real and virtual cameras. These matrices 245 
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were used to triangulate matching points in the camera and mirror views using the 246 

MATLAB triangulate function in the Computer Vision toolbox. 3-dimensional points with 247 

large reprojection errors were excluded from the analysis, which could happen if an 248 

object was identified accurately in one view but misidentified in the other. The 249 

coordinate system was set with the pellet at the origin, positive x to the right of the 250 

pellet, positive y above the pellet, and positive z on the other side of the pellet from the 251 

reaching chamber (Figure 3A). 252 

Processing Reach Kinematics. To place reach kinematics in a common reference 253 

frame, the pellet location prior to reaching was identified and set as the origin. For left-254 

handed reaches, x-coordinates were negated to allow direct comparison with right-255 

handed reaches. The initial reach on each trial was identified by finding the first frame in 256 

which digits were visible outside the box (Figure 2B), and then looking backwards in 257 

time until the hand started moving forward. The end of a reach was defined as the 258 

frame at which the tip of the second digit began to retract; multiple reaches could be 259 

counted in a single trial (though only first reaches are analyzed here). The start of the 260 

grasp was defined as the frame at which flexion of the second digit started to increase 261 

after reaching minimum flexion (i.e., maximum extension). Grasp end was defined as 262 

the first frame with maximum digit flexion after grasp start. The end of a reach and 263 

beginning of a grasp could overlap if rats started to flex their digits as the hand was still 264 

advancing. However, this was rare and the number of overlapping frames was small. 265 

“Digit flexion” was calculated as the angle between a line connecting the second 266 

metacarpophalangeal (MCP) joint and the second digit tip; and a line connecting the 267 

hand dorsum and the second MCP joint (Figure 4K). “Aperture” was calculated as the 268 
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Euclidean distance between the tips of the 1st and 4th digits (in frames for which both 269 

were visible or could be estimated based on epipolar geometry, Figure 4C). 270 

“Orientation” was calculated as the angle between a line connecting the 1st and 4th digits 271 

and a horizontal line in the direct camera view (for left-handed rats, orientation was 272 

calculated using the negated x-values to compare with right-pawed rats, Figure 4G). 273 

Reach velocity was calculated as the Euclidean distance between the dorsum of the 274 

reaching hand in consecutive frames divided by the inter-frame interval (1/300 s). 275 

Reach duration was calculated as the number of frames between when the hand first 276 

passes through the reaching slot and reach end (defined above), divided by 300 fps 277 

(video frame rate).  278 

The 3-dimensional trajectories of the hand and digit tips were interpolated across 279 

100 evenly spaced points from reach start to reach end or from grasp start to grasp end 280 

using the function interparc (version 1.3.0.0 from the Matlab file exchange) with the 281 

piecewise cubic Hermite polynomials (pchip) method. This created evenly-spaced 282 

trajectories that could be analyzed independently of reach velocity. In other words, slow 283 

and fast reaches tracing the same trajectory have matched corresponding points in the 284 

interpolated trajectories. Variability of hand and digit trajectories within each session 285 

was calculated as the mean distance of each interpolated trial trajectory from the 286 

average interpolated session trajectory (Figures 2C, D; 4A, B; 6A, B): 287 =  ∑∑ (| |) / , 288 

where  is the mean distance from the mean trajectory, the Xi are the ith 3-dimensional 289 

points along each interpolated trial trajectory, the  are the ith 3-dimensional points in 290 

the interpolated session trajectory, and n is the number of trials. 291 
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To quantify hand and digit 3-D endpoint position variability, we used the 292 

generalized variance, which provides a single measure of the dispersion of points in 293 

multiple dimensions (Figures 3D, 6D, E). Covariance matrices were calculated for the 3-294 

dimensional paw/digit endpoints from each trial in each session. The determinant of 295 

these covariance matrices defines the generalized variance for reach endpoints.  296 

To determine if differences in endpoint position variability between the hand and 297 

digit tips were due to inconsistencies in Deeplabcut labeling, we compared the number 298 

of frames from reach start to grasp end with mislabeled hand and digit tip points on 299 

training days 1 and 10 (Figure 3E). Points were first evaluated as correctly or incorrectly 300 

labeled based on confidence values generated by Deeplabcut. Points assigned 301 

confidence values above 0.97 were deemed correctly labeled, while points assigned 302 

confidence values below 0.85 were deemed mislabeled. Points with confidence values 303 

between 0.85 and 0.97 were evaluated based on the distance they moved between 304 

consecutive frames. If the distance moved between frames surpassed 50 pixels, the 305 

point was deemed mislabeled. Importantly, these criteria were used throughout the 306 

kinematic analysis so that invalid points were not included in the reconstructed 3-D 307 

trajectories.  308 

Within-session kinematics. To assess how reach kinematics (i.e., aperture, paw 309 

orientation, and digit flexion) changed within individual sessions, moving averages were 310 

calculated across blocks of 10 trials. To average these data across rats, the last value 311 

calculated in each session was carried forward until sessions had the same number of 312 

trials. For example, if rat A performed 35 trials and rat B performed 40 trials, the last 313 

value calculated for rat A (the average of trials 26-35) would be carried forward as the 314 
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average of “trials” 27-36, 28-37, … 31-40 so that rats A and B would have the same 315 

number of trials. This avoided sudden changes in the average caused by rats 316 

performing different numbers of trials (Figures 4E, I and M). Within-session changes in 317 

trajectory variability were calculated as described above in Processing Reach 318 

Kinematics, but average trajectories in moving blocks of 10 trials were used as the 319 

reference, rather than the average of all trials in a session (Figures 2D and 4B).  320 

Analysis of reach-to-grasp coordination. To monitor aperture, hand orientation, 321 

and digit flexion as a function of the z-coordinate of the tip of the second digit (zdigit2, 322 

Figure 5), the first reach of each trial was isolated. The 3-dimensional trajectory of each 323 

digit tip for the initial reach was interpolated using piecewise cubic Hermite polynomials 324 

(pchip in MATLAB) so that the 3-dimensional location of each digit was estimated for 325 

zdigit2 = -20.0, -19.9, -19.8… +14.9, +15.0 mm from the pellet (positive numbers are past 326 

the pellet, negative numbers as the hand approaches the pellet). This allowed us to 327 

average aperture, orientation, and digit flexion as a function of hand advancement 328 

(assessed by zdigit2). Points at zdigit2 values missing from shorter reaches were excluded 329 

from the average. To compare the evolution of aperture, paw orientation, and digit 330 

flexion across the ten training sessions, we compared digit aperture, paw orientation, 331 

and digit flexion at zdigit2 = +3 mm (Figures 5B, 5D, and 5F).  332 

 333 

Statistics 334 

See Table 1 for a detailed description of statistical analyses. For Figures 1-5, 335 

linear mixed-effects models were used to evaluate if performance outcomes and 336 

kinematics changed over training days and/or differed between learners and non-337 
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learners. We implemented linear mixed-effects models (using R lmer) with random 338 

intercepts/effects for each rat and fixed effects of training day and group (interaction). 339 

Linear mixed-effects models included averages for all 10 training days for all rats. To 340 

assess if reach kinematics differed between successful and failed reaches, we 341 

implemented linear mixed-effects models (using R lmer) with random intercepts/effects 342 

for each rat and fixed interaction effects of training day and outcome. Separate linear 343 

mixed-effects models were run for each group (Figure 6). 344 

Shared control Cumming plots were generated to show individual trial-level data 345 

for each rat, separated by successful and failed trials (Extended Data Figures 6-3 to 6-346 

16). These plots were generated using the Data Analysis with Bootstrap-coupled 347 

ESTimation (DABEST) package for Python, version 0.3.1 (Ho et al., 2019). Each plot 348 

used 5,000 bootstrapped resamples to estimate the difference in the mean between 349 

each day and day 1. 350 

 351 

Code Accessibility 352 

 The code described in this paper is freely available online at [URL redacted for 353 

double-blind review]. The code is available as Extended Data. 354 

 355 

RESULTS 356 

 Rats were trained for 10 days of 30-minute sessions in an automated skilled 357 

reaching task in which high-definition, high-frame rate video is recorded from multiple 358 

angles. Trials started with rats breaking a photobeam at the back of the chamber, which 359 

caused a pellet to be delivered in front of the reaching slot (Figure 1A). Rats could make 360 
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multiple reaches until the pellet delivery arm descended 2 s after the video trigger event. 361 

Rats showed significant improvement in skilled reaching performance, as first reach 362 

success rate gradually increased (Figure 1C). However, there was a high level of 363 

variability in learning rates. Some rats reached asymptotic performance quickly, while 364 

others did not improve at all (Extended Data Figure 1-1B). Therefore, we divided rats 365 

into learners and non-learners based on whether their performance improved 366 

significantly from days 1-2 to 9-10 (see Methods – Performance outcomes, Table 2). 367 

Although success rate was similar on training day 1, performance improved significantly 368 

over days for learners, but not non-learners. Learners showed a significant reduction of 369 

trials in which the pellet was knocked off of the pellet delivery rod over training days, 370 

whereas this outcome did not change significantly over days for non-learners (Extended 371 

Data Figure 1-1D). Of the other trial outcomes (e.g., dropped pellet in box, pellet 372 

remained on pedestal; see Methods – Performance outcomes), only multiple success 373 

outcomes, where rats did not successfully retrieve the pellet on the first reach attempt 374 

but did on a subsequent attempt, decreased significantly for learners. Learners seemed 375 

to convert “multiple reach successes” and “pellet knocked off” trials into “first reach 376 

successes.”  377 

Importantly, rats in the two groups performed similar numbers of trials over the 378 

10 training days, indicating that the difference between learners and non-learners was 379 

not in practice or motivation (Figure 1B, Extended Data Figure 1-1A).  380 

 381 

Refinement of gross forelimb movements 382 
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To determine how reach-to-grasp kinematics evolved over the first 10 days of 383 

learning, we used DeepLabCut to track individual digits, the hand, and the pellet (Mathis 384 

et al., 2018). Skilled reaching requires refinement of both ‘gross’ forelimb movements to 385 

accurately guide the hand to the pellet, and ‘fine’ digit movements to grasp the pellet. 386 

Forelimb movements became more consistent over 10 days of training for both learners 387 

and non-learners (Figure 2A-D). This was true for both “reach” and “grasp” components, 388 

which were distinguished by when the digits began to close (Figure 2B, see Methods – 389 

Processing Reach Kinematics). The variability of the hand trajectory decreased 390 

significantly over the first 6 training sessions and then remained stable in the last 4 391 

sessions (Figure 2C). This stabilization occurred approximately when first reach 392 

success rate peaked for learners (Figure 1C). However, there was considerable 393 

variability between rats in how quickly trajectory variability changed (Extended Data 394 

Figure 2-1A-B). Changes in hand trajectory variability and first reach success rate within 395 

individual sessions often occurred in tandem, such that when success rate increased, 396 

trajectory variability decreased and vice versa (Figure 2D). Reaches also became faster 397 

with more training in both groups. The average reach duration decreased (Figure 2E), 398 

while maximum reach velocity increased (Figure 2F).  399 

 As hand trajectories stabilized, rats also improved their reach endpoint accuracy. 400 

In the first two training days, reaches terminated at positions above and short of the 401 

pellet for learners and non-learners (Figure 3A-B). However, by the third session, 402 

reaches became lower and longer, with reach endpoints in the y and z directions 403 

stabilizing for the remaining sessions. 404 
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Reach endpoint variability of the hand and digits decreased considerably for both 405 

groups (Figure 3C-D and Extended Data Figure 3-2). One potential explanation for the 406 

decrease in digit endpoint variability is that they are attached to the hand. To determine 407 

if digit endpoint variability decreased more than expected from the decrease in hand 408 

endpoint variability, we calculated digit location with respect to the hand (i.e., 3-D hand 409 

location was subtracted from the digit position, Figure 3D, bottom row). As expected, 410 

digit endpoint variability was much smaller when corrected for hand position. While only 411 

changes in digit 2 endpoint variability achieved significance, there was a consistent 412 

decrease in digit endpoint variability out to day 10 for the learner group. Therefore, 413 

variability in digit endpoint location is largely accounted for by variability in hand 414 

trajectory, but additional refinement of digit movement may account for some of the 415 

differences in reach success across rats.  416 

Learners had consistently more stable reach trajectories compared to non-417 

learners, but these differences rarely achieved statistical significance. This may be 418 

explained by examining data at the level of individual rats (Extended Data Figures 2-1 419 

and 3-1, Extended Data Figures 6-3 to 6-16). Learners tended to converge on similar 420 

kinematics, regardless of the metric. While the kinematics for many non-learners 421 

showed a high degree of variability, other non-learners had kinematic patterns very 422 

similar to learners. This suggests that the term non-learner may be inappropriate for 423 

some of these rats, which adapted their reach kinematics without the payoff of 424 

increased reach success.  425 

To evaluate whether decreases in endpoint variability could be artifacts of 426 

inconsistencies in Deeplabcut labeling, we calculated the percentage of frames from 427 
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reach start to reach grasp that were mislabeled for each part on days 1 and 10 (Figure 428 

