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HIGHLIGHTS

¢ Mice provided with feedback require fewer trials to reach expert stage in an instrumental
learning task

¢ Mice provided with feedback perform with higher accuracy in trials involving ‘changes of
mind’

e Movement trajectories of mice provided with feedback undergo refinement as training
advances

e Sensory feedback can be used as a training aid to accelerate instrumental learning
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ABSTRACT

Instrumental learning typically requires hundreds to thousands of trials in which subjects learn to
link motor responses to sensory cues. In standard rodent protocols, response accuracy is
reported only at trial end, preventing subjects from correcting erroneously initiated responses.
We hypothesized that within-trial, closed-loop sensory feedback would accelerate instrumental
learning by providing real-time information about response correctness. Head-fixed mice
performed a two-alternative forced-choice task by rotating a choice wheel in response to
sensory cues. Mice received either no feedback (n = 18), auditory feedback (n = 16), or
audiovisual feedback (n = 4) coupled to wheel movements. Feedback-receiving mice required
significantly fewer trials to reach 70 % accuracy criterion (median: 3186, 4918 and 7329 trials
for multimodal, unimodal and no feedback, respectively; p = 0.0245) and showed higher
accuracy when modifying choices (expert stage: 17 %, 11 % and 9 % accuracy in trials with
modified choices for multimodal, unimodal and no feedback, respectively; p=1.04x107¢). Only
feedback mice displayed movement refinements across training (p = 8.02x107¢, p = 4.07x107"®
and p = 0.2602 for multimodal, unimodal and no feedback, respectively). In summary, closed-
loop sensory feedback accelerated instrumental acquisition, demonstrating its value as routine

training protocol.
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INTRODUCTION

A central goal in neuroscience is to systematically link brain dynamics with behavior "2,
Unraveling the neural circuit mechanisms responsible for intelligent behaviors requires
experimental access to neuronal populations for measurements and manipulations *. Rodents,
mice in particular, have emerged as an unparalleled model species to study perception and
cognition *° due to their behavioral tractability, availability of established inbred lines °,
transgenic access "° and availability of brain atlases '>'?. Mice have been used in the freely
moving or the head-fixed preparation, depending on the experimental questions at hand. In
particular, the head-fixed preparation (Fig. 1A) allows for spatially and temporally precise

stimulus delivery and has enabled the use of mice in studies of sensory discrimination behaviors

[ 13,14 t 18-20

involving visua , auditory ">, tactile '” and odoran stimuli. Since sensory
discrimination is often a steppingstone towards sophisticated cognitive behaviors, the head fixed

preparation is well suited in this regard.

The major step in training sensory discrimination behaviors is to teach subjects to respond to
task-relevant sensory stimuli with a volitional, targeted behavioral report (output). This step is
time consuming in non-verbal animals, in which mice must link the required motor response to a
preceding sensory cue by exploring all possible motor alternatives 2'23. In most training regimes
2425 the sensory cue is non-interactive, i.e., motor responses do not elicit modifications of the
sensory cue to indicate the relevance and importance of ongoing movement for the task at hand
(Fig. 1B, left). If the consequences of motor responses are signaled only at the end a trial, a
subject is unable to accumulate and use evidence from within the trial to guide movement
choices and possibly make corrections. In contrast, providing intra-trial sensory feedback
coupled to the motor response in a closed-loop fashion (Fig. 1B, right) can inform mice about
the correctness of their ongoing movements. This allows accurate motor patterns to be

confidently executed while erroneous patterns can be rectified in real-time.

In training regimes that use movement coupled sensory feedback '*2¢2°, movement dynamically
elicits changes to the sensory cue, i.e. a unique sensory cue is associated with each position of
the response space. Hence, trained subjects have access to a library of sensorimotor
associations from which they may invoke a desired motor pattern. All the above studies used
movement coupled sensory feedback in a single sensory modality to indicate accuracy of

ongoing movement. However, the contribution of feedback to learning and performance has not
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been systematically evaluated, as these studies employed feedback without directly

manipulating its presence or characteristics.

In this study, we hypothesized that providing within-trial sensory feedback using a continuous
response device would be beneficial during instrumental learning. A continuous response
device affords the possibility to track decisions as they evolve within a trial and to use the
current state of the response to provide sensory feedback; these features are unavailable in
response devices which register decision reports as discrete events towards the end of a trial
(e.g., lick left/right events). Continuous response devices have their limitations; they might be
challenging to use because they require a novel motor response that is not in the native
behavioral repertoire of the subject (e.g., a mouse moving a wheel to the left/right using its
forelimbs to report choices). Such a device would require subjects to exploratively discover the
end points of a behavioral report i.e. determine the implicit thresholds of a behavioral report by
trial and error. Thus, it would be desirable to implement training procedures such as providing

multimodal feedback to maximize the benefit of using continuous response devices.

