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Abstract 28 

Context-dependent sensory processing underlies important aspects of flexible 29 

behavior. Here, we investigate how a briefly-presented auditory contextual Go 30 

or Nogo cue can be used after a delay period to gate the transformation of a 31 

whisker deflection into licking for reward. Spatiotemporally-specific optogenetic 32 

inactivation demonstrated the important contribution of whisker secondary 33 

motor cortex (wM2), but not other cortical regions examined, in all task epochs 34 

including auditory cue, delay and whisker stimulus. Electrophysiological 35 

recordings revealed prominent context representation in wM2 in the form of 36 

persistent activity with stable population dynamics. Notably, we found that 37 

context and whisker sensory processing were first integrated in wM2, whose 38 

activity predicted future lick initiation in both correct hit trials and false alarm 39 

error trials already within 30 ms after whisker deflection. We thus identify wM2 40 

as a key node for the contextual gating of the transformation of whisker 41 

sensation into motor commands for goal-directed licking. 42 

 43 

Introduction 44 

The appropriate action to take in response to a sensory stimulus often depends upon 45 

the context. Animals can learn such flexible decision-making policies through 46 

experience, but the neuronal mechanisms that support context-dependent 47 

transformation of sensory input into action remain poorly understood. Early studies in 48 

macaques found that the receptive field properties of individual neurons in the primary 49 

visual cortex changed according to the task demands1, for example the same visual 50 

stimulus evoked different action potential firing rates in some neurons depending on 51 

whether the monkey was performing a bisection or a vernier task2. Other studies have 52 

pointed to robust sensory coding in primary somatosensory cortex of macaques 53 

independent of task contexts, with correlates of perceptual decision-making gradually 54 

becoming more prominent along cortical hierarchies from secondary somatosensory 55 

cortex to premotor cortex3,4. Context-dependent sensory processing has also begun to 56 

be explored in mice, offering important opportunities for causal mechanistic 57 

investigations. For example, neurons in auditory cortex have been shown to change 58 

responses to pure tones depending upon whether mice were passively listening or 59 
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actively responding to the same auditory stimulus5. Similarly, neurons in the mouse 60 

primary visual cortex respond differently to the same stimulus whether the mouse is 61 

engaged in a visual detection task or not6. However, very few studies have investigated 62 

how explicit context varying on a trial-to-trial basis could gate the response to the same 63 

stimulus in head-restrained mice. Two recent studies have addressed this question 64 

using delay match (or non-match) to sample tasks showing changes in sensory 65 

processing in primary and secondary sensory areas as a function of trial category 66 

(match or non-match) in one study7, and the importance of anterolateral motor cortex 67 

for the maintenance of contextual (sample) information during the delay between the 68 

sample and test stimuli in another study8. 69 

Here, we designed a contextual task for head-restrained mice by providing an 70 

auditory contextual cue which determines the appropriate response to a tactile whisker 71 

stimulus. Mice have a highly-developed array of tactile whiskers which provides 72 

important information about the presence, location, shape and texture of objects in 73 

their immediate surroundings9. The neuronal circuits responsible for the early stages 74 

of whisker sensory processing have begun to be delineated10 and a variety of tasks for 75 

head-restrained mice have been developed to explore the mechanisms of whisker-76 

dependent sensory decision making11–16. In these tasks, the subjective sensory 77 

percept is typically reported by licking and experimental investigations to date have 78 

explored the neuronal circuit mechanisms transforming whisker sensory input into 79 

goal-directed licking finding contributions from many cortical as well as subcortical 80 

brain regions12,13,17–30. Recently, a block-design rule-switching task was developed in 81 

which mice learned to lick in response to either a visual or a whisker stimulus 82 

depending upon reward contingency31. Here, we build upon these prior studies and 83 

develop a task in which mice receive an auditory contextual cue in every trial which 84 

needs to be remembered until a whisker stimulus is delivered determining whether the 85 

mouse should lick for reward. Through optogenetic inactivation and 86 

electrophysiological measurements of neuronal activity in trained mice, we find 87 

prominent context encoding in frontal cortex, with a specific subregion, the whisker-88 

related secondary motor cortex (wM2), appearing to integrate context and whisker 89 

sensory signals to determine whether or not to lick. 90 

 91 

 92 
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Results 93 

A short-term memory context-dependent whisker detection task 94 

We designed a tactile detection task in which thirsty head-restrained mice learned to 95 

lick from a water reward spout when a whisker deflection was preceded by a Go-tone 96 

(Fig. 1a). Trials were initiated after a randomized intertrial interval of 10–11.5 s, only if 97 

mice had refrained from licking for at least 3.5–5 s. A pure tone (4 or 8 kHz, lasting 100 98 

ms) embedded in continuous white noise served as the contextual cue. For each 99 

mouse, one tone was randomly selected as the Go-tone and the other as the Nogo-100 

tone, and these remained fixed associations throughout training and task performance. 101 

After a delay period, the right C2 whisker was briefly (5 ms duration) deflected by a 102 

piezo actuator in some trials. During the delay period, the mouse was not allowed to 103 

lick the reward spout, which caused trial abortion. If the mouse licked the spout within 104 

a 1 s response window following a whisker stimulus that was preceded by a Go-tone, 105 

it received a drop of water (~5 µl) as reward. If the whisker deflection was preceded by 106 

a Nogo-tone or No-tone, then licking did not result in delivery of water reward. Equally, 107 

in trials without a whisker deflection, no reward was delivered (Fig. 1b). Mice learned 108 

to lick correctly in the reward-predicting trials including the Go-tone and whisker 109 

deflection (probability of licking correctly in the reporting window, P(lick) = 78 ± 2%, 110 

mean ± SEM, n = 35 sessions across N = 14 mice during electrophysiological 111 

recordings described later) and to withhold licking in the other unrewarded trial types: 112 

i) Go-tone without whisker deflection, P(lick) = 10 ± 1%; ii) Nogo-tone with whisker 113 

deflection, P(lick) = 13 ± 2%; iii) Nogo-tone without whisker deflection, P(lick) = 1 ± 114 

0.3%; and iv) No-tone with whisker deflection, P(lick) = 15 ± 2% (Fig. 1c). 115 

Orofacial movements were filmed from two angles with a high-speed camera 116 

and whisker, nose, jaw and tongue movements were quantified offline using 117 

DeepLabCut32. We found that the auditory contextual cue evoked whisking, which 118 

gradually decreased in amplitude over ~0.5 s during the delay period (Fig. 1d). In some 119 

trials with a Go-tone, but not other trial types, anticipatory whisking and jaw-opening 120 

developed prominently during the late delay period. Because movements correlate 121 

strongly with changes in neuronal activity25,33–35, throughout this study (except where 122 

specifically indicated) we chose to only analyze quiet trials, in which whisking and jaw 123 

movements were absent from the final 200 ms of the delay period (Fig. 1e). In quiet 124 
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Hit trials, following the whisker deflection in Go-tone trials, mice rapidly initiated a 125 

sequence of movements starting with whisker protraction after ~30 ms (time to 20% 126 

max = 58 ± 8 ms), followed by jaw opening (115 ± 17 ms) and then protrusion of the 127 

tongue (231 ± 29 ms) (Fig. 1f) resulting in tongue-spout contact triggering water reward 128 

delivery with latency 330 ± 20 ms (n = 35 sessions during electrophysiological 129 

recordings) (Extended Data Fig. 1). 130 

Mice can therefore learn a context-dependent short-term memory whisker 131 

detection task, with the 200 ms before whisker stimulation providing a period during 132 

which internal cognitive context signals associated with the auditory cues can be 133 

analyzed in the absence of orofacial movements. Equally, the 30 ms after whisker 134 

stimulation provides a period during which context-dependent processing of whisker 135 

sensory information takes place before any overt decision-related movements. 136 

 137 

Spatiotemporally-specific optogenetic inactivation 138 

To investigate the contributions of activity in different cortical regions to distinct task 139 

epochs, we applied blue light to transgenic mice expressing channelrhodopsin-2 140 