3E, see Methods – Processing Reach Kinematics). More mislabeled frames early in 429 

training would suggest that the apparent decrease in variability across sessions is really 430 

due to improved Deeplabcut reliability. For the most part, the number of mislabeled 431 

frames was consistent between days 1 and 10. There were significantly more 432 

mislabeled frames on day 10 compared to day 1 for Digit 4, but if anything this should 433 

artificially increase endpoint variability on day 10. 434 

 435 

Refinement of fine digit movements 436 

It is suggested that fine digit control continues to be refined once gross forelimb 437 

trajectories have stabilized (Lemke et al., 2019). We therefore examined changes in 438 

forelimb-digit coordination as assessed by digit location, digit aperture, hand orientation, 439 

and digit flexion (see Figure 4C, G, K for definitions of these terms). Trajectory 440 

variability of the second digit plateaued during the same session as the paw trajectory 441 

(compare Figure 4A, B and Extended Data Figure 4-1A-B to Figure 2C), consistent with 442 

the finding that most variability in digit position is accounted for by variability in hand 443 

position (Figure 3D). Grasp aperture (a in Figure 4C) at reach end appeared to 444 

gradually increase on average (Figure 4D-E). However, some rats increased grasp 445 

aperture over training days while other rats decreased grasp aperture (Extended Data 446 

Figure 4-1C and 6-3 to 6-16). Despite this, the variance of grasp aperture at reach end 447 

decreased consistently across rats (Figure 4F and Extended Data Figure 4-1D). 448 

However, these changes were not significant for either group. 449 
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The orientation of the paw at reach end (  in Figure 4G) also changed over the 450 

10 training sessions, such that the paw became less pronated (Figure 4H-I). 451 

Accordingly, the variability of the paw angle at reach end (measured by mean resultant 452 

length, MRL) decreased over learning (Figure 4J). Finally, the degree of digit flexion 453 

decreased over learning (  in Figure 4K), so that the digits were more extended at the 454 

end of the reach in later sessions (Figure 4L-M). Again, the variability (MRL) in digit 455 

flexion across trials also decreased with training. Thus, learning to shape the paw and 456 

digits in preparation for grasping appears to require more practice than learning to 457 

efficiently guide the paw towards the pellet.  458 

None of these measurements differed significantly between learners and non-459 

learners, though in general variability in digit trajectory/hand shape was lower for 460 

learners (Figure 4A, days 7-10; Figures 4F, 4N). As in the gross trajectory analysis, 461 

many of the non-learners adapted their fine digit movements in ways similar to learners 462 

(Extended Data Figure 4-1, 6-3 to 6-16), while others did not. Furthermore, different rats 463 

seemed to adapt different kinematic measures at different rates. For example, rat I 464 

(Extended Data Figure 6-11) adjusted hand orientation after digit aperture stabilized, 465 

while rat N (Extended Data Figure 6-16) adjusted aperture after orientation had 466 

stabilized. This again emphasizes the variability in motor control/learning across rats, 467 

and that a lack of improvement in reach success does not necessarily mean that rats 468 

are not adapting their reaching strategies.  469 

 The reach-to-grasp movement not only requires rats to spread and extend their 470 

digits, orient their paw, and grasp, but that these digit movements be properly timed with 471 

respect to paw advancement. Therefore, we evaluated how the coordinated execution 472 
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of paw and digit shaping changed by plotting digit aperture, paw orientation, and digit 473 

flexion as a function of paw advancement towards the pellet. To quantify changes in 474 

forelimb-digit coordination, we tested differences in these quantities when the tip of digit 475 

2 was 3 mm past the pellet. Overall, there was a suggestion that rats in both groups 476 

spread their digits (Figure 5A-B), pronated their paws (Figure 5C-D), and extended their 477 

digits (Figure 5E-F) earlier along the reach trajectory with training. However, only the 478 

changes in hand orientation achieved statistical significance in the linear mixed model.  479 

 480 

Kinematic differences between successful and failed reaches 481 

Skilled reaching success increased for some but not all rats. Even for learners, 482 

however, rats still missed or knocked the pellet off the pedestal frequently in the later 483 

sessions. This could be due to persistent variability in reach/grasp kinematics or 484 

because even optimal kinematics have a significant failure rate (i.e., the task is 485 

inherently difficult). Therefore, we next asked if reach-to-grasp kinematics differed 486 

between successful and unsuccessful trials, and if those differences changed with 487 

learning. Trajectory variability for both successful and unsuccessful reaches decreased 488 

over 10 days of training. Especially in early sessions, trajectory variability was larger for 489 

failed than successful trials. For learners, trajectory variability for successful and failed 490 

reaches converged with training so that there was little (if any) difference by session 10 491 

(Figure 6, Extended Data Figure 6-1 and 6-3 to 6-16). For non-learners, however, 492 

differences between successful and failed reaches persisted despite improved 493 

consistency in reach kinematics overall. Thus, a key difference between learners and 494 

non-learners was persistence of failed reach variability with training.  495 
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 496 

DISCUSSION 497 

Differences in skilled reaching success across rats are partially, but not 498 

completely, explained by changes in forelimb and digit kinematics. Rats that improved 499 

their reaching performance as assessed by increased success rate (learners) 500 

converged on consistent gross forelimb kinematics, after which they continued to refine 501 

fine digit movements. However, individual rats may refine different aspects of reaching 502 

in different orders. Most non-learners also adapted their gross reach kinematics at a 503 

rate similar to learners, though some maintained a high degree of gross kinematic 504 

variability throughout training. This further emphasizes the importance of measuring 505 

forelimb kinematics, and not just success rates, when assessing the effects of 506 

interventions on skilled reaching. We found two subtle, but important, differences 507 

between learners and non-learners. First, learners showed continued decreases in digit 508 

endpoint variability (even accounting for variability in hand position). Second, there was 509 

more persistent variability in failed reach trajectories for non-learners. 510 

In general, learning curves were shallower and success rates lower for our rats 511 

compared to similar tasks (Alaverdashvili & Whishaw, 2008, Lemke et al., 2019, Wong 512 

et al., 2015). This could be due to relatively low trial counts in early sessions, possibly 513 

related to the transition from manual “pre-training” to the automated task. Even after 514 

well over 100 trials, however, success rates did not increase for 10/14 rats despite 515 

significant changes in limb kinematics. This task is inherently difficult, as slight 516 

perturbations to the pellet cause it to fall off the narrow pedestal. This contrasts with 517 

tasks in which the pellet is on a tray or shelf, allowing the rat to slide the pellet before 518 
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securely grasping it. We may have found a higher proportion of learners if the task were 519 

more forgiving. 520 

There are several potential explanations for why many non-learners did not 521 

improve their success rates despite changes in reach kinematics similar to learners. 522 

One possibility is that learners perform more trials per session, which accelerates 523 

learning rates (Wong et al., 2015). However, learners and non-learners performed 524 

similar numbers of trials (Figure 1B, Extended Data Figure 1-1A), and kinematics 525 

changed on roughly the same timescale for both groups. It therefore seems unlikely that 526 

differences in motivation or practice account for differences in success rates. 527 

Biomechanical differences between rats could also limit success. For example, rats with 528 

small hands may not be capable of achieving reach apertures sufficient to improve 529 

success rates. Differences in sensory acuity, both in directing the initial reach (rats rely 530 

heavily on olfaction to direct reaches, Whishaw & Tomie, 1989), or somatosensation to 531 

refine their grasp, could affect success rates and kinematic adaptation. Another 532 

possibility is that these rats would have increased their success rates with additional 533 

training, as was observed in an “extended training” group trained for several weeks in a 534 

previous study (Lemke et al., 2019). Finally, and perhaps most interesting, is the 535 

possibility that there are innate differences in neural circuits/plasticity between learners, 536 

non-learners that refine their reach kinematics, and non-learners in which trajectory 537 

variability persists. The possible neural substrates for such variability are broad. One 538 

candidate is differences in dopamine signaling/receptor profiles, as dopamine plays an 539 

important role in motor adaptation (Bova et al., 2020, Panigrahi et al., 2015). Other 540 
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possibilities include differences in cortical plasticity (Hyland et al., 2019, Li et al., 2017) 541 

and corticostriatal coherence (Lemke et al., 2019). 542 

Regardless of mechanism, our data suggest that non-learners did not make final, 543 

subtle adjustments in digit kinematics necessary to firmly grasp and retrieve sugar 544 

pellets. This is consistent with previous work suggesting that gross forelimb movements 545 

for guiding the hand to the pellet and fine digit movements for grasping the pellet are 546 

learned as separate “reach” and “grasp” modules (Lemke et al., 2019, Li et al., 2017). 547 

However, in these studies, refinement of fine motor control was inferred from increases 548 

in success rate, rather than direct measures of digit kinematics. We show that fine digit 549 

movements to prepare for grasping (i.e., precisely adjusting final digit location, 550 

spreading and extending digits, pronating the hand) are refined after gross movement 551 

kinematics (i.e., forelimb trajectory variability, reach velocity) have stabilized, at least in 552 

learners. Therefore, learners first learn to accurately and efficiently guide their hands 553 

towards the pellet, then to appropriately shape their digits and orient their hands at the 554 

correct moments to grasp the pellet. This timing may be reflected in corticostriatal 555 

coherence at low frequencies (3-6 Hz), which are phase-locked to grasp onset in an 556 

almost identical task (Lemke et al., 2019). 557 

That gross and fine motor components of reaching are learned sequentially, 558 

rather than concurrently, suggests that distinct neural mechanisms regulate and 559 

implement these aspects of motor control. This concept of modular circuits for reaching 560 

and grasping is supported by several physiologic experiments. Reach and grasp 561 

movements are elicited by microstimulation in distinct areas of cortex (caudal and 562 

rostral forelimb areas, respectively) (Brown & Teskey, 2014). Furthermore, 563 
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perturbations at different downstream loci of cerebral motor circuits selectively disrupt 564 

either reaching or grasping movements. Chemogenetic silencing of spinal interneurons 565 

that receive inputs from either motor or sensory cortex interfered with reaching or 566 

grasping, respectively (Ueno et al., 2018). This suggests that distinct circuits for 567 

reaching and grasping are maintained at all levels of motor circuitry. 568 

However, reach-to-grasp movements require that the digits shape in preparation 569 

for grasping as the paw advances towards the pellet. Therefore, improving skilled 570 

reaching performance requires not only refinement of independent gross and fine motor 571 

components, but also their temporal and spatial integration. We found that coordinated 572 

execution of digit movements (e.g., spreading and extending the digits) with paw 573 

advancement continued to change across all ten days of training. This suggests that 574 

fine digit movements are not regulated by circuits entirely distinct from those used to 575 

refine gross movements, or at least that communication between “reach” and “grasp” 576 

modules also evolves with practice.  577 

Temporospatial integration of fine and gross motor control could be implemented 578 

in cortico-basal ganglia pathways. As rats learned skilled reaching, coordinated activity 579 

between dorsolateral striatum and motor cortex emerged, and inactivation of 580 

dorsolateral striatum disrupted movement-related cortical activity (Lemke et al., 2019). 581 

This suggested that coordinated corticostriatal activity is essential for refining reach-to-582 

grasp movements. However, this coordinated activity only appeared to correlate with 583 

changes in gross movement kinematics and not with success rate (i.e., coordinated 584 

activity did not differ between successful and failed reaches), and it was concluded that 585 

striatum regulates gross, not fine, motor control. However, the present findings show 586 
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that fine digit movements continue to change even after success rate (and presumably 587 

corticostriatal coherence) had stabilized in individual rats (Figures 3 and 4, Extended 588 

Data Figures 6-4, 6-8, 6-11, and 6-13). Thus, coordinated corticostriatal activity could be 589 

correlated with changes in fine digit kinematics not evident from success rate. Indeed, 590 

previous work found that optogenetic manipulations of substantia nigra pars compacta 591 

dopamine neurons during skilled reaching disrupted the coordinated execution of digit 592 

movements with gross forelimb movements (Bova et al., 2020). Therefore, basal 593 

ganglia circuitry does regulate some aspects of fine digit control, or at least its timing 594 

with respect to gross forelimb movements. This may be accomplished through basal 595 

ganglia regulation of motor cortex activity.  596 

Fine digit movements continued to be refined after success rate had stabilized in 597 

learners, suggesting that aspects of motor control that do not affect task outcome are 598 

optimized over a longer period of time. One possibility is that movements were refined 599 

further to maximize efficiency in terms of either time or energy consumption. In this 600 

view, the execution of reach-to-grasp movements requires balancing the desire to 601 

obtain as many rewards as possible with minimizing effort and maximizing accuracy. 602 