Here, we trained three cohorts of mice on a sensory discrimination task with different feedback
regimes: animals received either unimodal sensory (auditory) feedback, multimodal sensory
(visual and auditory) feedback, or no feedback at all. We found that animals that received
auditory feedback were quicker to acquire instrumental associations and were more accurate in
trials with choice modifications compared to no-feedback controls. Further, we found that intra-
trial cumulative wheel movements of feedback animals, but not animals without feedback,
underwent refinement as instrumental learning progressed. Our study thus shows that closed-
loop sensory feedback can be used as a potent training aid to enable mice to acquire

instrumental associations in a reproducible and time efficient manner.
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90 RESULTS
91  Closed-loop sensory feedback training regime

92  We used a modified version of the choice wheel * to train head fixed mice to perform targeted
93 wheel movements in response to sensory cues. We trained a total of 38 mice in 761 sessions
94 (46,397 trials) on a two-alternative forced-choice task, in which animals indicated their

95 responses to a sensory cue (auditory or audiovisual) by turning the choice wheel with their front

96 paws either to the left or to the right.

97  The first cohort (n = 18) received no feedback, i.e. wheel movements were not coupled to

98 changes of the auditory cue (Fig. 1C). The second cohort (n = 16) received unimodal auditory

99 feedback, i.e. wheel movements resulted in changes of the auditory cue (Fig. 1D). The third
100  cohort (n = 4) received multimodal auditory and visual feedback, i.e. wheel movements were
101  coupled to changes of both auditory and visual cues (Fig. 1E). In addition to the auditory
102 feedback, which was the same as for the second cohort, animals were presented a visual cue

103  whose on-screen position was coupled to the position of the wheel.

A Cc D E

No feedback Unimodal feedback Multimodal feedback
B

| 10 kHz 10 kHz
| pure tone pure tone
Stimulus ) (Stimulus

B

-
f\ f\ f\ f\ f\ f\

Action

based <+ > <+ > <+ > <+ > <+ >
Action Action Stimulus : |
| updating
104 Outcome/ \Outcome ¢ @ @ ¢ ¢ @ @ N . @ @ ;

105 Figure 1: Experimental setup and closed-loop sensory feedback. (A) Schematic of a head-fixed mouse resting
106 its front paws on a choice wheel. A computer monitor is placed in front of the mouse with a speaker on either side.
107 (B) Overview of training without feedback (left) and with closed-loop feedback (right). (C) Schematic of training using
108 no feedback. Auditory cues in the form of ascending (left) or descending (right) frequency modulated sweeps are
109 presented without coupling to the movement of the wheel. Green arrows indicate the required direction of wheel
110 movement to obtain water reward. (D) Schematic of training using unimodal auditory feedback. Leftward or rightward
111 movements of the wheel result in the increase or decrease of the frequency of the auditory cue, respectively. Green
112 arrows indicate the required direction of wheel movement to obtain water reward (E) Schematic of training involving

113 multimodal auditory and visual feedback. Leftward or rightward movements of the wheel result in the increase or
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114 decrease of the frequency of the auditory cue as well as a horizontal displacement of the on-screen position of a
115 visual cue to the left or right, respectively. Green arrows indicate the required direction of wheel movement to obtain

116  water reward.
117  Animals receiving feedback reach the expert stage faster and more reliably

118  Mice in all training regimes learned to move the wheel to a predetermined threshold to report
119  their choice after cue onset (see exemplar trials in Fig. 2A). While only 9 out of 18

120 (50 %) animals trained with no feedback achieved a task performance greater than 70 %

121  (categorized as ‘task acquired’), 10 out of 16 (62 %) animals trained with unimodal feedback

122  and 4 out of 4 (100 %) animals trained with multimodal feedback acquired the task.

123  We categorized the animals' task performance over the course of training into novice (30-50 %),
124  intermediate (50-70 %) or expert stages (70-90 %) (Fig. 2B). Animals in the three training

125  regimes significantly differed in the number of trials required to reach the expert stage; animals
126  that received feedback required fewer trials to reach the expert stage compared to animals that
127  did not receive feedback (Fig. 2C) (median number of trials, 7329 no feedback vs.

128 4918 unimodal feedback vs. 3186 multimodal feedback. Kruskal Wallis test, p = 0.0245). In

129  other words, unimodal feedback and multimodal feedback cut down training duration to 67 %
130 and 43 %, respectively, compared to no feedback. Notably, the fastest learner in the multimodal
131  feedback cohort reached the expert stage faster than the fastest learner in either of the other
132  two cohorts. Even the slowest learner in the multimodal feedback cohort still reached the expert
133  stage faster than the slowest learners in the no feedback and unimodal feedback cohorts (see
134  Fig. 2B).
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Figure 2: Animals receiving feedback reach the expert stage faster. (A) Representative movement traces from
each training cohort. Dotted lines indicate threshold for trial termination. (B) Learning curves of individual mice that
successfully acquired the task in the no feedback (n = 9), unimodal feedback (n = 10) and multimodal feedback

(n = 4) cohorts. Task performance is classified into novice (30-50 %), intermediate (50-70 %) and expert (70-90 %)
stages. Black dots indicate the first and last training session. (C) Median number of trials across animals in each

cohort required to reach the expert stage. Kruskal Wallis test, p = 0.0245.