(ChR2) in inhibitory neurons (VGAT-ChR2 mice36) allowing local suppression of activity 141 

in excitatory neocortical neurons with temporal specificity25,37. We focused on 142 

examining the effect of inactivating six different neocortical areas in the left 143 

hemisphere: i) the primary auditory cortex (A1); ii) the C2 whisker-related primary 144 

somatosensory barrel cortex (wS1); iii) the C2 whisker-related secondary 145 

somatosensory cortex (wS2); iv) the whisker-related secondary motor cortex (wM2); v) 146 

the anterolateral motor cortex (ALM); and vi) the forepaw-related primary 147 

somatosensory cortex (fpS1) (Fig. 2a). In each session, we chose one cortical region 148 

to inactivate in a randomly-selected one-third of each of the five different trial types 149 

during three different epochs: i) Auditory – from 50 ms before to 400 ms after the onset 150 

of the auditory cue; ii) Delay – from 400 ms after the start of the auditory cue to 50 ms 151 

before the end of the delay period; and iii) Whisker – from 50 ms before to 300 ms after 152 

the onset of the whisker deflection (Fig. 2a). Inactivation reduced the probability of 153 

licking in the reporting window of Go-tone Whisker trials with a spatiotemporally-154 

specific pattern (Fig. 2b-d and Extended data Fig. 2), whereas inactivation had little 155 

impact upon other trial types (Extended Data Fig. 3).  156 



 

 
 

6 

For Go-tone Whisker trials, the largest impact of inactivation during the Auditory 157 

epoch was found for A1 (39 ± 4% reduction in lick probability, p = 0.003, n = 19 158 

sessions across N = 9 mice), but significant reductions were also found for inactivation 159 

of wM2 (33 ± 6% reduction in lick probability, p = 0.003, n = 14 sessions across N = 9 160 

mice), wS2 (26 ± 4% reduction in lick probability, p = 0.003, n = 20 sessions across N 161 

= 10 mice) and wS1 (19 ± 5% reduction in lick probability, p = 0.02, n = 20 sessions 162 

across N = 10 mice). Importantly, inactivation of either ALM or fpS1 during the Auditory 163 

window did not cause any significant decrease in licking during the reporting period. 164 

Inactivation during the Delay epoch of Go-tone Whisker trials caused a 165 

significant and large reduction in lick probability during the reporting window for wM2 166 

(45 ± 7% reduction in lick probability, p = 0.003, n = 14 sessions across N = 9 mice) 167 

and ALM (32 ± 5% reduction in lick probability, p = 0.02, n = 9 sessions across N = 8 168 

mice). Inactivation of wS1 also appeared to significantly, albeit more modestly, reduce 169 

licking (16 ± 3% reduction in lick probability, p = 0.003, n = 20 sessions across N = 10 170 

mice). On the other hand, inactivation of A1, wS2 or fpS1 during the Delay epoch did 171 

not significantly change lick probability in the reporting window. 172 

Finally, all tested cortical regions, except fpS1, showed a significant reduction 173 

in licking probability when inactivation occurred during the Whisker stimulus epoch. 174 

The largest effects were found for inactivation of ALM (52 ± 4% reduction in lick 175 

probability, p = 0.02, n = 9 sessions across N = 8 mice) and wM2 (48 ± 4% reduction 176 

in lick probability, p = 0.003, n = 14 sessions across N = 9 mice), followed by wS1 (38 177 

± 3% reduction in lick probability, p = 0.003, n = 20 sessions across N = 10 mice), wS2 178 

(35 ± 4% reduction in lick probability, p = 0.003, n = 20 sessions across N = 10 mice), 179 

and A1 (13 ±3% reduction in lick probability, p = 0.03, n = 19 sessions across N = 9 180 

mice). 181 

Altogether, these inactivation experiments suggest the dynamic causal 182 

involvement of distinct cortical regions during different task epochs: i) A1 and wM2 183 

contribute most importantly during the Auditory epoch; ii) wM2 and ALM contribute 184 

most importantly during the Delay epoch; and iii) ALM, wM2, wS1 and wS2 contribute 185 

importantly during the Whisker epoch. Apparently, neuronal activity in wM2 is key for 186 

correct execution of this context-dependent whisker detection task, being highly 187 

involved in all three task epochs. 188 
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 189 

Spatiotemporal dynamics of neocortical activity 190 

Given their apparent causal roles in task performance, we decided to target 191 

Neuropixels38 silicon probes to A1, wS1, wS2, wM2 and ALM for multisite high-density 192 

electrophysiological recordings of neocortical neuronal activity (Fig. 3a). After spike 193 

sorting using Kilosort 2.039, quality control via Bombcell40, and anatomical localization 194 

of the fluorescently-labelled electrode tracks imaged ex vivo registered to a standard 195 

digital mouse brain atlas41, each identified unit was assigned a specific x,y,z-coordinate 196 

in the Allen CCF (Extended Data Figs. 4 and 5). Altogether, across 35 sessions in 14 197 

mice, we recorded 10,294 well-isolated units located in: i) A1 - 780 units across 14 198 

sessions in 6 mice; ii) wS1 – 1,938 units across 24 sessions in 12 mice; iii) wS2 – 2,064 199 

units across 24 sessions in 11 mice; iv) wM2 – 2,749 units across 18 sessions in 8 200 

mice; and v) ALM – 2,763 units across 16 sessions in 6 mice. 201 

 We first studied the overall spatiotemporal dynamics of neuronal activity 202 

averaged separately across the five different correctly executed trial types, selecting 203 

only quiet trials, as described in Fig. 1e, in which the mouse did not move its whisker 204 

or jaw in 200 ms preceding whisker deflection. Visualized as the color-coded mean 205 

neocortical neuronal firing rate across each individual Neuropixels probe, different task 206 

epochs of correctly-executed Go-tone Whisker trials (i.e. Hit trials) were associated 207 

with different spatial patterns of neuronal activity (Fig. 3a). Averaged across the first 208 

30 ms after the onset of the tone, the auditory cue evoked a fast excitation of neurons 209 

primarily in A1. Averaged across the last 200 ms of the delay period, elevated neuronal 210 

activity appeared most prominent in frontal areas wM2 and ALM. In the 30 ms following 211 

whisker deflection, sensory-evoked activity was primarily localized to wS1 and wS2. 212 

The period 300-500 ms after whisker stimulation was used to assess licking-related 213 

neuronal activity, which was most prominent in frontal regions. In further analyses, we 214 

characterized the firing dynamics averaged across units in each cortical region 215 

contrasting the five trial types (Fig. 3b). At the level of these grand averaged 216 

peristimulus time histograms (PSTHs), there were two obvious differences comparing 217 