Humans and primates increase movement vigor when those movements are paired with 603 

reward, suggesting that reward mitigates the cost of effort (Manohar et al., 2015, 604 

Shadmehr et al., 2010, Summerside et al., 2018, Takikawa et al., 2002). However, 605 

movements often have a speed-accuracy trade-off, as movements that are faster or 606 

larger become less accurate (Shmuelof et al., 2012). Reach duration decreased and 607 

reach velocity increased over the first few training sessions, but then plateaued, 608 

suggesting that movement speed reached a threshold at which maximizing reward was 609 
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balanced with maintaining accuracy. However, it is possible that once the speed of 610 

reaching movements was optimized, rats then attempted to reduce energy cost by 611 

refining digit movements. One way of minimizing effort is to efficiently distribute work 612 

across multiple muscles or joints (Diedrichsen et al., 2010). Improving digit shaping 613 

before grasping may reduce energetic costs by minimizing the number of corrective 614 

movements.  615 

Despite overall improvements in performance, there was still significant variability 616 

in reach-to-grasp movements after success rate stabilized, even in learners. Because 617 

the extrinsic features of the task do not change (e.g., the pellet is always in the same 618 

position, shape and size of pellet are consistent, etc.), it is likely that performance 619 

variability in late training sessions arises from changes in internal states. There are 620 

several potential sources of this internal variability. Manohar et al. (2015) found that 621 

increased reward enhanced saccade accuracy, and that saccade accuracy in Parkinson 622 

Disease patients was insensitive to reward. This suggests that increased motivation 623 

reduces motor noise to improve movement accuracy, possibly through dopaminergic 624 

mechanisms (Manohar et al., 2015). Similarly, male song in zebra finches is more 625 

stereotyped when performing for a female during courtship than when practicing alone 626 

(Kao et al., 2005). Furthermore, female-directed song is associated with enhanced 627 

extracellular dopamine levels in Area X (Ihle et al., 2015). Thus, variability in rodent 628 

skilled reaching may arise from varying motivation during a session. Another potential 629 

source of variability is the degree to which stimuli unrelated to the current task are 630 

attended (Roberts et al., 2021). While ignoring irrelevant information may improve task 631 

performance, ignoring potentially salient information carries a cost. For example, 632 
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sensory information could warn of impending danger or signal existence of a better 633 

opportunity for reward. Therefore, even in a controlled laboratory environment, the brain 634 

may not be conditioned to persistently filter competing distractors for extended periods 635 

of time. Finally, movement variability may persist so that motor circuits can adapt if task 636 

rules change. Variability during early motor skill acquisition contributes to learning by 637 

allowing exploration of optimal motor patterns (Dhawale et al., 2017). Although extrinsic 638 

features of our skilled reaching task do not change, some level of variability could be 639 

maintained to allow fast adaptation if they did.  640 

Whether reaching kinematics remain variable or become more stereotyped could 641 

depend on tonic dopamine levels in striatum, which is thought to control the trade-off 642 

between exploration (i.e., try different strategies) and exploitation (i.e., continue to use 643 

the same strategy) (Humphries et al., 2012). Performance improvement during skilled 644 

reaching learning was prevented by ventral tegmental area dopamine lesions (Hosp et 645 

al., 2011). However, it is not clear if learning was impaired because low dopamine levels 646 

prevented exploration for optimal reaching strategies, prevented rats from learning to 647 

exploit the optimal reaching strategy, or for other reasons. Experiments that directly 648 

assess changes in reach kinematics with dopamine manipulations in different brain 649 

regions during learning could address these questions. Similarly, it will be important to 650 

determine how dopamine signaling changes during skill acquisition across relevant 651 

brain regions (e.g., motor cortex and striatum), and how such changes correlate with 652 

task performance. Finally, it is not known if differences in motor learning are correlated 653 

with differences in other domains (e.g. instrumental or Pavlovian conditioning). 654 
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Future studies will need to address potential explanations for continued 655 

refinement of fine digit kinematics and variability after the stabilization of performance 656 

outcomes. However, our results provide a foundational understanding of how skilled 657 

reach-to-grasp kinematics in rats evolve during learning, and illustrate the importance of 658 

inter-subject variability. These findings are essential for interpreting results of studies 659 

applying neural circuit manipulations during learning or performance of skilled reaching, 660 

and are a crucial step towards understanding how neurological disorders disrupt 661 

dexterous motor skill learning and performance. 662 

 663 
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 751 

FIGURE LEGENDS 752 

Figure 1. Skilled reaching performance improves with training.  753 

A. A single skilled reaching trial. 1 – rat breaks IR beam at the back of the chamber to 754 

request a sugar pellet (‘beam break’). 2 – Real-time analysis detects the hand 755 

breaching the reaching slot to trigger 300 fps video from 1 s before to 3.33 s after the 756 

trigger event (‘video trigger’). 3 – 2 s after the trigger event, the pellet delivery rod resets 757 

and the rat can initiate a new trial (‘intertrial interval’). 758 

B. Average number of trials per day. Learners (green) and non-learners (pink) did not 759 

differ in the number of trials performed per day (linear mixed model: effect of group: 760 

t(28) = 0.49, p = 0.63). However, both groups increased the number of trials performed 761 

over days (linear mixed model: effect of day: t(124) = 3.58, p = 4.88x10-4; group*day 762 

interaction: t(124) = -0.47, p = 0.64). Black line represents the average number of trials 763 

per day for both groups combined. 764 

C. Average first attempt success rate per day. Although both groups had similar 765 

success rates on day 1, only learners increased their success rates over days (linear 766 

mixed model: effect of group: t(25) = 0.44, p=0.66; effect of day: t(123) = 5.55, p = 767 
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1.70x10-7; group*day interaction: t(123) = -4.78, p = 4.98x10-6. Error bars in B-C 768 

represent standard errors of the mean (s.e.m.). Extended Data Figure 1-1 shows 769 

individual rat data for each group and additional performance measures (number of 770 

attempts per trial and breakdown of reach outcomes across days). *** indicates p<0.001 771 

for the day term in the linear mixed model in B and ### indicates p < 0.001 for the 772 

group*day interaction in the linear mixed model in C. Data and code to generate this 773 

figure are contained in Extended Data 1 and 2. 774 

 775 

Extended Data Figure 1-1. Additional task performance measures.  776 

A. Individual rat data for average number of trials performed per day for learners (left) 777 

and non-learners (right). Each colored line represents an individual rat. Colors represent 778 

the same rat across all individual rat data figures within groups. 779 

B. Individual rat data for first reach success rate for learners (left) and non-learners 780 

(right).  781 

C. Number of reach attempts per trial. Both learners (left) and non-learners (right) 782 

decreased the number of reach attempts performed per trial over days (linear mixed 783 

model: effect of group: t(19) = 0.81, p = 0.43; effect of day: t(124) = -4.12, p = 6.88x10-5; 784 

group*day interaction: t(124) = 1.37, p = 0.17. Black line represents averaged data. 785 

Colored lines represent individual rats.  786 

D. Breakdown of trial outcomes by day for learners (green) and non-learners  (see 787 

Materials and methods, Number of trials and success rate for definitions of outcomes). 788 

The percentage of “first success” increased over days only for learners (linear mixed 789 

model: effect of day: learners: t(35) = 4.96, p = 1.83x10-5; non-learners: t(88) = 0.51, p = 790 
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0.61). “Multiple success” outcomes decreased over days for learners but not non-791 

learners (linear mixed model: effect of day: learners: t(35) = -2.53, p = 0.02; non-792 

learners: t(89) = -0.79, p = 0.43). Similarly, “pellet knocked off” outcomes decreased for 793 

learners but not non-learners over days (linear mixed model: effect of day: learners: 794 

t(35) = -4.59, p = 5.46x10-5; non-learners: t(89) = 0.49, p = 0.62). All other outcomes 795 

were consistent across days for both groups Linear mixed model: effect of day 796 

(learners): no pellet: t(35) = -0.11, p=0.91; drop in box; t(35) = 0.42, p=0.68; tongue: 797 

t(35) = 0; p = 1; trigger error: t(38) = -0.52, p = 0.61; pellet remained: t(38) = -0.78, 798 

p=0.44; non-preferred hand: t(38) = -0.87, p=0.39; tongue and hand: t(38) = 0, p=1; 799 

hand through slot: t(38) = -0.78, p=0.44. Linear mixed model: effect of day (non-800 

learners): no pellet: t(98) = -0.62, p=0.54; drop in box; t(89) = 0.36, p=0.72; tongue: 801 

t(98) = 0; p = 1; trigger error: t(98) = -1.37, p = 0.18; pellet remained: t(98) = -0.95, 802 

p=0.35; non-preferred hand: t(98) = -0.87, p=0.39; tongue and hand: t(98) = 0, p=1; 803 

hand through slot: t(98) = 0.01, p=0.99. *** indicates p<0.001 for the day term in the 804 

linear mixed model in C and D.  * indicates p<0.05 for the day term in the linear mixed 805 

model in D. Data and code to generate this figure are contained in Extended Data 1 and 806 

2. 807 

 808 

Figure 2. Refinement of ‘gross’ forelimb movements.  809 

A. All three-dimensional reaching trajectories on days one and ten from an exemplar 810 

rat. Colored lines represent individual trials and black lines represent average 811 

trajectories of the hand and digit tips. Sugar pellet (black dot) is at (0,0,0).  812 
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B. Hand trajectories are separated into “reach” and “grasp” components. The reach 813 

begins when the digits are first visible outside the reaching box and ends when the 814 

second digit begins to retract. The grasp begins when the second digit begins to flex 815 

and ends when the second digit is maximally flexed after grasp start.  816 

C. Average hand trajectory variability for the reach and grasp components represented 817 

as the mean distance from the average trajectory (mm). Trajectory variability did not 818 

differ significantly between learners and non-learners for either component (linear mixed 819 

model: effect of group: reach: t(23) = 0.53, p = 0.60; grasp: t(26) = -0.08, p = 0.94; 820 

group*day interaction: reach: t(124) = 0.37, p = 0.71; grasp: t(124) = 1.08, p = 0.28). 821 

Trajectory variability of the grasp, but not reach, decreased significantly over days for 822 

both groups (linear mixed model: effect of day: reach: t(124) = -1.85, p = 0.07; grasp: 823 

t(124) = -2.75, p = 6.91x10-3). Individual rat data are shown in Extended Data Figure 2-824 

1.  825 

D. Moving average of hand trajectory variability for the reach component (black) and 826 

first attempt success rate (green learners and pink non-learners) within individual days. 827 

Days 2, 4, 5, 6, and 8 had significant negative correlations between trajectory variability 828 

and success rate for the learners group (Day 2: r = -0.55, p=1.70x10-3; Day 4: r = -0.68, 829 

p=4.25x10-5; Day 5: r = -0.53, p=2.50x10-3; Day 6: r = -0.82, p=2.16x10-8; Day 8: r = -830 

0.70, p=1.51x10-5). Days 1, 4, 6, 8, and 10 had significant negative correlations between 831 

trajectory variability and success rate for the non-learners group (Day 1: r = -0.88, p = 832 

1.78x10-10; Day 4: r = -0.67, p = 4.33x10-5; Day 6: r = -0.38, p = 0.04; Day 8: r = -0.42, p 833 

= 0.02; Day 10: r = -0.83, p = 1.53x10-8).  834 
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E. Average reach duration for learners (green) and non-learners (pink). Linear mixed 835 

model: effect of group: t(21) = 0.29, p=0.78; effect of day: t(124) = -1.03, p = 0.31; 836 

group*day interaction: t(124) = -0.11, p = 0.91. Individual rat data are shown in 837 

Extended Data Figure 2-1. 838 

F. Average maximum reach velocity (mm/s) for learners (green) and non-learners 839 

(pink). Linear mixed model: effect of group: t(15) = 0.16, p=0.87; effect of day: t(124) = -840 

0.07, p = 0.94; group*day interaction: t(124) = 1.02, p = 0.31. Individual rat data are 841 

shown in Extended Data Figure 2-1. Error bars in C, E, and F and shaded colored 842 

areas in D represent s.e.m. * indicates p<0.05, ** indicates p<0.01, and *** indicates 843 

p<0.001 for a negative correlation between success rate and trajectory variability in D. 844 