Next, to evaluate the level of task engagement across training in the three training regimes, we
computed the fraction of total trial duration in which the wheel was not moved. We found that
the no-movement fraction significantly decreased across task acquisition in all three cohorts
(Kruskal Wallis test: p = 6.41x10° no feedback; p = 2.05x107 unimodal feedback; p = 1.17x10™"’
multimodal feedback) (Fig. 3). Taken together, the results show that although mice in all cohorts
become increasingly task engaged across task acquisition, providing closed-loop sensory

feedback is beneficial for accelerated and reliable task acquisition.
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150 Figure 3: Progress of instrumental learning is accompanied by increased task engagement. Raincloud plots
151 showing the probability distribution, individual session values (dots) and box plots for no movement fraction across
152 training stages in the three cohorts. Box plots show median (central line), interquartile range (box boundaries), and
153 data range (whiskers). Novice, intermediate and expert training stages are color coded. Left, no feedback (Kruskal-
154 Wallis test, p = 6.41x107®). Middle, unimodal feedback (Kruskal-Wallis test, p = 2.05%1077). Right, multimodal

155 feedback (Kruskal-Wallis test, p = 1.17x107""). Inset shows an exemplar trial with movement and no-movement

156 epochs. Pairwise comparisons are conducted using the post-hoc Dunn test. *, p < 0.05, **, p < 0.01, ***, p < 0.001.

157 Feedback increases the occurrence and accuracy of choice-modified trials

158  To elucidate the behavioral signatures that accompany accelerated task acquisition, we

159 investigated single-trial wheel movement trajectories in detail. Since the number of trials

160  required to reach criterion accuracy were significantly different amongst the three cohorts, we
161 hypothesized that wheel movements in each cohort might be qualitatively different. Analysis of
162  wheel movements after cue presentation in all cohorts revealed two types of correct trials: trials
163  involving directed movements to the correct threshold and trials involving initial erroneous

164  movements that were subsequently modified to produce a movement directed at the correct
165 threshold (i.e. trials with flips’ or choice modifications) (Fig. 4A, B). We defined a flip as a

166  change in the direction of wheel movement after the wheel had been moved a distance of more
167  than half the current session threshold (Fig. 4B, middle, right). In all training stages, animals
168  without feedback displayed the smallest proportion of correct trials with flips; animals with

169 feedback displayed a significantly greater proportion of correct trials with flips than animals

170  without feedback (expert stage: 17 % multimodal feedback, 11 % unimodal feedback, 9 % no
171 feedback; Kruskal Wallis test, p = 1.04x10®) (Fig. 4C). This result suggests that providing

172  feedback promotes the execution of trials where corrective movements are involved.

173  Next, we asked whether the accuracy of flip trials evolved differently across training for the

174  feedback and no feedback cohorts. In the expert stage, feedback animals displayed significantly
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175  higher accuracy in trials with flips compared to animals without feedback (76 % multimodal

176  feedback, 68 % unimodal feedback, 65 % no feedback; Kruskal Wallis test, p = 5.36x107®)

177  (Fig. 4D). This effect was not apparent in the novice training stage, suggesting that feedback
178  animals gradually develop clarified instrumental associations that aid in successful execution of
179 flip trials. Remarkably, we found that accuracy in trials without flips were not significantly

180 different across the training stages between the feedback and non-feedback cohorts (expert
181  stage: 81 % multimodal feedback, 80 % unimodal feedback, 83 % no feedback; Kruskal Wallis
182  test, p = 0.199) (Fig. 4E). Taken together, these findings argue that feedback selectively

183  enables mice to successfully conduct wheel movements that serve to correct initial erroneous

184 choices.

10
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186 Figure 4: Feedback increases the occurrence and accuracy of choice-modified trials. (A) Schematic of trials
187 without and with choice modifications (flips). Left, a trial where the wheel is moved to the threshold with a single,
188 directed movement. Right, the wheel is initially moved towards the erroneous side, and the movement is

189 subsequently rectified by moving the wheel towards the correct side. Green and red arrows indicate correct and
190 incorrect movements, respectively. (B) Representative movement trajectories in trials without and with choice

191 modifications. Left, Exemplar trial in which the wheel is moved to the threshold with a single, directed movement, i.e.
192 without a flip. Middle, a trial with a single flip. Right, a trial with two flips. Vertical dotted lines highlight the extent of

193 movement before a flip is initiated. (C) Distribution of the fraction of correct flip trials for novice, intermediate and