Go-tone and Nogo-tone trials: i) there was a prominent elevation in firing rate in wM2 218 

and ALM during the delay period of Go-tone trials compared to Nogo-tone trials; and 219 

ii) after the whisker stimulus there was a clear increase of activity in correct Go-tone 220 

Whisker trials compared to all other trial types in wS1, wS2, wM2 and ALM, presumably 221 
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correlating with licking motor output, reward expectation and reward acquisition. We 222 

used ROC analysis to quantify the fraction of modulated units contrasting the firing of 223 

correct Go-tone Whisker trials in each cortical region during the four trial epochs 224 

Auditory, Delay, Whisker and Licking to baseline activity (Fig. 3c). 225 

 We next differentiated neuronal activity according to neuronal subtypes – fast-226 

spiking (FS) units and regular-spiking (RS) units based on action potential duration – 227 

or cortical depth. On the whole, although FS neurons fired at much higher rates on 228 

average, the overall dynamics of FS and RS neurons were relatively similar compared 229 

within each cortical region for each trial type (Extended Data Fig. 6). More obvious 230 

differences appeared when comparing superficial and deep neocortical neurons (Fig. 231 

3d). The prominent delay period activity on Go-tone trials in wM2 appeared to be 232 

absent from superficial layers of wM2 and almost exclusively represented in deeper 233 

neurons. However, delay period activity in ALM was equally prominent in superficial 234 

and deep neurons. 235 

 These analyses reveal highly dynamic patterns of neuronal activity distributed 236 

across different cortical regions. However, it is also clear from visual inspection that 237 

different neurons within each region often fired with distinct temporal dynamics 238 

(Extended Data Fig. 4). We therefore clustered all the recorded neurons based on their 239 

average activity across the five correctly-executed trial types, finding altogether 29 240 

clusters (Fig. 4a and Extended Data Fig. 7)25. For each cluster, we computed: i) the 241 

fraction of neurons in the different recorded cortical regions; ii) the distribution of RS, 242 

FS and unclassified units; iii) the layer distribution of the neurons; and iv) the delay 243 

period selectivity, computed from ROC analysis of the final 200 ms of the delay period 244 

contrasting correct Go-tone and Nogo-tone trials (Fig. 4a). Some clusters appeared to 245 

largely represent sensory responses (Fig. 4b), for example Cluster #1 had a large and 246 

fast response to the auditory cue and mostly consisted of neurons in A1, whereas 247 

Cluster #29 responded strongly and rapidly to whisker deflection and mostly consisted 248 

of neurons in wS1 and wS2. A few clusters showed strong context-dependent firing 249 

selectivity comparing Go-tone and Nogo-tone trials, most notably Clusters #11 and 250 

#25, which showed prominent delay period firing only in Go-tone trials and mainly 251 

consisted of neurons in wM2 and ALM (Fig. 4b). Interestingly, another cluster, Cluster 252 

#4, showed a prominent decrease in firing rate during the delay period selectively for 253 
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Go-tone trials and neurons in this cluster were widely distributed across the five 254 

recorded cortical areas (Fig. 4b). 255 

 The neuronal activity associated with correct task execution therefore appears 256 

to be supported by highly-diverse firing dynamics across different trial types, different 257 

cortical regions, and different cortical layers. Altogether, neuronal activity in the quiet, 258 

late delay period comparing Go-tone vs Nogo-tone trials appears to be most obviously 259 

different for deep-layer neurons in wM2 (Fig. 3d), which also form a large fraction of 260 

the neurons of Cluster #11 (Fig. 4a,b). 261 

 262 

Decoding context from neuronal activity during the delay period 263 

We next quantified context-dependent neuronal firing in single neurons across different 264 

cortical regions. We contrasted correct Go-tone vs Nogo-tone trials with whisker stimuli 265 

forming the key Hit vs Correct Rejection trial types. Subtracting the firing rates showed 266 

prominent elevated firing in wM2 and ALM in Go-tone trials during the delay period 267 

(Fig. 5a). ROC analysis revealed neurons with significantly increased and decreased 268 

firing during the last 200 ms of the delay period comparing Go vs Nogo trials across 269 

cortical regions (Extended Data Fig. 8). Overall, we found the highest proportion of 270 

significantly modulated neurons in wM2 (20% of neurons increased firing on average 271 

by 8 Hz and 14% decreased firing by 3 Hz) and ALM (17% increased firing by 7 Hz 272 

and 17% decreased firing by 3 Hz). Thus, wM2 contained the largest proportion of Go-273 

tone excited neurons during the delay period. 274 

 The activity patterns of simultaneously recorded neurons can contain additional 275 

information beyond what can be learned from analyzing single neurons. We therefore 276 

applied decoding analyses of neuronal network activity using support vector machines 277 

trained to classify correct Go vs Nogo trials with whisker stimuli (Fig. 5b). To enable a 278 

fair comparison across recordings, only sessions in which 50 or more neurons were 279 

simultaneously recorded from a given cortical region were included in the analysis and 280 

data were subsampled to 50 neurons per cortical area. A new decoder was trained on 281 

80% of the trials for each 10 ms bin to enable optimal classification at each time point, 282 

with five-fold cross validation. Decoding in the baseline period was at chance level 283 

(50%) for all cortical regions, as expected. Immediately, upon presentation of the 284 

auditory contextual cue, the decoding of Go vs Nogo trials was highest in A1, but 285 
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context could also be decoded from all other recorded cortical regions. The ability to 286 

decode context during the delay period rapidly decreased in A1, wS1 and wS2, but 287 

increased for wM2 and ALM. Focusing on the last 200 ms of the delay period, during 288 

which orofacial movements are absent, the auditory context could be decoded from 289 

the firing of 50 neurons in each area with accuracy varying across cortical regions: i) 290 

A1, 52 ± 1%, p = 0.008, n = 8  sessions across N = 6 mice; ii) wS1, 52 ± 1%, p = 291 

0.0003, n = 17 sessions across N = 9 mice; iii) wS2, 52 ± 0.4%, p = 0.0003, n = 19 292 

sessions across N = 9 mice; iv) wM2, 64 ± 1%, p =  0.0002, n = 18 sessions across N 293 

= 8 mice; and v) ALM, 61 ± 1%, p = 0.0004, n = 16 sessions across N = 6 mice. 294 

Decreasing the number of neurons per cortical region through further subsampling 295 

reduced decoding accuracy but maintained the overall conclusion that wM2 and ALM 296 

more strongly encode context compared to A1, wS1 and wS2. 297 

 To understand more about the underlying neuronal activity contributing to 298 

context decoding, we examined the impact of removing individual clusters (Fig. 5c). 299 

For most of the 29 clusters described above, there was no impact upon their removal 300 

for decoding accuracy evaluated during the late delay period. However, removal of 301 

Cluster #11 and Cluster #25 significantly decreased decoding accuracy for wM2 and 302 

ALM. Removal of Cluster #11 reduced decoding accuracy by 4.4 ± 0.4% (p = 0.0001) 303 

for wM2 and by 4.9 ± 0.5% (p = 0.0001) for ALM, with no significant effect upon A1, 304 

wS1 and wS2. Removal of Cluster #25 reduced decoding accuracy by 1.3 ± 0.5% (p = 305 