** indicates p<0.05 for the day term in the linear mixed model in C. Data and code to 845 

generate this figure are contained in Extended Data 1 and 2. 846 

 847 

Extended Data Figure 2-1. Individual rat data for hand trajectory variability, reach 848 

duration, and reach velocity. 849 

A. Average hand trajectory variability of the reach component for learners (left) and non-850 

learners (right) represented as the mean distance from the average trajectory (mm).  851 

B. Average hand trajectory variability of the grasp component for learners (left) and non-852 

learners (right) represented as the mean distance from the average trajectory (mm).  853 

C. Average reach duration (ms) for learners (left) and non-learners (right). 854 

D. Maximum reach velocity (mm/s) for learners (left) and non-learners (right). 855 

Data and code to generate this figure are contained in Extended Data 1 and 2. 856 

 857 
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Figure 3. Reach endpoint accuracy improves with training.  858 

A. X, Y, and Z reach endpoints are measured in reference to the pellet position. Top - 859 

mirror view of the dorsal surface of the hand, bottom – direct view from the camera. The 860 

inset shows the mirror view of the palmar surface of the hand to demonstrate how reach 861 

endpoint of the second digit tip in the Z direction (zdigit2) is measured. The end of the 862 

reach is defined as the moment zdigit2 begins to decrease (the digit tip moves back 863 

toward the box).  864 

B. Average reach endpoints of the hand (left) and digit 2 (right) in the X, Y, and Z 865 

directions. Pellet is at (0,0,0). Reach endpoint in the X direction increased over days for 866 

learners but not non-learners. Linear mixed model (hand): effect of group: t(18) = 1.30, 867 

p=0.21; effect of day: t(124) = 2.13, p=0.04; group*day interaction: t(124) = -2.40, 868 

p=0.02; digit 2: effect of group: t(17) = 1.80, p=0.09; effect of day: t(124) = 3.12, p= 869 

2.25x10-3; group*day interaction: t(124) = -3.16, p=1.97x10-3. Reach endpoint of the 870 

hand in the Y plane decreased with training for both groups. Linear mixed model (hand): 871 

effect of group: t(18) = -0.94, p=0.36; effect of day: t(124) = -2.45, p=0.02; group*day 872 

interaction: t(124) = 1.45, p=0.15; digit 2: effect of group: t(19) = -0.90, p=0.38; effect of 873 

day: t(124) = -1.80, p=0.07; group*day interaction: t(124) = 1.16, p=0.25. Reach 874 

endpoint in the Z plane did not change significantly with training for either group. Linear 875 

mixed model (hand): effect of group: t(23) = -0.38, p=0.71; effect of day: t(124) = 1.73, 876 

p=0.09; group*day interaction: t(124) = -1.23, p=0.22; digit 2: effect of group: t(19) = -877 

0.63, p=0.53; effect of day: t(124) = 0.99, p = 0.33; group*day interaction: t(124) = -0.58; 878 

p=0.57. Extended Data Figure 3-1 shows individual rat data. 879 
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C. Three-dimensional covariance of hand and digit reach endpoints across all days from 880 

an exemplar rat. Sugar pellet (*) is at (0,0,0).  881 

D. Average determinant of the covariance matrix (generalized variance) of reach 882 

endpoints for the hand and digits. Top row shows endpoint variability of “raw” digit and 883 

hand position data (linear mixed model: effect of day: digit 1: t(124) = -1.97, p=0.05; 884 

digit 2: t(124) = -2.25, p=0.03; digit 3: t(124) = -1.85, p=0.07; digit 4: t(124) = -1.78, 885 

p=0.08; hand: t(124) = -2.27, p=0.02). Bottom row shows endpoint variability of digit 886 

positions subtracted from hand position (linear mixed model: effect of day: digit 1: t(124) 887 

= -0.87, p=0.39; digit 2: t(124) = -2.23, p=0.03; digit 3: t(136) = -1.64, p=0.10; digit 4: 888 

t(124) = -0.67, p=0.51). Extended Data Figure 3-2 shows individual rat data. 889 

E. Average percentage of frames from reach start to grasp end that were mislabeled by 890 

Deeplabcut for the hand (dark blue) and digits 1-4 (light blue, pink, yellow, and green, 891 

respectively) on Days 1 and 10. The percentage of mislabeled frames did not differ 892 

between parts (linear mixed model: effect of part: t(123) = -0.05, p=0.96) or days overall 893 

(linear mixed model: effect of day: t(123) = 0.98, p=0.33). The percentage of mislabeled 894 

frames increased significantly between Day 1 and Day 10 for digit 4 only (linear mixed 895 

model: part*day interaction: hand: t(117) = -0.79, p=0.43; digit 1: t(117) = 1.07, p=0.29; 896 

digit 2: t(117) = 0.91, p=0.37; digit 3: t(117) = 1.82, p=0.07; digit 4: t(117) = 2.71, 897 

p=7.74x10-3). Error bars in B, D, and E represent s.e.m. * indicates p < 0.05 for the day 898 

term, # indicates p < 0.05, and ## indicates p<0.01 for the group*day interaction in the 899 

linear mixed model in B and D. # indicates p<0.05 for the part*day interaction in E. Data 900 

and code to generate this figure are contained in Extended Data 1 and 2. 901 

 902 
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Extended Data Figure 3-1. Individual rat data for reach endpoints. 903 

Average reach endpoints of the hand (left) and digit 2 (right) for learners (left columns) 904 

and non-learners (right columns) in the X, Y, and Z directions. Pellet is at (0,0,0). Data 905 

and code to generate this figure are contained in Extended Data 1 and 2. 906 

 907 

Extended Data Figure 3-2. Individual rat data for endpoint variability. 908 

Average determinant of the covariance matrix (generalized variance) of reach endpoints 909 

for the hand and digits. For digits, left 2 columns show endpoint variability of “raw” digit 910 

positions and right 2 columns show endpoint variability of digit positions subtracted from 911 

the hand position. Data and code to generate this figure are contained in Extended Data 912 

1 and 2. 913 

 914 

Figure 4. Refinement of ‘fine’ digit movements.  915 

A. Average digit 2 trajectory variability for the reach and grasp components represented 916 

as the mean distance from the average trajectory (mm). Trajectory variability 917 

significantly decreased over days during the grasp, but not reach, component (linear 918 

mixed model: effect of day: reach: t(124) = -1.70, p=0.09; grasp: t(124) = -3.92, 919 

p=1.46x10-4). Trajectory variability of the grasp was significantly lower for learners than 920 

non-learners in the later training days (group*day interaction: reach: t(124) = -0.01, 921 

p=0.99; grasp: t(124) = 2.29, p=0.02). Individual rat data are shown in Extended Data 922 

Figure 4-1.  923 

B. Moving average of digit 2 trajectory variability for the reach component for learners 924 

(green) and non-learners (pink) within individual days.  925 
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C. Grasp aperture (a) is the Euclidian distance between the first and fourth digit tips.  926 

D. Average grasp aperture at reach end for learners (green) and non-learners (pink). 927 

Linear mixed model: effect of group: t(15) = -0.81, p=0.43; effect of day: t(124) = 0.97, 928 

p=0.34; group*day interaction: t(124) = 0.36, p=0.72. Individual rat data are shown in 929 

Extended Data Figure 4-1.  930 

E. Moving average of grasp aperture at reach end within days for learners (green) and 931 

non-learners (pink). 932 

F. Average aperture variance at reach end. Linear mixed model: effect of group: t(22) = 933 

0.96, p=0.35; effect of day: t(124) = -1.53, p=0.13; group*day interaction: t(124) = 0.90, 934 

p=0.37. Individual rat data are shown in Extended Data Figure 4-1.  935 

G. Hand orientation is the angle ( ) between a line connecting the first and fourth digit 936 

tips and the floor.  937 

H. Average hand orientation at reach end increased over days but did not differ 938 

between groups. Linear mixed model: effect of group: t(15) = 0.78, p=0.45; effect of day: 939 

t(124) = 2.72, p=7.42x10-3; group*day interaction: t(124) = -1.54, p=0.13. Individual rat 940 

data are shown in Extended Data Figure 4-1.  941 

I. Moving average of hand orientation at reach end within individual days for learners 942 

(green) and non-learners (pink). 943 

J. Average hand orientation mean resultant length (MRL) at reach end. Linear mixed 944 

model: effect of group: t(61) = 0.80, p=0.43; effect of day: t(124) = 1.97, p=0.05; 945 

group*day interaction: t(124) = -0.98, p=0.33. Individual rat data are shown in Extended 946 

Data Figure 4-1.  947 
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K. Digit flexion is the angle ( ) between a line joining the second MCP joint and hand 948 

dorsum; and a line joining the second MCP joint and the tip of digit 2.  949 

L. Average digit flexion at reach end. Linear mixed model: effect of group: t(16) = -0.68, 950 

p=0.51; effect of day: t(124) = -1.49, p=0.14; group*day interaction: t(124) = 0.98, 951 

p=0.33. Individual rat data are shown in Extended Data Figure 4-1.  952 

M. Moving average of digit flexion at reach end within individual days for learners 953 

(green) and non-learners (pink).   954 

N. Average digit flexion MRL at reach end. Linear mixed model: effect of group: t(26) = -955 

1.00, p=0.33; effect of day: t(124) = 1.02, p=0.31; group*day interaction: t(124) = -0.01, 956 

p=0.99. Individual rat data are shown in Extended Data Figure 4-1. Error bars in A, D, 957 

F, H, J, L, and N and shaded areas in B, E, I, and M represent s.e.m. ** indicates p < 958 

0.01 and *** indicates p<0.001 for the day term in the linear mixed model in A and H. # 959 

indicates p<0.05 for the group*day interaction in A. Data and code to generate this 960 

figure are contained in Extended Data 1 and 2. 961 

 962 

Extended Data Figure 4-1. Individual rat fine digit kinematics data. 963 

A. Average digit 2 trajectory variability of the reach component for individual rats 964 

represented as the mean distance from the average trajectory. 965 

B. Average digit 2 trajectory variability of the grasp component for individual rats 966 

represented as the mean distance from the average trajectory. 967 

C. Average aperture at reach end (mm) for individual rats.  968 

D. Average aperture variance at reach end for individual rats. 969 

E. Average hand orientation (degrees) at reach end for individual rats. 970 
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F. Average hand orientation mean resultant length (MRL) at reach end for individual 971 

rats. 972 

G. Average digit flexion (degrees) at reach end for individual rats. 973 

H. Average digit flexion mean resultant length (MRL) at reach end for individual rats. 974 

Data and code to generate this figure are contained in Extended Data 1 and 2. 975 

 976 

Figure 5. Coordination between digit movements and hand advancement 977 

improves with training.  978 

A. Mean aperture as a function of hand advancement (zdigit2, pellet at zdigit2 = 0) across 979 

10 training days for learners (green) and non-learners (pink).. D1-2, D3-4, … represent 980 

days 1-2, days 3-4, etc. Dashed line indicates the zdigit2 coordinate (+3 mm) where data 981 

are sampled in B.  982 

B. Average grasp aperture at the zdigit2 coordinate (+3 mm) indicated by the dashed line 983 

in A as a function of day number. Linear mixed model: effect of group: t(30) = -0.53, 984 

p=0.60; effect of day: t(111) = -0.17, p=0.86; group*day interaction: t(111) = 1.35, 985 

p=0.18. Extended Data Figure 5-1 shows individual rat data.  986 

C. Mean hand orientation ( ) as a function of hand advancement across all days for 987 

learners (green) and non-learners (pink). Dashed line indicates the zdigit2 coordinate (+3 988 

mm) where data are sampled in D.  989 

D. Average hand orientation ( ) at the zdigit2 coordinate (+3 mm) indicated by the dashed 990 

lines in C across days. Linear mixed model: effect of group: t(18) = 1.11, p=0.28; effect 991 

of day: t(111) = 2.20, p=0.03; group*day interaction: t(111) = -2.08, p=0.04. Extended 992 

Data Figure 5-1 shows individual rat data. 993 
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E. Mean digit flexion ( ) as a function of hand advancement for learners (green) and 994 

non-learners (pink). Dashed line indicates the zdigit2 coordinate (+3 mm) where data are 995 

sampled in F.  996 

F. Average digit flexion ( ) at the zdigit2 coordinate (+3 mm) indicated by the dashed lines 997 

in E across days. Linear mixed model: effect of group: t(19) = -0.18, p=0.86; effect of 998 

day: t(111) = -0.05, p=0.96; group*day interaction: t(111) = -0.52, p=0.60. Extended 999 