11
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194 expert training stages. Raincloud plots showing the probability distribution, individual session values (dots) and box
195 plots; box plots show median (central line), interquartile range (box boundaries), and data range (whiskers). Left,
196 novice stage (Kruskal-Wallis test, p = 2.92x107¢). Middle, intermediate stage (Kruskal-Wallis test, p = 1.47x1078).
197 Right, expert stage (Kruskal-Wallis test, p = 1.04x107®). Pairwise comparisons are conducted using the post-hoc
198 Dunn test. (D) Same layout as (C) plotting the distribution of the accuracy of flip trials in a session. Left, novice stage
199  (Kruskal-Wallis test, p = 4.42x1072). Middle, intermediate stage (Kruskal-Wallis test, p = 1.84x107"). Right, expert
200 stage (Kruskal-Wallis test, p = 5.36x1072). (E) Same layout as (C) plotting the distribution of the accuracy of trials
201 involving no flips in a session. Left, novice stage (Kruskal-Wallis test, p = 7.31x107"). Middle, intermediate stage
202  (Kruskal-Wallis test, p = 1.62x1072). Right, expert stage (Kruskal-Wallis test, p = 1.99x107"). *, p < 0.05, **, p < 0.01,
203  ** p<0.001.

204 Feedback refines wheel movements across training

205 Next, we investigated whether progress in task acquisition was accompanied by a refinement in
206  the cumulative wheel movements of individual trials as a measure of motor precision. We

207  defined pathlength as the distance traversed by the wheel during a trial regardless of movement
208 direction; for this measure, epochs of the trial where the wheel was not moved, were excluded.
209  While pathlength in flips trials across training stages remained unchanged for the no-feedback
210  cohort (Kruskal Wallis test, p = 0.2602) (Fig. 5A, left), it significantly decreased across learning
211 for the feedback cohorts (Kruskal Wallis test, p = 4.07x107"® unimodal feedback; p = 8.02x10®
212  multimodal feedback) (Fig. 5A, middle and right). Further, we found that pathlength in no-flip
213 trials significantly decreased in all cohorts and, they were shorter, suggestive of higher

214  confidence in this trial type (Kruskal Wallis test, p = 5.83x10™"" no feedback; p = 3.88x10™®

215  unimodal feedback; p = 4.09x10” multimodal feedback) (Fig. 5B). These results indicate that a
216  refinement of motor output accompanied task acquisition selectively in flip trials in the feedback
217  cohorts; unchanging pathlengths in the no-feedback cohort indicate that mice moved the wheel
218  with lesser clarity about task contingencies, a feature which was also reflected in the lower

219  accuracy of flip trials (Fig. 4D).

12
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221 Figure 5: Feedback refines wheel movements across training. (A) Distribution of pathlength in flips trials.

222 Raincloud plots showing the probability distribution, individual session values (dots) and box plots; box plots show
223 median (central line), interquartile range (box boundaries), and data range (whiskers). Left, no feedback (Kruskal-
224 Wallis test, p = 2.60x107"). Middle, unimodal feedback (Kruskal-Wallis test, p = 4.07%107'8). Right, multimodal
225 feedback (Kruskal-Wallis test, p = 8.02x107¢). Pairwise comparisons are conducted using the post-hoc Dunn test.
226 (B) Same layout as (A) showing the pathlength in trials without flips. Left, no feedback (Kruskal-Wallis test,

227 p = 5.83x107""). Middle, unimodal feedback (Kruskal-Wallis test, p = 3.88x107'8). Right, multimodal feedback
228  (Kruskal-Wallis test, p = 4.09x1077). Note the different scaling in (B). *, p < 0.05, **, p < 0.01, ***, p < 0.001.

229  Animals unsuccessful in task acquisition exhibit erroneous and shorter exploratory

230 wheel movements

231 Finally, we sought to determine whether mice that were unsuccessful in acquiring task

232  contingencies (n = 9, no feedback; n = 6, unimodal feedback) differed in the behavioral

233  signatures investigated above in the formative stages of instrumental associations, i.e. in the
234  novice training stage. In comparison to successful mice, unsuccessful mice in the no-feedback
235 and unimodal feedback cohorts displayed a significantly lower proportion of correct trials

236  involving choice modifications (Rank-sum test, p = 6.24x10™ no feedback; p = 9.91x10*

237 unimodal feedback) (Fig. 6A, B). Further, pathlengths in flip trials were shorter for unsuccessful
238 mice (Rank-sum test, p = 0.0152 no feedback; p = 0.0179 unimodal feedback) (Fig. 6A, B).

13
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239  Health scores (Fig. $1), weight and water intake (Fig. S2) of animals that did not acquire the
240 task were similar to those of animals that successfully acquired the task. Together, these results
241  suggest that the lower fraction of correct flip trials driven by a lack of exploratory wheel

242  movements in the novice stage could underlie the failure to acquire task contingencies in

243 unsuccessful mice.