0.013) for wM2 and by 2.2 ± 0.4% (p = 0.0002) for ALM, with no significant effect upon 306 

A1, wS1 and wS2.  307 

 In general, all analyses in this study were carried out on selected quiet trials in 308 

which orofacial movements were absent from the last 200 ms of the delay period. This 309 

precludes the involvement of orofacial motor or sensory reafference signals from 310 

contributing to our decoding analyses, but rejects around half of the recorded trials. 311 

Another useful approach, is to separate neuronal network activity into different 312 

subspaces associated either with ongoing movements (‘movement potent’ space) or 313 

the absence of movements (‘movement null’ space)42,43 and then specifically examine 314 

information available in each subspace. Following a recently developed analytical 315 

procedure44, we projected neuronal activity from each cortical region into a ‘null’ space 316 

not explored during movements (Extended Data Fig. 9), and carried out context 317 

decoding as before using a support vector machine (Fig. 5d). During the late delay 318 
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period, in the 200 ms before whisker stimulus and using only ‘null’ space neuronal 319 

activity, we were again able to decode the context with varying success across cortical 320 

regions: i) A1, 52 ± 1%, p = 0.03; ii) wS1, 52 ± 0.5%, p = 0.0004; iii) wS2, 53 ± 0.6%, 321 

p = 0.001; iv) wM2, 74 ± 2%, p = 0.0002; and v) ALM, 71 ± 3%, p = 0.0004. 322 

 In conclusion, context appears to be encoded strongly in frontal cortical regions 323 

wM2 and ALM even in the absence of ongoing movements as suggested by two 324 

independent analyses, either removing trials with movements (Fig. 5b) or by selectively 325 

examining neuronal activity in a ‘movement null’ space (Fig. 5d), with different 326 

contributions of RS and FS neurons (Extended Data Fig. 10). 327 

 328 

Context-dependent neuronal dynamics during the delay period 329 

We next investigated the temporal evolution of neuronal activity during the delay 330 

period. We first considered the neuronal dynamics through dimensionality reduction 331 

via principal component analysis (PCA) computed across correct Go and Nogo trial 332 

types and then projected the activity of other trials into the same PC space (Fig. 6a). 333 

Neuronal activity in each cortical area exhibited a rapid response after tone onset in 334 

PC1 (explained variance: A1, 12%; wS1, 11%; wS2, 12%; wM2, 17%; and ALM 15%) 335 

and PC2 (explained variance: A1, 6%; wS1, 7%; wS2, 7%; wM2, 9%; and ALM 8%). 336 

Activity in A1, wS1 and wS2 followed an apparently cyclic trajectory, returning near to 337 

the start point by the end of the delay period. However, in correct Go-tone trials, 338 

neuronal activity in wM2 and ALM settled rapidly (within ~200 ms) into an apparent 339 

fixed point far from the origin, as visualized in the first two PC dimensions. As expected 340 

the same apparent neuronal state was reached during the delay period in correct Go-341 

tone trials with and without whisker stimulus. Correct Rejection trials in which a Nogo-342 

tone was presented resulted in a rapid return to baseline activity in PC1 and PC2 343 

dimensions. Interestingly, in error trials where the mouse did not lick in response to the 344 

whisker stimulus preceded by a Go-tone (i.e. Miss trials), the neural activity in wM2 345 

and ALM failed to reach the apparent attractor state of correct Go-tone trials. 346 

 In a separate analysis, we computed a context coding direction by subtracting 347 

the time-averaged neuronal state vector of the last 200 ms of the delay period in correct 348 

Go-tone trials from correct Nogo-tone trials (Fig. 6b). For each session and each 349 

cortical area, we projected the neuronal activity in the context coding direction for 350 
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different trial types and quantified across the last 200 ms of the delay period. Activity 351 

in the context coding dimension was high in wM2 and ALM throughout the delay period 352 

but strongly reduced in Miss trials. 353 

 Finally, we directly examined the temporal dynamics by correlating 10 ms time-354 

slices of the neuronal network state vector of simultaneously recorded neurons within 355 

each cortical area (Fig. 6c and Extended Data Fig. 11). To compute these temporal 356 

correlations, we first computed the temporal correlation for each single trial, then 357 

averaged across trials of the same type for each session, and then averaged across 358 

different recording sessions after subtracting the baseline correlation. Presentation of 359 

the auditory cue evoked a brief increase in correlated neuronal activity in A1, wS1 and 360 

wS2. However, in wM2 and ALM, the Go-tone induced long-lasting increase in 361 

correlated neuronal activity during the delay period in both Hit and Go-tone No-Whisker 362 

Correct Rejection trials. In contrast, presentation of the Nogo-tone failed to induce 363 

network states with high temporal correlation. Importantly, the high-correlated network 364 

state during the delay period was also absent in Miss trials, where the mice failed to 365 

lick in response to the whisker stimulus preceded by a Go-tone. 366 

 In summary, the Go context appears to be encoded by a stable neuronal 367 

network state with persistent activity in frontal cortical areas wM2 and ALM. No 368 

equivalent dynamics appear to be associated with the Nogo context. That the Go-tone 369 

induced attractor state in wM2 and ALM is absent in Miss trials suggests that this 370 

network state is necessary for correctly responding to the whisker stimulus after the 371 

Go-tone. 372 

 373 

Context-dependent processing of the whisker stimulus 374 

Apparently, the Go-tone sets the neuronal network in a stable attractor state from which 375 

neuronal dynamics can evolve to initiate licking in response to whisker deflection. We 376 

therefore next began to evaluate the interaction of context and whisker stimulus 377 

evoked activity. We first considered the change in single neuron firing rates in 5 ms 378 

time bins evoked by the whisker stimulus relative to a baseline computed across the 379 

50 ms immediately before the whisker deflection (Fig. 7a&b and Extended Data Figs. 380 

12 and 13). Comparing correct trials in which the whisker stimulus was preceded by a 381 

Go-tone or a Nogo-tone, we found significant changes in evoked activity, with an early 382 
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transient reduction in the whisker response in wS1 and wS2 for Go-tone trials, followed 383 

by an overall increased activity in most cortical regions at later times, presumably 384 

accompanied by various orofacial movements which begin after 30 ms (see Fig. 1f). 385 

However, no significant context differences were found in analyses of a whisker 386 

sensory response coding direction based on the 30 ms of activity evoked by whisker 387 

stimuli without a preceding tone cue and without subsequent licking (Fig. 7c). Applying 388 

a support vector machine decoding strategy (as before, but now for 5 ms time bins with 389 

baseline subtraction) for classifying correct Go vs Nogo trials, we found that significant 390 

context-dependent sensory processing first transiently appeared in wS2 at 15 ms, and 391 

then in wM2 at 20 ms after whisker stimulus (and all later time bins) and next in ALM 392 

at 25 ms after whisker stimulus (and all later times) (Fig. 7d). 393 

We next asked whether upcoming licking behavior occurring several hundred 394 

milliseconds after whisker stimulation, could be predicted from early neuronal activity. 395 

To isolate this decision-related signal from movement related activity, we analyzed the 396 

first 30 ms after whisker deflection. Neural activity during this window was projected 397 

onto two orthogonal axes: the context coding direction and the whisker coding direction 398 