Data Figure 5-1 shows individual rat data. Error bars in B, D, and F represent s.e.m. * 1000 

indicates p < 0.05 for the day term and # indicates p<0.05 for the group*day interaction 1001 

in the linear mixed model in D. Data and code to generate this figure are contained in 1002 

Extended Data 1 and 2. 1003 

 1004 

Extended Data Figure 5-1. Digit and forelimb coordination individual rat data. 1005 

A. Average grasp aperture at the zdigit2 coordinate (+3 mm) indicated by the dashed line 1006 

in Figure 5A as a function of day number for individual rats (left learners; right non-1007 

learners). 1008 

B. Average hand orientation (degrees) at the zdigit2 coordinate (+3 mm) indicated by the 1009 

dashed line in Figure 5C as a function of day number for individual rats. 1010 

C. Average digit flexion (degrees) at the zdigit2 coordinate (+3 mm) indicated by the 1011 

dashed line in Figure 5E as a function of day number for individual rats. Data and code 1012 

to generate this figure are contained in Extended Data 1 and 2. 1013 

 1014 

Figure 6. Kinematic measures separated by reach success or failure.  1015 
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A. Average hand trajectory variability (mean distance from the average trajectory, mm) 1016 

for the reach component in learners (green) and non-learners (pink). Trajectory 1017 

variability was significantly higher for failed reaches (‘miss’, black) than successful 1018 

reaches (‘hit’, green/pink) for non-learners, but not for learners. Linear mixed model 1019 

(learners): effect of outcome: t(72) = 1.26, p=0.21; outcome*day interaction: t(72) = -1020 

0.46, p=0.64. Linear mixed model (non-learners): effect of outcome: t(183) = 4.44, 1021 

p=1.56x10-5; outcome*day interaction: t(183) = -1.25, p=0.21. Individual rat data are 1022 

shown in Extended Data Figure 6-1.   1023 

B. Average hand trajectory variability (mean distance from the average trajectory, mm) 1024 

for the grasp component in learners (green) and non-learners (pink). Trajectory 1025 

variability was significantly higher for failed reaches (‘miss’, black) than successful 1026 

reaches (‘hit’, green/pink) for both groups. Linear mixed model (learners): effect of 1027 

outcome: t(72) = 4.77, p=9.34x10-6; outcome*day interaction: t(72) = -2.23, p=0.03. 1028 

Linear mixed model (non-learners): effect of outcome: t(183) = 5.58, p=8.47 x10-8; 1029 

outcome*day interaction: t(183) = -1.02, p=0.31. Individual rat data are shown in 1030 

Extended Data Figure 6-1. 1031 

C. Average reach endpoint of digit 2 in the X, Y, and Z directions for learners (top) and 1032 

non-learners (bottom). Reach endpoint in the X direction was significantly different for 1033 

successful (green/pink) vs. failed (black) reaches for learners but not non-learners. 1034 

Linear mixed model (learners): effect of outcome: t(72) = -2.31, p=0.02; outcome*day 1035 

interaction: t(72) = 1.94, p=0.06. Linear mixed model (non-learners): effect of outcome: 1036 

t(185) = -1.53, p=0.13; outcome*day interaction: t(185) = -0.03, p=0.97. Reach endpoint 1037 

in the Y direction did not differ between successful and failed reaches for either group. 1038 
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Linear mixed model (learners): effect of outcome: t(72) = -0.95, p=0.35; outcome*day 1039 

interaction: t(72) = 0.23, p=0.82. Linear mixed model (non-learners): effect of outcome: 1040 

t(185) = -1.49, p=0.14; outcome*day interaction: t(185) = 0.77, p=0.44. Failed reaches 1041 

were significantly shorter (Z direction) than successful reaches for both groups, 1042 

although the Z endpoint did not differ between successful and failed reaches in later 1043 

training days for learners. Linear mixed model (learners): effect of outcome: t(72) = 1044 

3.52, p=7.48x10-4; outcome*day interaction: t(72) = -1.86, p=0.07. Linear mixed model 1045 

(non-learners): effect of outcome: t(185) = 4.94, p=1.76x10-6; outcome*day interaction: 1046 

t(185) = -1.53, p=0.13. Individual rat data are shown in Extended Data Figure 6-2.  1047 

D. Average determinant of the covariance matrix (generalized variance) of reach 1048 

endpoints for the hand across days for learners (green) and non-learners (pink). There 1049 

was significantly greater variability in reach endpoint for failed (black) reaches than 1050 

successful (green/pink) reaches for both groups, although endpoint variability did not 1051 

differ between successful and failed reaches in later training days for learners. Linear 1052 

mixed model (learners): effect of outcome: t(72) = 2.67, p=9.26x10-3; outcome*day 1053 

interaction: t(72) = -1.95, p=0.05; non-learners: effect of outcome: t(185) = 2.63, 1054 

p=9.34x10-3; outcome*day interaction: t(185) = -0.67, p=0.50. Individual rat data are 1055 

shown in Extended Data Figure 6-2. 1056 

E. Average determinant of the covariance matrix (generalized variance) of reach 1057 

endpoints for digit 2 across days for learners (green) and non-learners (pink). There 1058 

was significantly greater variability in reach endpoint for failed (black) reaches than 1059 

successful (green/pink) reaches for both groups, although endpoint variability did not 1060 

differ between successful and failed reaches in later training days for learners. Linear 1061 
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mixed model (learners): effect of outcome: t(72) = 2.64, p=0.01; outcome*day 1062 

interaction: t(72) = -1.92, p=0.06; non-learners: effect of outcome: t(185) = 2.60, p=0.01; 1063 

outcome*day interaction: t(185) = -0.25, p=0.80. Individual rat data are shown in 1064 

Extended Data Figure 6-2. Error bars in A-E represent s.e.m. * indicates p<0.05 for the 1065 

outcome term in the linear mixed model in C and E, ** indicates p<0.01 for the outcome 1066 

term in the linear mixed model in D, and *** indicates p<0.001 for the outcome term in 1067 

the linear mixed model in A-C. # indicates p<0.05 for the outcome*day interaction in the 1068 

linear mixed model in B.  Summaries of key metrics for every trial performed by each 1069 

rat, separated by trial outcomes, are shown in Extended Data Figures 6-3 to 6-16. 1070 

Data and code to generate this figure are contained in Extended Data 1 and 2. 1071 

 1072 

Extended Data Figure 6-1. Trajectory variability by outcome for individual rats. 1073 

A. Average hand trajectory variability of the reach component for successful reaches 1074 

(‘hits’, left column) and unsuccessful reaches (‘misses’, right column) for individual 1075 

learner (left) and non-learner (right) rats. 1076 

B. Average hand trajectory variability of the grasp component for successful reaches 1077 

(“hits”, left column) and unsuccessful reaches (“misses”, right column) for individual 1078 

learner (left) and non-learner (right) rats. Data and code to generate this figure are 1079 

contained in Extended Data 1 and 2. 1080 

Extended Data Figure 6-2. Reach endpoint by outcome for individual rats. 1081 

A. Average reach endpoint (X direction) for successful reaches (“hits”, left column) and 1082 

unsuccessful reaches (“misses”, right column) for individual learner (left) and non-1083 

learner (right) rats. 1084 
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B. Average reach endpoint (Y direction) for successful reaches (“hits”, left column) and 1085 

unsuccessful reaches (“misses”, right column) for individual learner (left) and non-1086 

learner (right) rats. 1087 

C. Average reach endpoint (Z direction) for successful reaches (“hits”, left column) and 1088 

unsuccessful reaches (“misses”, right column) for individual learner (left) and non-1089 

learner (right) rats. 1090 

D. Average reach endpoint variability of the hand for successful reaches (“hits”, left 1091 

column) and unsuccessful reaches (“misses”, right column) for individual learner (left) 1092 

and non-learner (right) rats. 1093 

E. Average reach endpoint variability of digit 2 for successful reaches (‘hits’, left column) 1094 

and unsuccessful reaches (‘misses’, right column) for individual learner (left) and non-1095 

learner (right) rats. Data and code to generate this figure are contained in Extended 1096 

Data 1 and 2. 1097 

Extended Data Figure 6-3. Kinematics summary sheet for a nonlearner rat.  1098 

A. Success rate across days. Pink lines indicate first reach success, black lines indicate 1099 

success on any reach attempt for a single trial. 1100 

B. Shared control plots illustrating measures of hand shaping at reach end (all data for a 1101 

single rat that went into Figures 4C-N). The top axes are swarm plots showing aperture 1102 

at reach end for every trial. Pink dots indicate first-reach success trials, black dots 1103 

indicate 1st reach failed trials (i.e., pellet remained, pellet knocked off, or multiple reach 1104 

success), and gray dots indicate all other trials (e.g., no pellet delivered). Bottom plots 1105 

show the difference between the mean value on each day and the mean value on day 1106 
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1. Distributions show the results of a bootstrap resampling procedure with 95% 1107 

confidence intervals indicated by the solid lines at the left of each distribution. 1108 

C. Same as B for the mean distance from the average reach trajectory for each day (top 1109 

panel shows all hand location data for a single rat that went into Figure 2C-left panel; 1110 

bottom panel shows all digit 2 location data that went into Figure 4A-left panel). 1111 

D. Same as B and C for the reach endpoint analyses. Left column shows reach 1112 

endpoints in x, y, and z for the hand location (all data for a single rat that went into 1113 

Figure 3B, left panels). Right column shows reach endpoints for digit 2 with respect to 1114 

the hand location (all data for a single rat that went into Figure 3B, right panels, except 1115 

here the hand location was subtracted out). Data and code to generate this figure are 1116 

contained in Extended Data 1, 2, and 3. 1117 

Extended Data Figure 6-4. Kinematics summary sheet for a learner rat.  1118 

A. Success rate across days. Green lines indicate first reach success, black lines 1119 

indicate success on any reach attempt for a single trial. 1120 

B. Shared control plots illustrating measures of hand shaping at reach end (all data for a 1121 

single rat that went into Figures 4C-N). The top axes are swarm plots showing aperture 1122 

at reach end for every trial. Green dots indicate first-reach success trials, black dots 1123 

indicate 1st reach failed trials (i.e., pellet remained, pellet knocked off, or multiple reach 1124 

success), and gray dots indicate all other trials (e.g., no pellet delivered). Bottom plots 1125 

show the difference between the mean value on each day and the mean value on day 1126 

1. Distributions show the results of a bootstrap resampling procedure with 95% 1127 

confidence intervals indicated by the solid lines at the left of each distribution. 1128 
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C. Same as B for the mean distance from the average reach trajectory for each day (top 1129 

panel shows all hand location data for a single rat that went into Figure 2C-left panel; 1130 

bottom panel shows all digit 2 location data that went into Figure 4A-left panel). 1131 

D. Same as B and C for the reach endpoint analyses. Left column shows reach 1132 

endpoints in x, y, and z for the hand location (all data for a single rat that went into 1133 

Figure 3B, left panels). Right column shows reach endpoints for digit 2 with respect to 1134 

the hand location (all data for a single rat that went into Figure 3B, right panels, except 1135 

here the hand location was subtracted out). Data and code to generate this figure are 1136 

contained in Extended Data 1, 2, and 3. 1137 

Extended Data Figure 6-5. Kinematics summary sheet for a nonlearner rat.  1138 

A. Success rate across days. Pink lines indicate first reach success, black lines indicate 1139 

success on any reach attempt for a single trial. 1140 

B. Shared control plots illustrating measures of hand shaping at reach end (all data for a 1141 

single rat that went into Figures 4C-N). The top axes are swarm plots showing aperture 1142 

at reach end for every trial. Pink dots indicate first-reach success trials, black dots 1143 

indicate 1st reach failed trials (i.e., pellet remained, pellet knocked off, or multiple reach 1144 

success), and gray dots indicate all other trials (e.g., no pellet delivered). Bottom plots 1145 

show the difference between the mean value on each day and the mean value on day 1146 

1. Distributions show the results of a bootstrap resampling procedure with 95% 1147 

confidence intervals indicated by the solid lines at the left of each distribution. 1148 

C. Same as B for the mean distance from the average reach trajectory for each day (top 1149 

panel shows all hand location data for a single rat that went into Figure 2C-left panel; 1150 

bottom panel shows all digit 2 location data that went into Figure 4A-left panel). 1151 
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D. Same as B and C for the reach endpoint analyses. Left column shows reach 1152 

endpoints in x, y, and z for the hand location (all data for a single rat that went into 1153 