A B
No feedback
Flips Flips
/\ Task not acquired ﬁ\
ESERRERE T I PR LT

* L 1] * L [ |
* *
* *
0 0.2 0.4 0.6 0.8 10 0.2 0.4 06 0.8 1

Fraction of correct trials per session Fraction of correct trials per session

244 Pathlength (a.u.) Pathlength (a.u.)

245 Figure 6: Animals unsuccessful in task acquisition exhibit erroneous and shorter exploratory wheel

246 movements. (A) Fraction of correct flip trials and pathlengths in flips trials comparing ‘task acquired’ and ‘task not
247 acquired’ animals for the no feedback cohort. Raincloud plots showing the probability distribution, individual session
248 values (dots) and box plots; box plots show median (central line), interquartile range (box boundaries), and data
249 range (whiskers). Top, fraction of correct flips trials per session. Wilcoxon rank-sum test, p = 6.24x10*. Bottom,
250 median pathlength in flips trials per session. Wilcoxon rank-sum test, p = 1.52x10-2 (B) Same layout as (A) for the
251 unimodal feedback cohort. Top, fraction of correct flips trials per session. p = 9.91x10*. Bottom, pathlength in flips

252 trials per session. Wilcoxon rank-sum test, p = 1.79x102. *, p < 0.05, ***, p < 0.001
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253 DISCUSSION

254  Our work shows that animals provided with closed-loop sensory feedback acquire instrumental
255  associations faster and with clearer task contingencies. The mechanism underlying this

256  advantage was revealed by analyzing trials with choice modifications: feedback animals showed
257  progressive increases in the proportion and accuracy of choice modified trials, along with

258 refined wheel movements. This suggests feedback animals better grasped task contingencies
259 by leveraging real-time sensory information to re-evaluate and correct erroneous movements
260  within trials, a possibility unavailable to non-feedback animals that could only learn from end-of

261 trial outcomes.

262  The choice wheel, an increasingly used response device to study decision making in mice *°,
263 facilitates continuous tracking of the motor manifestations of evolving decision states that can
264  be used to provide feedback about the accuracy of ongoing movement within a trial. Studies
265 investigating the serial order of decision formation and movement execution have indicated that
266  an evolving decision is expressed in behavior even before it is finalized *'*2. Further, modeling
267  studies have indicated that the brain continues to process incoming sensory information even
268  after an initial decision has been made *. Thus, using a continuous response device such as
269 the choice wheel allows experimenters to describe ongoing motor responses as representatives
270 of instantaneous decision states shaped by hitherto accumulated evidence; these decision

271  states can then be influenced by supplying feedback to ensure successful outcomes. In

272  comparison, using non-continuous, discrete decision reports such as lick events, nose pokes
273  and lever presses limit experimenters to register only the endpoint of a decision, thus

274  preempting intra-trial feedback. The current study maximizes the usage of the choice wheel by
275  not only using wheel position to describe evolving decision states but also by using it to provide
276 feedback in multiple sensory modalities. The implementation of such standardized training

277  paradigms in experiments involving the choice wheel would significantly contribute toward

278 increasing the efficiency and reproducibility of instrumental training.

279  The training advantage conferred by closed-loop sensory feedback can be better

280 comprehended when voluntary movements are conceptualized through the forward and inverse
281  models of motor control *. Forward models compute the sensory consequences of intentional
282  movements by comparing the actual position of the body with its predicted position. Forward
283  models thus serve to inform an organism of deviations from predicted bodily sensory percepts

284  after executing planned movements. On the other hand, inverse models generate motor
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285 commands based on intentions to move the body to a desired location. Together, the inverse
286  and forward models provide a conceptual framework for the generation and refinement of

287  voluntary movements. In the context of instrumental learning with sensory feedback, we

288  speculate that the refinement of the inverse model is driven by minimizing the output of the

289 forward model i.e., by reducing the mismatch between expected and actual sensory percepts
290 resulting from intentional movements. As training progresses, a subject can execute movements
291  with increasingly predictable sensory consequences due to the formation of clarified

292  sensorimotor associations and use it to ensure successful outcomes. Concretely stated, an
293  expert mouse successfully implements choice modifications because it would be able to

294  accurately predict changes to the sensory cue. A study * examined whether humans use

295  sensory feedback (forward model) or cognitive strategy (inverse model) when making visually
296 guided movements with directional perturbation. Subjects were instructed to counteract

297  perturbations using a fixed offset angle. However, as they practiced, they increasingly relied on
298 continuous visual feedback rather than the fixed cognitive strategy. This suggests that task

299 proficient subjects executed movements in alignment with what they saw rather than employ an
300 explicit cognitive strategy. These findings are in alignment with our results in showing that the
301 increased predictability of the sensory consequences of movement (i.e. minimized sensory

302 deviations) might provide an accurate estimate of task contingencies.