(Fig. 8a). We compared trials that resulted in licking (correct Hits and False Alarms) 399 

with trials that did not result in licking (Correct Rejections and Misses). In A1, wS1, and 400 

wS2, lick and no-lick trajectories overlapped throughout the first 30 ms. In ALM, Hit 401 

trial type separation was evident, but lick-specific activity was not yet distinct. Only 402 

wM2 showed a clear divergence of trajectories into two distinct states corresponding 403 

to lick vs no-lick outcomes. This separation was primarily along the context coding 404 

direction. Single-session analyses confirmed that wM2 activity at 30 ms significantly 405 

distinguished lick from no-lick trials both in correct Go-tone and error Nogo-tone 406 

conditions (Fig. 8b). ALM showed a weaker effect, and no significant differences were 407 

observed in A1, wS1, or wS2. These analyses therefore point to wM2 integrating 408 

whisker sensory information in a context-dependent manner and making the first steps 409 

in the decision to lick already at 30 ms after whisker stimulus delivery. 410 

 411 

Discussion 412 

We developed a novel context-dependent tactile detection task for head-restrained 413 

mice in which identical deflections of the C2 whisker were differentially processed to 414 
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initiate goal-directed licking in the reward-predicting Go-tone context but to withhold 415 

licking in a Nogo-tone or a No-tone context. We established distinct causal 416 

contributions of neuronal activity in different cortical regions through spatiotemporally-417 

specific optogenetic inactivation, and we measured neuronal activity through high-418 

density extracellular electrophysiological recordings using Neuropixels probes finding 419 

diverse patterns of neuronal activity distributed across cortical areas.  420 

The auditory context was a brief pure tone presented 1 s before the whisker 421 

deflection. In the late delay period just preceding whisker deflection and in the absence 422 

of orofacial movements, context was prominently represented in wM2 and ALM 423 

through persistent neuronal firing, especially in the deep cortical layers of wM2 (Figs. 424 

3-6). This finding is generally in good agreement with several studies showing 425 

persistent activity in frontal cortical areas involved in different forms of short-term 426 

memory, when mice need either to postpone their response25,45 or to maintain 427 

information about a preceding sensory stimulus in a delayed match to sample task8. 428 

Interestingly, contextual information seems also to be represented in frontal areas in a 429 

block-designed rule-switching task in which the context is not explicitly indicated to the 430 

mice31. The contextual activity we observed during the delay period in wM2 and ALM 431 

was causally involved in correct task performance because optogenetic inactivation of 432 

these areas caused a profound reduction in the licking probability during the reporting 433 

period in Go-tone Whisker trials (Fig. 2). Whereas optogenetic inactivation of A1 and 434 

wM2 during the presentation of the Go-tone effectively disrupted task execution, 435 

inactivation of ALM did not (Fig. 2). Therefore, activity in wM2 appears to be the primary 436 

initiator of delay period context encoding and only subsequently recruits ALM, similar 437 

to the sequence of events underlying motor planning in a whisker-dependent object 438 

localization task45. 439 

In our task, the Go-tone therefore sets the neuronal dynamics in a state from 440 

which whisker deflection is more likely to initiate a licking motor command. Optogenetic 441 

inactivation during the whisker stimulation revealed the causal contributions of multiple 442 

cortical regions including wS1, wS2, wM2 and ALM, which presumably interact to 443 

generate a licking motor command (Fig. 2). The earliest difference in whisker sensory 444 

processing was a reduction in evoked activity in wS1 and wS2 at ~15 ms after whisker 445 

deflection (Fig. 7). Top-down input from wM2, which is known to innervate wS1 and 446 

wS2, could influence the whisker response in these early sensory cortical regions, and 447 
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in future experiments it will be of interest to directly examine this hypothesis (Fig. 8c). 448 

The key context-dependent integration of whisker sensation however appears first in 449 

wM2 and subsequently spreads to ALM (Fig. 7d). Neurons in whisker sensory cortex 450 

project to whisker motor cortex46–49, and we hypothesize that direct monosynaptic input 451 

from sensory cortex is integrated in postsynaptic neurons in wM2 in a context-452 

dependent manner depending upon the delay period activity. Indeed, within 30 ms of 453 

whisker deflection, activity in wM2 predicts licking in response to whisker deflection for 454 

both correct Hit and error False Alarm trials (Fig. 8a,b). Neurons in wM2 therefore serve 455 

to gate the processing of the whisker stimulus in a context-dependent manner (Fig. 456 

8c). In future studies, it will be important to further define the essential subtypes of 457 

neurons in wM2 and which synaptic interactions drive the context-dependent gating of 458 

sensory processing in wM2. It is important to note, that many other brain regions 459 

including thalamus, basal ganglia, hypothalamus, hippocampus, midbrain and 460 

brainstem are also likely to contribute. 461 

  462 
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Methods 613 

 614 

Animals 615 

All procedures were approved by the Swiss Federal Veterinary Office (License number 616 

VD-3769) and were conducted in accordance with the Swiss guidelines for the use of 617 

research animals. Optogenetic inactivation experiments were conducted in VGAT-618 

ChR2 mice [B6.Cg-Tg(Slc32a1-COP4*H134R/EYFP)8Gfng/J, JAX: 014548]36. Some 619 

of these mice were later used for high-density extracellular recordings. In addition, 620 

C57BL/6 wild type mice were used only for high-density extracellular recordings. Mice 621 

(male and female) were at least 6 weeks old at the time of head-post implantation (see 622 

below) and were kept in a reverse light/dark cycle (light from 7 pm to 7 am), in ventilated 623 

cages at a temperature of 22 ± 2°C with food available ad libitum. During behavioral 624 

training, water was restricted to 1 mL a day. All mice were weighed and inspected daily 625 

during behavioral training. 626 

 627 

Surgical procedures 628 

Mice were anesthetized with a mixture of ketamine (125 mg/kg) and xylazine (10 629 

mg/kg), administered intraperitoneally. To ensure perioperative analgesia, carprofen 630 

(100 µL at 0.5 mg/mL, i.p.) was administered before any incision, and postoperative 631 

pain was managed by supplementing ibuprofen (200 mg/L, Algifor Dolo Junior, Verfora 632 

SA, Switzerland) in the drinking water for three consecutive days. Throughout the 633 

surgery, body temperature was maintained at 37°C using a closed-loop heating system 634 

(ThermoStar, RWD Life Science). Eyes were protected from drying using an 635 

ophthalmic ointment (Vita-Pos, Pharma Medica AG, Switzerland). The scalp was 636 

disinfected with povidone-iodine (Betadine, Mundipharma), and local anesthesia was 637 

provided by subcutaneous injection of a mixture of lidocaine (10 mg/kg) and 638 

bupivacaine (2.5 mg/kg) in a total volume of 20 µL. A portion of the scalp was removed 639 

to expose the skull, which was then cleaned and scraped gently to remove periosteal 640 

tissue. A thin layer of super glue (Loctite 401, Henkel) was applied across the cleaned 641 

skull surface, and a custom-fabricated lightweight head-post was affixed to the right 642 

hemisphere. The implant was further secured using self-curing dental acrylic (Paladur, 643 

Kulzer, Germany or Ortho-Jet, Lang, USA). A chamber was constructed over the left 644 
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hemisphere providing optical access to the dorsal cortex through the transparent skull. 645 

Mice were carefully monitored throughout the recovery period, and their health status 646 