Figure 3B, left panels). Right column shows reach endpoints for digit 2 with respect to 1154 

the hand location (all data for a single rat that went into Figure 3B, right panels, except 1155 

here the hand location was subtracted out). Data and code to generate this figure are 1156 

contained in Extended Data 1, 2, and 4. 1157 

Extended Data Figure 6-6. Kinematics summary sheet for a nonlearner rat.  1158 

A. Success rate across days. Pink lines indicate first reach success, black lines indicate 1159 

success on any reach attempt for a single trial. 1160 

B. Shared control plots illustrating measures of hand shaping at reach end (all data for a 1161 

single rat that went into Figures 4C-N). The top axes are swarm plots showing aperture 1162 

at reach end for every trial. Pink dots indicate first-reach success trials, black dots 1163 

indicate 1st reach failed trials (i.e., pellet remained, pellet knocked off, or multiple reach 1164 

success), and gray dots indicate all other trials (e.g., no pellet delivered). Bottom plots 1165 

show the difference between the mean value on each day and the mean value on day 1166 

1. Distributions show the results of a bootstrap resampling procedure with 95% 1167 

confidence intervals indicated by the solid lines at the left of each distribution. 1168 

C. Same as B for the mean distance from the average reach trajectory for each day (top 1169 

panel shows all hand location data for a single rat that went into Figure 2C-left panel; 1170 

bottom panel shows all digit 2 location data that went into Figure 4A-left panel). 1171 

D. Same as B and C for the reach endpoint analyses. Left column shows reach 1172 

endpoints in x, y, and z for the hand location (all data for a single rat that went into 1173 

Figure 3B, left panels). Right column shows reach endpoints for digit 2 with respect to 1174 
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the hand location (all data for a single rat that went into Figure 3B, right panels, except 1175 

here the hand location was subtracted out). Data and code to generate this figure are 1176 

contained in Extended Data 1, 2, and 4. 1177 

Extended Data Figure 6-7. Kinematics summary sheet for a nonlearner rat.  1178 

A. Success rate across days. Pink lines indicate first reach success, black lines indicate 1179 

success on any reach attempt for a single trial. 1180 

B. Shared control plots illustrating measures of hand shaping at reach end (all data for a 1181 

single rat that went into Figures 4C-N). The top axes are swarm plots showing aperture 1182 

at reach end for every trial. Pink dots indicate first-reach success trials, black dots 1183 

indicate 1st reach failed trials (i.e., pellet remained, pellet knocked off, or multiple reach 1184 

success), and gray dots indicate all other trials (e.g., no pellet delivered). Bottom plots 1185 

show the difference between the mean value on each day and the mean value on day 1186 

1. Distributions show the results of a bootstrap resampling procedure with 95% 1187 

confidence intervals indicated by the solid lines at the left of each distribution. 1188 

C. Same as B for the mean distance from the average reach trajectory for each day (top 1189 

panel shows all hand location data for a single rat that went into Figure 2C-left panel; 1190 

bottom panel shows all digit 2 location data that went into Figure 4A-left panel). 1191 

D. Same as B and C for the reach endpoint analyses. Left column shows reach 1192 

endpoints in x, y, and z for the hand location (all data for a single rat that went into 1193 

Figure 3B, left panels). Right column shows reach endpoints for digit 2 with respect to 1194 

the hand location (all data for a single rat that went into Figure 3B, right panels, except 1195 

here the hand location was subtracted out). Data and code to generate this figure are 1196 

contained in Extended Data 1, 2, and 5. 1197 
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Extended Data Figure 6-8. Kinematics summary sheet for a learner rat.  1198 

A. Success rate across days. Green lines indicate first reach success, black lines 1199 

indicate success on any reach attempt for a single trial. 1200 

B. Shared control plots illustrating measures of hand shaping at reach end (all data for a 1201 

single rat that went into Figures 4C-N). The top axes are swarm plots showing aperture 1202 

at reach end for every trial. Green dots indicate first-reach success trials, black dots 1203 

indicate 1st reach failed trials (i.e., pellet remained, pellet knocked off, or multiple reach 1204 

success), and gray dots indicate all other trials (e.g., no pellet delivered). Bottom plots 1205 

show the difference between the mean value on each day and the mean value on day 1206 

1. Distributions show the results of a bootstrap resampling procedure with 95% 1207 

confidence intervals indicated by the solid lines at the left of each distribution. 1208 

C. Same as B for the mean distance from the average reach trajectory for each day (top 1209 

panel shows all hand location data for a single rat that went into Figure 2C-left panel; 1210 

bottom panel shows all digit 2 location data that went into Figure 4A-left panel). 1211 

D. Same as B and C for the reach endpoint analyses. Left column shows reach 1212 

endpoints in x, y, and z for the hand location (all data for a single rat that went into 1213 

Figure 3B, left panels). Right column shows reach endpoints for digit 2 with respect to 1214 

the hand location (all data for a single rat that went into Figure 3B, right panels, except 1215 

here the hand location was subtracted out). Data and code to generate this figure are 1216 

contained in Extended Data 1, 2, and 5. 1217 

Extended Data Figure 6-9. Kinematics summary sheet for a nonlearner rat.  1218 

A. Success rate across days. Pink lines indicate first reach success, black lines indicate 1219 

success on any reach attempt for a single trial. 1220 
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B. Shared control plots illustrating measures of hand shaping at reach end (all data for a 1221 

single rat that went into Figures 4C-N). The top axes are swarm plots showing aperture 1222 

at reach end for every trial. Pink dots indicate first-reach success trials, black dots 1223 

indicate 1st reach failed trials (i.e., pellet remained, pellet knocked off, or multiple reach 1224 

success), and gray dots indicate all other trials (e.g., no pellet delivered). Bottom plots 1225 

show the difference between the mean value on each day and the mean value on day 1226 

1. Distributions show the results of a bootstrap resampling procedure with 95% 1227 

confidence intervals indicated by the solid lines at the left of each distribution. 1228 

C. Same as B for the mean distance from the average reach trajectory for each day (top 1229 

panel shows all hand location data for a single rat that went into Figure 2C-left panel; 1230 

bottom panel shows all digit 2 location data that went into Figure 4A-left panel). 1231 

D. Same as B and C for the reach endpoint analyses. Left column shows reach 1232 

endpoints in x, y, and z for the hand location (all data for a single rat that went into 1233 

Figure 3B, left panels). Right column shows reach endpoints for digit 2 with respect to 1234 

the hand location (all data for a single rat that went into Figure 3B, right panels, except 1235 

here the hand location was subtracted out). Data and code to generate this figure are 1236 

contained in Extended Data 1, 2, and 6. 1237 

Extended Data Figure 6-10. Kinematics summary sheet for a nonlearner rat.  1238 

A. Success rate across days. Pink lines indicate first reach success, black lines indicate 1239 

success on any reach attempt for a single trial. 1240 

B. Shared control plots illustrating measures of hand shaping at reach end (all data for a 1241 

single rat that went into Figures 4C-N). The top axes are swarm plots showing aperture 1242 

at reach end for every trial. Pink dots indicate first-reach success trials, black dots 1243 
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indicate 1st reach failed trials (i.e., pellet remained, pellet knocked off, or multiple reach 1244 

success), and gray dots indicate all other trials (e.g., no pellet delivered). Bottom plots 1245 

show the difference between the mean value on each day and the mean value on day 1246 

1. Distributions show the results of a bootstrap resampling procedure with 95% 1247 

confidence intervals indicated by the solid lines at the left of each distribution. 1248 

C. Same as B for the mean distance from the average reach trajectory for each day (top 1249 

panel shows all hand location data for a single rat that went into Figure 2C-left panel; 1250 

bottom panel shows all digit 2 location data that went into Figure 4A-left panel). 1251 

D. Same as B and C for the reach endpoint analyses. Left column shows reach 1252 

endpoints in x, y, and z for the hand location (all data for a single rat that went into 1253 

Figure 3B, left panels). Right column shows reach endpoints for digit 2 with respect to 1254 

the hand location (all data for a single rat that went into Figure 3B, right panels, except 1255 

here the hand location was subtracted out). Data and code to generate this figure are 1256 

contained in Extended Data 1, 2, and 7. 1257 

Extended Data Figure 6-11. Kinematics summary sheet for a learner rat.  1258 

A. Success rate across days. Green lines indicate first reach success, black lines 1259 

indicate success on any reach attempt for a single trial. 1260 

B. Shared control plots illustrating measures of hand shaping at reach end (all data for a 1261 

single rat that went into Figures 4C-N). The top axes are swarm plots showing aperture 1262 

at reach end for every trial. Green dots indicate first-reach success trials, black dots 1263 

indicate 1st reach failed trials (i.e., pellet remained, pellet knocked off, or multiple reach 1264 

success), and gray dots indicate all other trials (e.g., no pellet delivered). Bottom plots 1265 

show the difference between the mean value on each day and the mean value on day 1266 
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1. Distributions show the results of a bootstrap resampling procedure with 95% 1267 

confidence intervals indicated by the solid lines at the left of each distribution. 1268 

C. Same as B for the mean distance from the average reach trajectory for each day (top 1269 

panel shows all hand location data for a single rat that went into Figure 2C-left panel; 1270 

bottom panel shows all digit 2 location data that went into Figure 4A-left panel). 1271 

D. Same as B and C for the reach endpoint analyses. Left column shows reach 1272 

endpoints in x, y, and z for the hand location (all data for a single rat that went into 1273 

Figure 3B, left panels). Right column shows reach endpoints for digit 2 with respect to 1274 

the hand location (all data for a single rat that went into Figure 3B, right panels, except 1275 

here the hand location was subtracted out). Data and code to generate this figure are 1276 

contained in Extended Data 1, 2, and 8. 1277 

Extended Data Figure 6-12. Kinematics summary sheet for a nonlearner rat.  1278 

A. Success rate across days. Pink lines indicate first reach success, black lines indicate 1279 

success on any reach attempt for a single trial. 1280 

B. Shared control plots illustrating measures of hand shaping at reach end (all data for a 1281 

single rat that went into Figures 4C-N). The top axes are swarm plots showing aperture 1282 

at reach end for every trial. Pink dots indicate first-reach success trials, black dots 1283 

indicate 1st reach failed trials (i.e., pellet remained, pellet knocked off, or multiple reach 1284 

success), and gray dots indicate all other trials (e.g., no pellet delivered). Bottom plots 1285 

show the difference between the mean value on each day and the mean value on day 1286 

1. Distributions show the results of a bootstrap resampling procedure with 95% 1287 

confidence intervals indicated by the solid lines at the left of each distribution. 1288 
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C. Same as B for the mean distance from the average reach trajectory for each day (top 1289 

panel shows all hand location data for a single rat that went into Figure 2C-left panel; 1290 

bottom panel shows all digit 2 location data that went into Figure 4A-left panel). 1291 

D. Same as B and C for the reach endpoint analyses. Left column shows reach 1292 

endpoints in x, y, and z for the hand location (all data for a single rat that went into 1293 

Figure 3B, left panels). Right column shows reach endpoints for digit 2 with respect to 1294 

the hand location (all data for a single rat that went into Figure 3B, right panels, except 1295 

here the hand location was subtracted out). Data and code to generate this figure are 1296 

contained in Extended Data 1, 2, and 9. 1297 

Extended Data Figure 6-13. Kinematics summary sheet for a learner rat.  1298 

A. Success rate across days. Green lines indicate first reach success, black lines 1299 

indicate success on any reach attempt for a single trial. 1300 

B. Shared control plots illustrating measures of hand shaping at reach end (all data for a 1301 

single rat that went into Figures 4C-N). The top axes are swarm plots showing aperture 1302 

at reach end for every trial. Green dots indicate first-reach success trials, black dots 1303 

indicate 1st reach failed trials (i.e., pellet remained, pellet knocked off, or multiple reach 1304 

success), and gray dots indicate all other trials (e.g., no pellet delivered). Bottom plots 1305 

show the difference between the mean value on each day and the mean value on day 1306 

1. Distributions show the results of a bootstrap resampling procedure with 95% 1307 

confidence intervals indicated by the solid lines at the left of each distribution. 1308 

C. Same as B for the mean distance from the average reach trajectory for each day (top 1309 

panel shows all hand location data for a single rat that went into Figure 2C-left panel; 1310 

bottom panel shows all digit 2 location data that went into Figure 4A-left panel). 1311 
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D. Same as B and C for the reach endpoint analyses. Left column shows reach 1312 

endpoints in x, y, and z for the hand location (all data for a single rat that went into 1313 