303  The neural dynamics accompanying multisensory task input and its behavioral significance have
304  been highlighted by recent electrophysiological studies in different species. In mice, frontal sub-
305 regions like the secondary motor cortex additively combine incoming auditory and visual task
306 signals and this process appears to evolve with task acquisition *. For our study, this finding
307 has the implication that task acquisition in animals with multimodal feedback is likely quicker
308 due to a richer representation of the sensory environment in an executive brain region, which
309 enables better decision making. It has been demonstrated that providing artificial sensory

310 feedback by means of intracortical microstimulation of the primary somatosensory cortex can be
311 used by non-human primates *" and humans 3 to generate accurate motor sequences. Further,
312 congruent coupling of motor output and visual input is shown to be necessary for normal

313  functional development of layer 2/3 neurons in the primary visual cortex of mice *°. These

314  studies indicate that specific neural circuits are in operation when sensory feedback is used to
315  guide movements. Longitudinal monitoring of activity in these circuits can throw light on the

316  neural processes accompanying feedback driven decision making and subsequent movement

317 execution.
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318  The behavioral trends observed in the multimodal feedback cohort, though based on a limited
319  sample size (n = 4 animals), are consistent with the beneficial effects of multimodal sensory
320  stimulation previously reported in mice using comparably small samples. A similarly powered
321  study (n = 7 animals) showed that mice in a detection task exhibited higher detection accuracy
322  for multimodal compared to unimodal stimuli, with response rates improving by approximately
323 25 % in the multimodal condition and reaction times being significantly shorter than with

324  unimodal cues alone*. Similarly, another study (n = 9 animals) demonstrated in an operant
325  paradigm that paired multimodal stimuli yielded higher response accuracy than either modality
326  alone across all tested stimulus durations, with the greatest gains observed at shorter stimulus
327  presentations*'. Importantly, both studies included unimodal visual controls and demonstrated
328 that audiovisual advantages exceeded those of visual stimulation alone, suggesting that the
329  benefits of multimodal feedback observed in the present study reflect genuine cross-modal

330 enhancement rather than a contribution of visual feedback alone. Further, scoping reviews and
331 meta-analyses of human studies confirm that multimodal stimuli confer processing advantages,
332 i.e., they are consistently perceived faster and retained longer than unimodal cues***3,

333  In conclusion, the current study demonstrates that closed-loop sensory feedback leads to

334  quicker instrumental acquisition by clarifying task contingencies. Incorporating sensory feedback
335  during instrumental acquisition can lead to quicker and more reliable training of experimental

336  subjects and thus improve reproducibility of neurobehavioral experiments.
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337 SUPPLEMENTARY FIGURES
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339 Figure S1: Health scores of animals that acquired or did not acquire the task. (A) Scores of animals that

340 successfully acquired the task. Health scores incorporated assessments of activity, posture, grooming and signs of
341 dehydration. Lower scores indicate better health. (B) Same layout as (A) for animals that did not acquire the task.
342 S = Day of surgery, P1 = Post-operative day 1, P2 = Post-operative day 2, P3 = Post-operative day 3, T1 = Training
343  day 1, T5 = Training day 5, T10 = Training day 10.
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345 Figure S2: Weights and water intake among cohorts. (A) Left column, individual animal weights (fraction of pre-
346 surgery weight) in the no feedback (top), unimodal feedback (middle) and multimodal feedback (bottom) cohorts.
347 Right column, individual animal water intake in the no feedback (top), unimodal feedback (middle) and multimodal
348 feedback (bottom) cohorts. (B) Median fraction of pre-surgery weights on the first day of training in the no feedback,
349 unimodal feedback and multimodal feedback cohorts. Kruskal-Wallis test, n.s., not significant. (C) Median fraction of
350 pre-surgery weight on the first day of training in the task acquired (solid lines) and task not acquired (dotted lines)
351 groups in the no feedback and unimodal feedback cohorts. Wilcoxon rank-sum test, n.s., not significant (D) Median
352 water intake on the first day of training in the task acquired (solid lines) and task not acquired (dotted lines) groups in

353 the no feedback and unimodal feedback cohorts. Wilcoxon rank-sum test, n.s., not significant.
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354 MATERIALS AND METHODS
355 Animals

356 A total of 38 male C57BL/6J mice sourced from Charles River (France) were used for

357  behavioral training. All animal procedures were authorized by the local government (Regierung
358  von Oberbayern, license number ROB-55.2-2532.Vet_02-17-119). Animal health was examined
359  and scored every day. Wild-type male mice (C57BL/6J, Charles River) were used for all

360 experiments. Mice were 8—10 weeks old at the beginning of the experiments and were housed
361 in single cages on a reversed 12-h light/12-h dark cycle. Ambient humidity and temperature
362  were set to 50 % and 24°C, respectively. Mice had ad libitum access to food and water except

363  during behavioral experiments.
364 Behavioral setup

365 Behavioral training was conducted in sound-attenuated operant chambers (Med Associates,
366  USA) where components necessary for training were mounted using an optical breadboard
367  (Thorlabs, USA). Mice were head-fixed at an elevation of 10 cm and placed in a plastic tube to
368 allow free body movements. A 10-inch LCD screen (25.4 cm diagonal; Faytech FT10TMB