– including posture, body condition, mobility, and weight – was evaluated daily to 647 

ensure compliance with ethical guidelines. 648 

After full recovery, intrinsic optical signal imaging was performed through the 649 

transparent skull under light isoflurane anesthesia (1.0–1.5% in O₂) to functionally 650 

localized the primary and secondary whisker somatosensory areas (wS1 and wS2) 651 

and the primary auditory cortex (A1). Frontal motor regions were localized using 652 

stereotaxic coordinates relative to bregma: the anteriolateral motor cortex (ALM): AP 653 

+2.5 mm, ML +1.5 mm) and secondary whisker motor cortex (wM2): AP +2.0 mm, ML 654 

+1.0 mm. 655 

The day before the first recording session, 2–5 small craniotomies (<0.5 mm in 656 

diameter) were performed over the targeted cortical regions under isoflurane 657 

anesthesia (2–3% in O₂) to allow for the insertion of the Neuropixels probes. The 658 

craniotomies were placed unilaterally over the left hemisphere, and protected 659 

postoperatively with a silicone elastomer (Kwik-Cast, World Precision Instruments, 660 

USA) to maintain tissue integrity overnight.  661 

 662 

Mouse behavior 663 

Head-fixed, water-restricted mice were trained to perform a context-dependent whisker 664 

detection task requiring short-term memory. Each trial began after a variable intertrial 665 

interval (10–11.5 s), which included a 3.5–5 s "No-lick" window to prevent premature 666 

responses. Trial start was delayed if licks occurred during this window. At trial onset, a 667 

100 ms auditory cue (4 or 8 kHz pure tone) was presented, randomly assigned as 668 

either a “Go-tone” or a “Nogo-tone” across animals. After a fixed 1 s delay period, a 669 

brief whisker stimulus was delivered to the right C2 whisker, which was inserted into a 670 

glass capillary mounted on a piezoelectric actuator driven by a 10 ms cosine pulse (5 671 

ms full width at half max). Mice were rewarded (5 µL water) only if they licked within a 672 

1 s response window following the whisker stimulus that was preceded by the Go-tone. 673 

Licks during the delay period triggered trial abortion (“early licks”), and licks during the 674 

response window in other trial types (Nogo-tone, No-tone or No-Whisker) were 675 

classified as “False Alarms” and were not rewarded. To ensure mice used contextual 676 
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cues and not just the whisker stimulus, five randomly interleaved trial types were used: 677 

i) Go-tone + Whisker; ii) Go-tone + No-Whisker; iii) Nogo-tone + Whisker; iv) Nogo-678 

tone + No-Whisker; and v) No-tone + Whisker. The behavioral training protocol was 679 

structured in four progressive stages: Stage 1 – Pre-training (Habituation): Mice were 680 

head-fixed and learned to associate licking the water spout with reward availability. 681 

Stage 2 – Whisker Detection: Mice were trained to lick only in response to the whisker 682 

stimulus. Stage 3 – Contextual Differentiation: Mice learned to discriminate between 683 

Go-tone and Nogo-tone trials and to delay their lick until after the whisker stimulus. 684 

This stage lasted 2–4 weeks and represented the most demanding phase. Stage 4 – 685 

Full Task: The fifth trial type (No-tone + Whisker) was introduced to assess reliance on 686 

contextual cues for correct behavioral response. 687 

 688 

Optogenetic manipulations 689 

To causally assess the role of specific cortical regions during distinct task epochs, 690 

optogenetic silencing was performed in VGAT-ChR2 mice, which express 691 

channelrhodopsin-2 (ChR2) in GABAergic interneurons. Blue light activation of these 692 

neurons effectively suppressed local cortical activity by increasing inhibitory drive37. 693 

Light was delivered using a 200 µm diameter optical fiber (0.22 NA, Thorlabs) 694 

positioned directly over the thinned skull region corresponding to the target area. A 695 

high-power 470 nm laser (MBL-F-473/200mW, GMP SA, Switzerland) was used to 696 

provide pulsed stimulation at 100 Hz with a 50% duty cycle and a mean power of 12–697 

15 mW. In each session, a single cortical region was targeted, with trial types randomly 698 

interleaved such that 30% of trials included light stimulation and 70% served as 699 

controls. Optogenetic inactivation was performed during one of three defined temporal 700 

epochs relative to the task: i) Auditory window: from 50 ms before auditory cue onset 701 

to 400 ms after auditory cue onset; ii) Delay window: from 400 ms after the cue to 50 702 

ms before whisker stimulus onset; or iii) Whisker window: from 50 ms before to 300 ms 703 

after whisker stimulus. To avoid rebound excitation, each light pulse train ended with 704 

a 100 ms linear ramp-down (included within the time windows of inactivation described 705 

above). An ambient blue masking light was present throughout the behavioral sessions 706 

to prevent visual detection of inactivation trials. Targeted cortical areas included 707 

functionally mapped sensory regions – A1, wS1 and wS2 – as well as motor and frontal 708 

areas, wM2 and ALM, identified by stereotaxic coordinates. In addition, we also 709 
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targeted the primary forepaw somatosensory cortex (fpS1), located ~1 mm anterior to 710 

wS1, as a control region. Inactivation trials were only conducted after mice achieved 711 

expert-level task performance, defined as a Hit rate above 80% and a False Alarm rate 712 

lower than 20%. Each session focused on a single cortical region, and the timing of 713 

light delivery (Auditory, Delay, or Whisker window) was randomized across trials. 714 

 715 

Electrophysiological recordings 716 

To examine cortical dynamics with high temporal and spatial resolution, high-density 717 

extracellular recordings were performed using Neuropixels Phase 3A probes38. Before 718 

insertion, the probes were coated with the lipophilic dye DiI (1,1’-dioctadecyl-3,3,3’,3’-719 

tetramethylindocarbocyanine perchlorate, Invitrogen USA) for post hoc histological 720 

localization. Each recording session involved the insertion of 2 to 5 Neuropixels probes 721 

using a custom recording setup with motorized micromanipulators (Luigs & Neumann 722 

GmbH, Germany). Probes were inserted slowly to minimize tissue damage, targeting 723 

a depth of ~1,500 µm relative to the pia. Insertion angles were adjusted according to 724 

each cortical area: vertical for frontal areas such as wM2 and ALM, ~30° from vertical 725 

for wS1, ~45° for wS2, and ~50° for A1. 726 

Reference grounding was achieved using a silver wire connected to a Ag/AgCl 727 

electrode placed in the recording chamber filled with Ringer's solution, serving as a 728 

stable and low-noise ground. Recordings were conducted in external reference mode 729 

using SpikeGLX software, with a local field potential (LFP) channel gain of 250 and 730 

action potential (AP) channel gain of 500. Following probe insertion, mice remained 731 

head-fixed for approximately 30 minutes to allow brain tissue and probes to stabilize 732 

before initiating the behavioral task and neural recordings. The recording environment 733 

was light-isolated and sound-shielded, with continuous ambient white noise played to 734 

minimize external disturbances. Across 34 sessions in 14 mice, recordings were 735 

performed from up to five brain regions simultaneously per session. This included 12 736 

sessions with recordings from 5 regions, 3 sessions from 4 regions, 1 session from 3 737 

regions, 16 sessions from 2 regions, and 2 sessions from a single region. 738 

 739 

 740 

 741 
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Electrophysiology data analysis 742 