Figure 3B, left panels). Right column shows reach endpoints for digit 2 with respect to 1314 

the hand location (all data for a single rat that went into Figure 3B, right panels, except 1315 

here the hand location was subtracted out). Data and code to generate this figure are 1316 

contained in Extended Data 1, 2, and 10. 1317 

Extended Data Figure 6-14. Kinematics summary sheet for a nonlearner rat.  1318 

A. Success rate across days. Pink lines indicate first reach success, black lines indicate 1319 

success on any reach attempt for a single trial. 1320 

B. Shared control plots illustrating measures of hand shaping at reach end (all data for a 1321 

single rat that went into Figures 4C-N). The top axes are swarm plots showing aperture 1322 

at reach end for every trial. Pink dots indicate first-reach success trials, black dots 1323 

indicate 1st reach failed trials (i.e., pellet remained, pellet knocked off, or multiple reach 1324 

success), and gray dots indicate all other trials (e.g., no pellet delivered). Bottom plots 1325 

show the difference between the mean value on each day and the mean value on day 1326 

1. Distributions show the results of a bootstrap resampling procedure with 95% 1327 

confidence intervals indicated by the solid lines at the left of each distribution. 1328 

C. Same as B for the mean distance from the average reach trajectory for each day (top 1329 

panel shows all hand location data for a single rat that went into Figure 2C-left panel; 1330 

bottom panel shows all digit 2 location data that went into Figure 4A-left panel). 1331 

D. Same as B and C for the reach endpoint analyses. Left column shows reach 1332 

endpoints in x, y, and z for the hand location (all data for a single rat that went into 1333 

Figure 3B, left panels). Right column shows reach endpoints for digit 2 with respect to 1334 
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the hand location (all data for a single rat that went into Figure 3B, right panels, except 1335 

here the hand location was subtracted out). Data and code to generate this figure are 1336 

contained in Extended Data 1, 2, and 11. 1337 

Extended Data Figure 6-15. Kinematics summary sheet for a nonlearner rat.  1338 

A. Success rate across days. Pink lines indicate first reach success, black lines indicate 1339 

success on any reach attempt for a single trial. 1340 

B. Shared control plots illustrating measures of hand shaping at reach end (all data for a 1341 

single rat that went into Figures 4C-N). The top axes are swarm plots showing aperture 1342 

at reach end for every trial. Pink dots indicate first-reach success trials, black dots 1343 

indicate 1st reach failed trials (i.e., pellet remained, pellet knocked off, or multiple reach 1344 

success), and gray dots indicate all other trials (e.g., no pellet delivered). Bottom plots 1345 

show the difference between the mean value on each day and the mean value on day 1346 

1. Distributions show the results of a bootstrap resampling procedure with 95% 1347 

confidence intervals indicated by the solid lines at the left of each distribution. 1348 

C. Same as B for the mean distance from the average reach trajectory for each day (top 1349 

panel shows all hand location data for a single rat that went into Figure 2C-left panel; 1350 

bottom panel shows all digit 2 location data that went into Figure 4A-left panel). 1351 

D. Same as B and C for the reach endpoint analyses. Left column shows reach 1352 

endpoints in x, y, and z for the hand location (all data for a single rat that went into 1353 

Figure 3B, left panels). Right column shows reach endpoints for digit 2 with respect to 1354 

the hand location (all data for a single rat that went into Figure 3B, right panels, except 1355 

here the hand location was subtracted out). Data and code to generate this figure are 1356 

contained in Extended Data 1, 2, and 12. 1357 
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Extended Data Figure 6-16. Kinematics summary sheet for a nonlearner rat.  1358 

A. Success rate across days. Pink lines indicate first reach success, black lines indicate 1359 

success on any reach attempt for a single trial. 1360 

B. Shared control plots illustrating measures of hand shaping at reach end (all data for a 1361 

single rat that went into Figures 4C-N). The top axes are swarm plots showing aperture 1362 

at reach end for every trial. Pink dots indicate first-reach success trials, black dots 1363 

indicate 1st reach failed trials (i.e., pellet remained, pellet knocked off, or multiple reach 1364 

success), and gray dots indicate all other trials (e.g., no pellet delivered). Bottom plots 1365 

show the difference between the mean value on each day and the mean value on day 1366 

1. Distributions show the results of a bootstrap resampling procedure with 95% 1367 

confidence intervals indicated by the solid lines at the left of each distribution. 1368 

C. Same as B for the mean distance from the average reach trajectory for each day (top 1369 

panel shows all hand location data for a single rat that went into Figure 2C-left panel; 1370 

bottom panel shows all digit 2 location data that went into Figure 4A-left panel). 1371 

D. Same as B and C for the reach endpoint analyses. Left column shows reach 1372 

endpoints in x, y, and z for the hand location (all data for a single rat that went into 1373 

Figure 3B, left panels). Right column shows reach endpoints for digit 2 with respect to 1374 

the hand location (all data for a single rat that went into Figure 3B, right panels, except 1375 

here the hand location was subtracted out). Data and code to generate this figure are 1376 

contained in Extended Data 1, 2, and 13. 1377 

 1378 

Extended Data 1. Matlab and Python code for kinematic analyses and figure 1379 

plotting. Bova_Leventhal_code.zip contains custom Matlab software for reconstruction 1380 
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of 3D reach trajectories, processing reach-to-grasp kinematics, and creating the figures 1381 

in this manuscript using data in the other Extended Data files.  1382 

Extended Data 2. eNeuro_summary_data.zip contains .mat files used by the code in 1383 

Bova_Leventhal_code.zip to create all main and Extended Data figures, except for 1384 

Extended Data Figures 6-3 to 6-16 panels B-D. 1385 

Extended Data 3. eNeuro_session_summaries_01.zip contains .mat files needed to 1386 

create Extended Data Figures 6-3 and 6-4 panels B-D. 1387 

Extended Data 4. eNeuro_session_summaries_02.zip contains .mat files needed to 1388 

create Extended Data Figures 6-5 and 6-6 panels B-D. 1389 

Extended Data 5. eNeuro_session_summaries_03.zip contains .mat files needed to 1390 

create Extended Data Figures 6-7 and 6-8 panels B-D. 1391 

Extended Data 6. eNeuro_session_summaries_04.zip contains .mat files needed to 1392 

create Extended Data Figure 6-9 panels B-D. 1393 

Extended Data 7. eNeuro_session_summaries_05.zip contains .mat files needed to 1394 

create Extended Data Figure 6-10 panels B-D. 1395 

Extended Data 8. eNeuro_session_summaries_06.zip contains .mat files needed to 1396 

create Extended Data Figure 6-11 panels B-D. 1397 

Extended Data 9. eNeuro_session_summaries_07.zip contains .mat files needed to 1398 

create Extended Data Figure 6-12 panels B-D. 1399 

Extended Data 10. eNeuro_session_summaries_08.zip contains .mat files needed to 1400 

create Extended Data Figure 6-13 panels B-D. 1401 

Extended Data 11. eNeuro_session_summaries_09.zip contains .mat files needed to 1402 

create Extended Data Figure 6-14 panels B-D. 1403 
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Extended Data 12. eNeuro_session_summaries_10.zip contains .mat files needed to 1404 

create Extended Data Figure 6-15 panels B-D. 1405 

Extended Data 13. eNeuro_session_summaries_11.zip contains .mat files needed to 1406 

create Extended Data Figure 6-16 panels B-D. 1407 

 1408 

 1409 



 

 63 

Table 1. Statistical table 1410 

Figure Data structure Type of test Sample 
size 

Statistical data 

Fig. 1B Effect of group on 
number of trials 
Effect of day on 
number of trials 
Group*day 
interaction 

Linear mixed 
model 
 

n = 14  
 
 

t  = 0.49, df = 28.48, p = 0.63 
 
t = 124, df = 3.58, p = 4.88x10-4 

 

t = 124, df = -0.47, p = 0.64 

Fig. 1C Effect of group on 
first reach success 
rate 
Effect of day on first 
reach success rate 
Group*day 
interaction 

Linear mixed 
model 

n = 14  
 
 
 

t  = 0.442, df = 25, p = 0.66 
 
 
t = 5.55, df = 123, p = 1.70x10-7 
 
t = -4.78, df = 123, p = 4.98x10-6 

Extended 
Data Fig. 
1-1C 

Effect of group on 
number of reach 
attempts 
Effect of day on 
number of reach 
attempts 
Group*day 
interaction 

Linear mixed 
model 

n = 14 
 
 
 

t  = 0.81, df = 19, p = 0.43 

 

 

t = -4.12, df = 124, p = 6.88x10-5 

 

 

t = 1.37, df = 124, p = 0.17 

Extended 
Data Fig. 
1-1D 

Effect of day on 
performance 
outcomes - learners 
 
 
 
 
 
 
 
 
Effect of day on 
performance 
outcomes – non-
learners 
 
 
 
 
 
 
 
 
 

Linear mixed 
model 

n = 4 No pellet: t  = -0.11, df = 35, p = 0.91 
First success: t  = 4.96, df = 35, p = 1.83x10-5 

Multiple success: t = -2.53, df = 35, p = 0.02 
Drop in box: t = 0.42, df = 35, p = 0.68 
Pellet knock off: t = -4.59, df = 35, p =5.46x10-5 
Tongue: t = 0, df = 35, p = 1 
Trigger error: t = -0.52, df = 38, p = 0.61 
Pellet remained: t = -0.78, df = 38, p = 0.44 
Non-preferred hand: t = -0.87, df = 38, p = 0.39 
Tongue and hand: t = 0, df = 38, p = 1 
Hand through slot: t = -0.78, df = 38, p = 0.39 
No pellet: t  = -0.62, df = 98, p = 0.54 
First success: t  = 0.51, df = 88, p = 0.61 
Multiple success: t = -0.79, df = 89, p = 0.43 
Drop in box: t = 0.36, df = 89, p = 0.72 
Pellet knock off: t = 0.49, df = 89, p = 0.62 
Tongue: t = 0, df = 98, p = 1 
Trigger error: t = -1.37, df = 98, p = 0.18 
Pellet remained: t = -0.95, df = 98, p = 0.35 
Non-preferred hand: t = -0.87, df = 98, p = 0.39 
Tongue and hand: t = 0, df = 98, p = 1 
Hand through slot: t = 0.01, df = 98, p = 0.99 

Fig. 2C Effect of group on 
paw trajectory 
variability 
Effect of day on 
paw trajectory 
variability 
Group*day 
interaction 

Linear mixed 
model 

n = 14 Reach: t = 0.53, df = 23, p = 0.60 
Grasp: t = -0.08, df = 26, p = 0.94 

 

Reach: t = -1.85, df = 124, p = 0.07 
Grasp: t = -2.75, df = 124, p = 6.91x10-3 

 
Reach: t = 0.37, df = 124, p = 0.71 
Grasp: t = 1.08, df = 124, p = 0.28 

Fig. 2D Negative Linear n = 4 Session 1: r = 0.73, p = 5.33x10-6 
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correlation between 
trajectory variability 
and success rate – 
learners 
 
 
 
 
 
Negative 
correlation between 
trajectory variability 
and success rate – 
non-learners 

correlation  
 
 
 
 
 
 
 
 
n = 10 

Session 2: r = -0.55, p = 1.70x103 
Session 3: r = -0.03, p = 0.86 
Session 4: r = -0.68, p = 4.25x10-5 

Session 5: r = -0.53, p = 2.50x10-3 
Session 6: r = -0.82, p = 2.16x10-8 
Session 7: r = 0.15, p = 0.44 
Session 8: r = -0.70, p = 1.51x10-5 
Session 9: r = 0.39, p =  0.03 

Session 10: r = -0.24, p = 0.20 
Session 1: r = -0.88, p = 1.78x10-10 
Session 2: r = -0.02, p = 0.91 
Session 3: r = 0.02, p = 0.91 
Session 4: r = -0.67, p = 4.33x10-5 
Session 5: r = -0.33, p = 0.08 
Session 6: r = -0.38, p = 0.04 
Session 7: r = 0.67, p = 4.33x10-5 

Session 8: r = -0.42, p = 0.02 
Session 9: r = -0.07, p = 0.73 
Session 10: r = -0.83, p = 1.53x10-8 

Fig. 2E Effect of group on 
reach duration 
Effect of day on 
reach duration 
Group*day 
interaction 

Linear mixed 
model 

n = 14 t = 0.29, df = 21, p = 0.78 
 
t = -1.03, df = 124, p = 0.31 
 
t = -0.11, df = 124, p = 0.91 

Fig. 2F Effect of group on 
reach velocity 
Effect of day on 
reach duration 
Group*day 
interaction 

Linear mixed 
model 

n = 14 t = 0.16, df = 15, p = 0.87 
 
t = -0.07, df = 124, p = 0.94 
 
t = 1.02, df = 124, p = 0.31 

Fig. 3B Effect of group on 
reach endpoint 
 
 
 
 
Effect of day on 
reach endpoint 
 
 
 