369  (resolution 1920x1080), Germany) was mounted 15 cm in front of the animals to signal trial start
370  and deliver visual stimuli. Electrostatic speakers capable of ultrasonic production (ES1; Tucker
371 Davis Technologies, USA) were positioned 10 cm to the left and right of the animals' ears to
372  deliver auditory cues. Water reward was delivered using a spout placed within reach of the

373  tongue, connected to a 5 ml disposable syringe driven by a TTL-controlled pump (NE-500, New
374  Era Pump Systems, USA). Choice wheel movements were registered using a data acquisition
375  device (PCle-6323, National Instruments, USA) with a breakout panel (BNC-2090A, National
376  Instruments, USA). The behavioral task was administered using custom MATLAB code and
377  MonkeyLogic 2 *, a NIMH toolbox running in MATLAB 2018a (Mathworks, USA).

378  Trial Structure

379 A trial began with the monitor screen in front of the head-fixed mice turning gray. Mice were
380  required to hold the choice wheel still for 1 s. After successfully holding the wheel still for 1 s,
381 mice were presented with either no feedback or feedback sensory cues. After cue onset, wheel

382  movements were registered for a maximum period of 60 s after which the trial would be
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383 terminated. Wheel movements during this period that crossed a predetermined threshold were
384  categorized as correct or incorrect depending on the presented sensory cue. If no threshold
385  crossings were detected, the trial would be marked as a missing trial. Correct trials ended with a
386  water reward while error and missing trials ended with an omission of water reward. Trial

387  completion was followed by an inter-trial interval (ITI) of 5 s.

388 Sensory Feedback

389  Auditory feedback. Mice were presented a pure tone whose frequency was coupled to the

390 direction of wheel movement. Leftward or rightward movements resulted in an increase or

391 decrease of the frequency of the presented pure tone, respectively. That is, 1 degree of wheel
392 movement resulted in 88.8 Hz increase or decrease in the frequency of the presented pure

393 tone. Go-left trials commenced with the presentation of a 10 kHz pure tone and terminated

394  when the frequency reached 14 kHz or 6 kHz for a correct or incorrect trial respectively. Go-right
395 commenced with the presentation of a 16 kHz pure tone and terminated when the frequency
396 reached 12 kHz or 20 kHz for a correct or incorrect trial respectively. The choice of the starting
397  frequencies of the pure tones in the go-left and go-right trial types were motivated by the starting

398 frequencies of the FM sweeps in the go-left and go-right trials in the no feedback regime.

399 To implement closed loop coupling of steering wheel movement and auditory sensory cues,
400 movement data from the wheel (i.e. voltage values mapping to wheel rotations) was fed into an
401  auditory processor (Tucker-Davis Technologies RX8). On the auditory processor a custom

402  written program generated a sine waveform whose frequency was linearly mapped to wheel-
403 derived voltage values. Mapping of wheel rotation and sine frequencies was done as follows.
404  The range of possible voltage values from the wheel rotation was determined by the movement
405 thresholds. The range of voltage values were then mapped to a range of sine frequencies i.e.
406  each position of the wheel was associated with a unique sine frequency. During a trial, wheel
407 movements which modulated the sine frequencies and produced by the processor were

408 converted to sounds by the speakers.

409  Visual feedback. To implement closed loop coupling of steering wheel movement and visual
410 feedback cues, movement data from the wheel was fed into MonkeyLogic, which controlled the
411  on screen rendering of a white filled circle (RGB: 1, 1, 1) with a radius of 10 degrees. Similar to
412  the auditory feedback, the possible voltage values from wheel rotation was determined by the

413  movement thresholds. Extremes of the voltages (representing the thresholds) were mapped to
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414  the extremes in the horizontal position of the visual cue. The visual extremes were set as the left
415  border and the center of the screen, and the right border and the center of the screen, for go-
416  right and go-left trials, respectively. Thus, only one horizontal half of the screen was used per
417  trial. Horizontal positions dependent on the wheel rotation were linearly interpolated between
418 the extremes. Concretely, a trial started with the wheel in the neutral position and the visual cue
419  in the middle of the current trial's horizontal range (0.25 * screen width for go-right, 0.75 *

420  screen width for go-left). A change of the wheel rotation linearly changed the cue’s position.

421  Accordingly, rotating the wheel to the correct side horizontally moved the stimulus towards the
422  screen center (0.5 * screen width), while rotating to the wrong side moved it towards the screen

423  borders (0 * screen width and 1 * screen width for go-right and go-left, respectively).