Extracellular recordings were acquired from 130 Neuropixels channels sampled at 30 743 

kHz for the AP band and 2 kHz for the LFP band. Signals were synchronized using 744 

TTL pulses via an NI PXIe-1071 chassis, ensuring precise alignment between neural 745 

activity, behavioral events and video filming. 746 

Spike detection and clustering were performed using Kilosort2.039, following 747 

common median referencing across channels. Putative spikes were detected based 748 

on amplitude thresholds and automatically sorted into units by template matching and 749 

clustering. Output from Kilosort2 was subsequently curated using Bombcell 750 

(https://github.com/Julie-Fabre/bombcell), an automated spike sorting quality control 751 

tool that categorizes units based on waveform, firing rate, ISI violations, and noise 752 

contamination. Only units classified as single somatic neurons were included in further 753 

analysis. Final inclusion was limited to well-isolated units based on a combination of 754 

automated and manual quality metrics. 755 

Neurons were categorized into regular spiking units (RSUs), fast spiking units 756 

(FSUs), or undefined units based on the spike waveform duration (peak-to-trough 757 

time). RSUs were defined as units with waveform duration > 0.46 ms, FSUs < 0.36 ms, 758 

and neurons with intermediate values were classified as undefined. In most analyses, 759 

all neuron types (RSUs, FSUs, and undefined) were included, unless specifically 760 

mentioned. 761 

To facilitate multimodal data integration and long-term reuse, all raw voltage 762 

signals, spike data, behavioral events, and DeepLabCut output were converted into 763 

the Neurodata Without Borders (NWB)50 format using custom MATLAB and Python 764 

scripts. A full NWB file was generated for each recording session, including spike 765 

times, waveform features, channel locations, behavioral timestamps, and video 766 

annotations. All files were validated with NWB Inspector. 767 

 768 

Histology and localization of electrode tracks 769 

Following the completion of recording sessions, mice were deeply anesthetized and 770 

transcardially perfused with phosphate-buffered saline (PBS), followed by 4% 771 

paraformaldehyde (PFA; Electron Microscopy Sciences, USA) in PBS. Brains were 772 

extracted and post-fixed overnight at room temperature. 773 

https://github.com/Julie-Fabre/bombcell
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To visualize the trajectories of the Neuropixels probes, brains were sectioned 774 

coronally at 100 µm thickness using a vibratome (VT 1000S; Leica, Wetzlar, Germany). 775 

Each probe had been coated with the fluorescent dye DiI before insertion to allow 776 

subsequent identification of the probe tracks. Fluorescent images of the DiI-labeled 777 

tracks were acquired using an epifluorescence microscope (Leica DM5500). For 778 

anatomical alignment, all slices were processed using MATLAB-based Allen CCF tools 779 

(https://github.com/cortex-lab/allenCCF). Histological sections were first manually 780 

matched to their corresponding locations within the Allen Mouse Brain Atlas (CCF v3), 781 

correcting for deformation and individual brain size variation. Pre-processing included 782 

color balance and orientation correction. The software’s auto-alignment function was 783 

then used to match slice contours with the reference atlas. Manual control points were 784 

placed when necessary to improve accuracy. Once aligned, probe tracks and tips were 785 

manually annotated based on the DiI signal. Each recording electrode was assigned a 786 

3D coordinate and anatomical label corresponding to its position in the atlas. This 787 

rigorous post hoc localization ensured precise anatomical mapping of all recorded 788 

neurons, allowing downstream analyses to be linked to specific cortical areas and 789 

laminar depths. Both 2D coronal and 3D volumetric reconstructions were generated to 790 

provide detailed spatial context for interpreting neural activity across regions. To refine 791 

the depth and area assignment of each recording site beyond anatomical estimates, 792 

we used the Universal Probe Finder tool 793 

(https://github.com/JorritMontijn/UniversalProbeFinder). This tool allowed us to align 794 

probe locations by integrating histological data with electrophysiological markers such 795 

as spiking activity, responsiveness (ZETA scores), and multi-unit correlations, 796 

improving the precision of cluster-to-depth mapping. Only neurons located within the 797 

neocortex were analysed in this study.  798 

 799 

Behavioral data analysis 800 

Lick events were detected online using a piezoelectric lick sensor, sampled at 2 kHz, 801 

and aligned to trial events using TTL pulses. Behavioral performance was analyzed 802 

based on licking responses during a defined 1 second response window, starting 1 803 

second after the auditory cue (or at the expected cue time for No-tone trials). The first 804 

lick was used to determine trial classification (Hit, Miss, False Alarm or Correct 805 

Rejection), and its timing served as a behavioral readout of decision latency. 806 

https://github.com/cortex-lab/allenCCF
https://github.com/JorritMontijn/UniversalProbeFinder
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Trials were classified according to the presence or absence of a tone and/or 807 

whisker stimulus, resulting in five trial types: i) Go-tone Whisker; ii) Go-tone No-808 

Whisker; iii) Nogo-tone Whisker; iv) Nogo-tone No-Whisker; and v) No-tone Whisker. 809 

Only licking within the response window in Go-tone Whisker trials was rewarded (Hit), 810 

whereas licking in other trial types was not (False Alarm). Early licks occurring during 811 

the delay between the trial start (auditory tone) and the onset of the response window 812 

(whisker stimulus) triggered immediate trial abortion and were excluded from analysis. 813 

Only completed trials – those without premature licking – were included in subsequent 814 

behavioral quantifications. 815 

 816 

Quantification of orofacial movements 817 

To monitor orofacial movements during electrophysiological recordings, we used a 818 

high-speed camera (CL 600 X 2/M, Optronics, Germany) operating at 200 frames per 819 

second, with an exposure time of 0.5 ms and a resolution of 256 × 512 pixels. Infrared 820 

illumination enabled video acquisition without visual interference. The camera was 821 

mounted above the mouse, aligned to capture the motion of the left C2 whisker and 822 

the angle of the snout. A side mirror was placed adjacent to the setup to simultaneously 823 

image the tongue and jaw movements within the same video frame. 824 

For pose estimation, we used DeepLabCut 2.2 b7, a deep learning-based toolbox 825 

for markerless motion tracking32. The network was trained on a combined dataset 826 

composed of randomly selected frames from Go-tone Whisker trials across all 827 

recording sessions. Approximately 200 frames per session were manually labeled and 828 

the network was trained using the k-means extraction method for up to 300,000 829 

iterations. After training, we extracted the x and y coordinates of the C2 whisker base 830 

and middle point, tongue tip, jaw tip, and snout angle across all video frames. Post-831 

processing involved filtering out position estimates with likelihood scores below 60%. 832 