 
Group*day 
interaction 

Linear mixed 
model 

n = 14 Paw x: t =1.30, df = 18, p = 0.21 
Paw y: t = -0.94, df = 18, p = 0.36 

Paw z: t = -0.38, df = 124, p = 0.71 
Digit 2 x: t = 1.80, df = 17, p = 0.09 
Digit 2 y: t = -0.90, df = 19, p = 0.38 
Digit 2 z: t = -0.63, df = 19, p = 0.53 
Paw x: t = 2.13, df = 124, p = 0.04 
Paw y: t = -2.45, df = 124, p = 0.02 
Paw z: t = 1.73, df = 124, p = 0.09 
Digit 2 x: t = 3.12, df = 124, p = 2.25x103 
Digit 2 y: t = -1.80, df = 124, p = 0.07 
Digit 2 z: t = 0.99, df = 124, p = 0.33 
Paw x: t = -2.40, df = 124, p = 0.02 
Paw y: t = 1.45, df = 124, p = 0.15 
Paw z: t = -1.23, df = 124, p = 0.22 
Digit 2 x: t = -3.16, df = 124, p = 1.97x103 

Digit 2 y: t = 1.16, df = 124, p = 0.25 
Digit 2 z: t = -0.58, df = 124, p = 0.57 

Fig. 3D Effect of group on 
endpoint variability 
– raw data 
 
 
Effect of day on 
endpoint variability 
– raw data 
 
 

Linear mixed 
model 

n = 14 Hand: t = -0.95, df = 51, p = 0.35 
Digit 1: t = -0.71, df = 56, p = 0.48 
Digit 2: t = -0.86, df = 45, p = 0.39 
Digit 3: t = -0.42, df = 49, p = 0.67 
Digit 4: t = -0.29, df = 48, p = 0.78 

Hand: t = -2.27, df = 124, p = 0.02 
Digit 1: t = -1.97, df = 124, p = 0.05 
Digit 2: t = -2.25, df = 124, p = 0.03 
Digit 3: t = -1.85, df = 124, p = 0.07 
Digit 4: t = -1.78, df = 124, p = 0.08 



 

 65 

Group*day 
interaction – raw 
data 
 
 
 
Effect of group on 
endpoint variability 
– subtracted 
position 
Effect of day on 
endpoint variability 
– subtracted 
position 
Group*day 
interaction – 
subtracted position 

Hand: t = 1.39, df = 124, p = 0.17 
Digit 1: t = 1.15, df = 124, p = 0.25 
Digit 2: t = 1.42, df = 124, p = 0.16 
Digit 3: t = 0.90, df = 124, p = 0.37 
Digit 4: t = 0.89, df = 124, p = 0.37  
 
Digit 1: t = 0.13, df = 78, p = 0.89 
Digit 2: t = -1.61, df = 112, p = 0.11 
Digit 3: t = -0.75, df = 136, p = 0.45 
Digit 4: t = 0.62, df = 107, p = 0.54 

Digit 1: t = -0.87, df = 124, p = 0.39 
Digit 2: t = -2.23, df = 124, p = 0.03 
Digit 3: t = -1.64, df = 136, p = 0.10 
Digit 4: t = -0.67, df = 124, p = 0.51 
Digit 1: t = 0.64, df = 124, p = 0.52 
Digit 2: t = 1.79, df = 124, p = 0.08 
Digit 3: t = 1.21, df = 136, p = 0.23 
Digit 4: t = 0.03, df = 124, p = 0.98 

Fig. 3E Effect of part on % 
mislabeled frames 
Effect of day on % 
mislabeled frames 
Part*day interaction 

Linear mixed 
model 

n = 14 t = -0.05, df = 123, p = 0.96 
 
t = 0.98, df = 123, p = 0.33 
 
Hand: t = -0.79, df = 117, p = 0.43 
Digit 1: t = 1.07, df = 117, p = 0.29 
Digit 2: t = 0.91, df = 117, p = 0.37 
Digit 3: t = 1.82, df = 117, p = 0.07 
Digit 4: t = 2.71, df = 117, p = 7.74x10-3 

Fig. 4A Effect of group on 
digit 2 trajectory 
variability 
Effect of day on 
digit 2 trajectory 
variability 
Group*day 
interaction 

Linear mixed 
model 

n = 14 Reach: t = 1.39, df = 23, p = 0.18 

Grasp: t = -0.60, df = 27, p = 0.55 

 

Reach: t = -1.69, df = 124, p = 0.09 
Grasp: t = -3.92, df = 124, p = 1.46x10-4 

 
Reach: t = -0.01, df = 124, p = 0.99 
Grasp: t = 2.29, df = 124, p = 0.02 

Fig. 4D Effect of group on 
aperture 
Effect of day on 
aperture 
Group*day 
interaction 

Linear mixed 
model 

n = 14 t = -0.81, df = 15, p = 0.43 
 
t = 0.97, df = 124, p = 0.34 
 
t = 0.36, df = 124, p = 0.72 

Fig. 4F Effect of group on 
aperture variance 
Effect of day on 
aperture variance 
Group*day 
interaction 

Linear mixed 
model 

n = 14 t = 0.96, df = 22, p = 0.35 
 
t = -1.53, df = 124, p = 0.13 
 
t = 0.90, df = 124, p = 0.37 

Fig. 4H Effect of group on 
hand orientation 
Effect of day on 
hand orientation 
Group*day 
interaction 

Linear mixed 
model 

n = 14 t = 0.78, df = 15, p = 0.45 
 
t = 2.72, df = 124, p = 7.42x10-3 
 
t = -1.54, df = 124, p = 0.13 

Fig. 4J Effect of group on 
orientation variance 
Effect of day on 
orientation variance 
Group*day 
interaction 

Linear mixed 
model 

n = 14 t = 0.80, df = 61, p = 0.43 
 
t = 1.97, df = 124, p = 0.05 
 
t = -0.98, df = 124, p = 0.33 



 

 66 

Fig. 4L Effect of group on 
digit flexion 
Effect of day on 
digit flexion 
Group*day 
interaction 

Linear mixed 
model 

n = 14 t -0.68, df = 16, p = 0.51 
 
t = -1.49, df = 124, p = 0.14 
 
t = 0.98, df = 124, p = 0.33 

Fig. 4N Effect of group on 
flexion variance 
Effect of day on 
flexion variance 
Group*day 
interaction 

Linear mixed 
model 

n = 14 t = -1.00, df = 26, p = 0.33 
 
t = 1.02, df = 124, p = 0.31 
 
t = -0.01, df = 124, p = 0.99 

Fig. 5B Effect of group on 
aperture  
Effect of day on 
aperture 
Group*day 
interaction 

Linear mixed 
model 

n = 14 t = -0.53, df = 30, p = 0.60 
 
t = -0.17, df = 111, p = 0.86 
 
t = 1.35, df = 111, p = 0.18 

Fig. 5D Effect of group on 
orientation 
Effect of day on 
orientation 
Group*day 
interaction 

Linear mixed 
model 

n = 14 t = 1.11, df = 18, p = 0.28 
 
t = 2.20, df = 111, p = 0.03 
 
t = -2.08, df = 111, p = 0.04 

Fig. 5F Effect of group on 
flexion 
Effect of day on 
flexion 
Group*day 
interaction 

Linear mixed 
model 

n = 14 t = -0.184, df = 19, p = 0.86 
 
t = -0.05, df = 111, p = 0.96 
 
t = -0.52, df = 111, p = 0.60 

Fig. 6A Effect of outcome 
on reach trajectory 
variability  
Effect of day on 
reach trajectory 
variability 
Outcome*day 
interaction 

Linear mixed 
model 

n = 4 
n = 10 
 
n = 4 
n = 10 
 
n = 4 
n = 10 

Learners: t = 1.26, df = 72, p = 0.21 
Non-learners: t = 4.44, df = 183, p = 1.56x10-5  
 
Learners: t = -1.84, df = 72, p = 0.07 
Non-learners: t = -2.01, df = 183, p = 0.046 
 
Learners: t = -0.46, df = 72, p = 0.64 
Non-learners: t = -1.25, df = 183, p = 0.21 

Fig. 6B Effect of outcome 
on grasp trajectory 
variability 
Effect of day on 
grasp trajectory 
variability 
Outcome*day 
interaction 

Linear mixed 
model 

n = 4 
n = 10 
 
n = 4 
n = 10 
 
n = 4 
n = 10 

Learners: t = 4.77, df = 72, p = 9.34x10-6 
Non-learners: t = 5.58, df = 183, p = 8.47x10-8 

 
Learners: t = -0.30, df = 72, p = 0.77 
Non-learners: t = -2.88, df = 183, p = 4.42x103 

 
Learners: t = -2.23, df = 72, p = 0.03 
Non-learners: t = -1.02, df = 183, p = 0.31 

Fig. 6C Effect of outcome 
on reach endpoint 
 
 
 
 
Effect of day on 
reach endpoint 
 
 
 
 
Outcome*day 

Linear mixed 
model 

n = 4 
 
 
n = 10 
 
 
n = 4 
 
 
n = 10 
 
 
n = 4 

Learners X: t = -2.31 , df = 72, p = 0.02 
Learners Y:: t = -0.95, df = 72, p = 0.35 
Learners Z: t = 3.52, df = 72, p =7.48x10-4 

Non-learners X: t = -1.53, df = 185, p = 0.13 
Non-learners Y: t = -1.49, df = 185, p = 0.14 
Non-learners Z: t = 4.94, df= 185, p = 1.76x10-6 
Learners X: t = 0.95, df = 72, p = 0.34 
Learners Y: t = 1.54, df = 72, p = 0.13 
Learners Z: t = 1.31, df = 72, p = 0.20 
Non-learners X: t = -1.46, df = 185, p = 0.15 
Non-learners Y: t = 0.59, df = 185, p = 0.56 
Non-learners Z: t = 0.76, df = 185, p = 0.45 
Learners X: t = 1.94, df = 72, p = 0.06 
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interaction Learners Y: t = 0.23, df = 72, p = 0.82 
Learners Z: t = -1.86, df = 72, p = 0.07 
Non-learners X: t = -0.03, df = 185, p = 0.97 
Non-learners Y: t = 0.77, df = 185, p = 0.44 
Non-learners Z: t = -1.53, df = 185, p = 0.13 

Fig. 6D Effect of outcome 
on hand endpoint 
variability 
Effect of day on 
hand endpoint 
variability 
Outcome*day 
interaction 

Linear mixed 
model 

n = 4 
n = 10 
 
n = 4 
n = 10 
 
n = 4 
n = 10 

Learners: t = 2.67, df = 72, p = 9.26x10-3 

Non-learners: t = 2.63, df = 185, p = 9.34x10-3 

 

Learners: t = -0.06, df = 72, p = 0.96 
Non-learners: t = -0.26, df = 185, p = 0.80 
 
Learners: t = -1.95, df = 72, p = 0.05 
Non-learners: t = -0.67, df = 185, p = 0.50 

Fig. 6E Effect of outcome 
on digit 2 endpoint 
variability 
Effect of day on 
digit 2 endpoint 
variability 
Outcome*day 
interaction 

Linear mixed 
model 

n = 4 
n = 10 
 
n = 4 
n = 10 
 
n = 4 
n = 10 

Learners: t = 2.64, df = 72, p = 0.01 
Non-learners: t = 2.60, df = 185, p = 0.01 
 
Learners: t = -0.14, df = 72, p = 0.89 
Non-learners: t = -0.22, df = 185, p = 0.83 
 
Learners: t = -1.92, df = 72, p = 0.06 
Non-learners: t = -0.25, df = 185,  p = 0.80 

 1411 
Table 2. Chi-squared test results to determine learners vs. non-learners 1412 

Rat Sex h p Chi2stat df Positive Change? Learner/Non-Learner 
A M 0 0.89 0.02 1 Yes Non-learner 
B M 1 0.04 4.45 1 Yes Learner 
C M 0 0.28 1.15 1 Yes Non-learner 
D M 0 0.26 1.28 1 Yes Non-learner 
E F 0 0.21 1.57 1 Yes Non-learner 
F M 1 4.58e-11 43.35 1 Yes Learner 
G M 0 0.63 0.24 1 Yes Non-learner 
H F 0 0.22 1.54 1 Yes Non-learner 
I F 1 0.02 5.52 1 Yes Learner 
J F 1 4.98e-4 12.13 1 Yes Learner 
K F 0 0.46 0.54 1 No Non-learner 
L M 1 0.02 5.38 1 No Non-learner 
M M 0 0.87 0.03 1 Yes Non-learner 
N M 0 0.91 0.01 1 no Non-learner 
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