424  No feedback: Go-left trials, in which supra-threshold wheel movements to the left side were

425 rewarded, commenced with the presentation of a 1 s frequency modulated (FM) sweep ranging
426  from 10 kHz — 14 kHz (78 dB SPL; 4 Hz/s). Go-right trials, where supra-threshold wheel

427  movements to the right side were rewarded, commenced with the presentation of a 1 s FM

428  sweep ranging from 16 kHz — 12 kHz (78 dB SPL; 4 Hz/s). Each FM sweep was repeated till the
429  end of a trial with a break of 0.5 s between repetitions. The FM sweeps were chosen such that
430 the sweeps fell within the frequency range of comparable auditory sensitivity in mice *°*7; they
431 have proven reliable for investigating auditory discrimination tasks as evidenced by robust and

432  replicable behavioral performance in earlier studies 84°

433  Surgery and headplate Implantation

434  Mice were anesthetized using 1-2% isoflurane and installed in a stereotactic frame (Neurostar).
435  An analgesic (Novaminsulfon 200 mg/kg body weight) was subcutaneously injected prior to
436  surgery. Body temperature was maintained at around 37°C using a heating pad for the entire
437  duration of the surgery. Hair above the skull was removed using a shaver. The skin above the
438  skull was disinfected with 70% ethanol and a topical anesthetic was subcutaneously injected
439 (2% Lidocaine). After excising the skin to expose the skull, the surface was thoroughly cleaned
440 and subsequently roughened in preparation for headplate implantation. After correcting for tilt
441  and scaling of the head using an automated software (Neurostar), the headplate (Luigs &

442  Neumann, Germany) was implanted at the anterior aspect of the cranium using dental cement.
443  After surgery, mice were allowed to recover for at least 3 days before the commencement of

444  behavioral training.
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445 Behavioral training

446  After recovery of at least 3 days from surgery, mice were subjected to a water restriction

447  schedule to increase motivation during behavioral training where water was the reward. Mice
448  were given 1500 pl of water per day during the course of a training session (once per day). If a
449  mouse consumed less than 1500 pl during a training session, the remaining volume was

450 supplemented after the session. Animals were trained on all weekdays and on alternate

451  weekends. On non-training days, mice received 1500 pl water in their home cage. Animals were
452  scored daily and the body weight was measured to ensure that it does not drop below 80% of

453  the weight prior to surgery.

454  After the commencement of water restriction, animals were handled in the palm of the hand for
455  2-3 days to acclimatize to the experimenter. On these days, animals were given 1500 pl of

456  water via a pipette. Next, animals were head-fixed in the training setup and habituated to

457  moving the choice wheel and drinking water from the spout. During these pre-training sessions,
458  animals would receive a reward of 10 pl per trial for moving the choice wheel to a low threshold

459 in either direction. Pre-training lasted for 2-3 sessions.

460  After pre-training, mice were trained to respond to either feedback or no feedback cues. Each
461  trial commenced with the presentation of a gray screen (RGB: 0.3, 0.3, 0.3) on the monitor in
462 front of the animals; the gray screen was used to indicate trial start. The gray screen was kept
463  on for the duration of the trial. After the presentation of the gray screen, animals were expected
464 to not move the choice wheel for at least 1000 ms before the presentation of feedback or no
465 feedback cues. A trial was terminated upon registering a thresholded response to the left or
466  right side. Maximum trial duration was 30 s. Animals started training with a threshold of 20-

467 25 degrees and progressed to 45 degrees as accuracy increased.

468 Data analysis

469  All analyses were conducted using custom written software in MATLAB.

470  Detection of flips. Wheel movement data for each trial was normalized such that data in a given
471  trial had a value of 0 at cue onset and reached -1 or 1 when the threshold was reached on the
472  left/right side, respectively. Normalized wheel movement data from each trial was then input to

473  the MATLAB function findpeaks’ to detect local maxima, which reflect choice modifications. The
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474  parameter ‘MinPeakProminence’ which specifies the minimum value of the local maxima to be
475 reached before it is counted as a peak was set at 0.5, i.e. a movement excursion had to be
476  higher than 0.5 times the trial threshold to be counted as a choice modification/flip. After

477  detection of flips in one direction, data from the same trial was sign inverted and fed into

478  ‘findpeaks’ to detect flips in the opposite direction. Lastly, the local maxima count from the two

479  iterations were summed to arrive at the total flips in that trial.

480  No movement fraction. To determine the periods in a trial during which the wheel had been held
481  static, we took the first derivative of the wheel position and computed the instantaneous velocity
482  for the entire trial. Next, we quantified the periods where the velocity was zero, i.e. the periods
483  where the wheel was moved less than 0.02 degrees/s. We then divided the periods of zero

484  velocity by the total trial duration which gave us the fraction of trial time where the where there

485  was no wheel movement.

486  Statistical analyses

487  Data were analyzed using a Kruskal Wallis test followed by a post-hoc Dunn test or a Wilcoxson
488 rank-sum test. The following significance levels were used in the manuscript: *, p < 0.05, **,
489 p<0.01, ***, p<0.001.
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490 DATA AND CODE AVAILIBILITY

491  All data and code from this paper will be shared by the lead contact upon reasonable request.
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