Whisker angular position was calculated as the angle between the whisker (from base 833 

to midpoint) and the midline of the mouse's head. Jaw and tongue displacements were 834 

quantified as the distance between the tip of each structure and its respective resting 835 

position, defined as the mode of position during baseline. 836 

In order to account for the impact of movement on neural activity, trials were 837 

classified as either "Quiet" or "Non-quiet" based on movement during the final 200 ms 838 
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of the delay period. Quiet trials were defined as those in which jaw movement and 839 

whisker speed remained below the median plus one median absolute deviation (MAD) 840 

of the corresponding baseline values. This classification was used to control for 841 

movement-related neural modulation during sensory processing and decision-making 842 

periods. 843 

 844 

Data analyses 845 

Clustering of neuronal responses 846 

Neuronal activity during task performance is high-dimensional and exhibits 847 

considerable diversity, even among neurons within the same brain region. To reduce 848 

this complexity and identify meaningful patterns, neurons can be grouped based on 849 

their activity profiles across different task events using unsupervised clustering 850 

methods. Here, we clustered the activity of all recorded neurons using an established 851 

unsupervised method, as previously described25,27. For each neuron and each correct 852 

trial type (i.e., Hit and Correct Rejection trials), peristimulus time histograms (PSTHs) 853 

were computed (10 ms time resolution) over a 3 s window, which included 1 s of 854 

baseline, 1 s of delay, and 1 s of response period. To eliminate pre-stimulus firing rate 855 

biases, the PSTHs were baseline-subtracted. For each neuron, the mean PSTHs 856 

corresponding to each trial type were then concatenated along the time axis, enabling 857 

the analysis to capture response dynamics across multiple task conditions. To facilitate 858 

comparison across neurons with differing firing rate ranges, the concatenated PSTHs 859 

were amplitude-normalized by dividing its response vector by the difference between 860 

its maximum and minimum firing rates. This normalization ensured that clustering and 861 

dimensionality reduction analyses focused on temporal response patterns rather than 862 

absolute firing rate differences. The concatenated activity for all the neurons resulted 863 

in an activity matrix 𝑋	 ∈	ℝ10294	 x	 1500	whose rows	 correspond to the concatenated 864 

normalized firing rate of each of the 10,294 recorded neurons across the different trial 865 

types (300 time bins x 5 trial types = 1500 time bins). To reduce the dimensionality of 866 

the neuronal activity matrix and facilitate effective clustering, we applied Principal 867 

Component Analysis (PCA). PCA transforms the original high-dimensional firing rate 868 

vectors into a set of orthogonal components, known as principal components, which 869 

are ranked by the amount of variance they explain in the data. This transformation 870 
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reduces redundancy and highlights dominant patterns of activity across neurons. 871 

Seventeen principal components were retained for further analysis, as they captured 872 

the majority of variance in the population response. Projecting the original activity 873 

matrix into this reduced space preserved the essential structure of the data while 874 

substantially decreasing computational complexity. The resulting matrix 𝑋’	∈	ℝ10294	x	17 875 

provided a compact representation of neuronal dynamics suitable for downstream 876 

clustering. Spectral embedding was then employed to capture the complex, non-877 

convex structure of the neuronal response data51,52. This technique involved 878 

constructing a similarity matrix based on the Euclidean distances between the neurons' 879 

response patterns. The similarity matrix 𝑆	∈	ℝ10294	x	10294	whose element at row 𝑖	and 880 

column 𝑗	measures the similarity between 𝑥i′	and 𝑥j′	as: 881 

𝑠!" = exp
−||𝑥!# − 𝑥"#	||$$

2𝜎$ ∈ [0,1], 882 

where 𝜎 is a free parameter determining how local similarity is measured in the feature 883 

space and is tuned in order to have mean similarity values equal to 0.5 (the tuned 884 

value for 𝜎 is 0.07975). The similarity matrix was then used to compute a normalized 885 

Laplacian matrix using the following equation:  886 

𝐿 = 𝐼 − 𝐷%&.(	𝑊𝐷%&.(	, 887 

where 𝐼 is the identity matrix, and 𝐷 is defined as diag @	A∑ 𝑠!*+&$,-	
*.+ C

!.+
+&$,-	D,	which 888 

encodes the structure of the data in a way that highlights the natural clusters. The 889 

eigenvectors of this matrix L provided a new feature space that separated clusters of 890 

neurons more naturally. This transformation was crucial for accurately identifying 891 

clusters in the high-dimensional data, which often have complex, non-linear 892 

relationships that traditional clustering methods might miss. After excluding the very 1st 893 

eigenvector, we extracted the next 16 eigenvectors of matrix 𝐿 as new feature matrix 894 

𝑋E ∈ ℝ+&$,-	×+0 for next step of clustering. Clustering was performed in the reduced 895 

feature space using a Gaussian Mixture Model (GMM), a probabilistic framework that 896 

models the data as a mixture of multiple Gaussian distributions with unknown means 897 

and covariances. This approach allows for flexible modeling of complex data structures 898 

and accounts for uncertainty in cluster membership. To determine the optimal number 899 

of clusters, we used the Bayesian Information Criterion (BIC), which penalizes model 900 
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complexity while rewarding goodness of fit. The BIC analysis indicated that 29 clusters 901 

provided the best trade-off between accuracy and parsimony. This clustering solution 902 

captured the diversity of neuronal response patterns while avoiding overfitting to noise 903 

or outliers in the data. 904 

 905 

Receiver Operating Characteristic analysis and activity maps 906 

To determine whether individual neurons significantly encoded task-relevant 907 

information, we applied Receiver Operating Characteristic (ROC) analysis to their 908 

spiking activity by comparing firing rates in different time windows or between different 909 

trial types. For each neuron, spike counts were computed in specific time windows and 910 

ROC curves were constructed by comparing the distribution of firing rates between the 911 

two conditions. The area under the ROC curve (AUC) was calculated, providing a 912 

measure of the neuron’s ability to distinguish between conditions. The AUC was then 913 

transformed into a Selectivity Index (SI) using the formula: 914 

Selectivity Index = 2 × (AUC − 0.5) 915 

This transformation maps the AUC values into a scale ranging from -1 to 1. To 916 

assess statistical significance, the trial labels were shuffled 200 times to create a null 917 

distribution of AUC values, and a non-parametric permutation test was used to 918 

compare the real AUC against this shuffled distribution. Neurons were thus classified 919 

as Positively or Negatively modulated if they showed significantly higher or lower firing 920 

rate in one condition compared to the other and as Non-modulated if no significant 921 

difference was detected. To examine population-level encoding, we quantified the 922 

proportion of significantly modulated neurons in each brain area and computed grand-923 

average PSTHs separately for positively and negatively modulated groups. 924 

To visualize the average spatiotemporal dynamics of neuronal activity across all 925 

recording sessions, we constructed activity maps showing the mean change in 926 

population activity for each probe across four key time windows. For each window, we 927 

computed the trial- and cell-averaged activity of neurons recorded on each probe. The 928 

auditory window was defined as the 30 ms period immediately following auditory 929 

stimulus onset. The delay period was defined as the 200 ms preceding the whisker 930 

stimulus. The whisker window captured the first 30 ms following whisker stimulus 931 
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onset. Finally, the lick period covered the time window from 300 ms to 500 ms after 932 

whisker stimulus onset. 933 

 934 

Population decoding 935 

To assess how well neuronal populations encode contextual information at the single-936 

trial level, we performed time-resolved population decoding using linear support vector 937 

machines (SVMs). Neuronal activity was first binned into non-overlapping 10 ms 938 

windows, and for each time bin, a separate decoder was trained to classify trials as 939 

either Go-tone Whisker or Nogo-tone Whisker. Each population vector consisted of 940 

spike counts from simultaneously recorded neurons during that 10 ms window. To 941 

avoid class imbalance artifacts, we used random under-sampling of the majority class 942 

to ensure equal numbers of trials per condition before training the decoder. SVMs were 943 

implemented using the LIBSVM package (https://www.csie.ntu.edu.tw/~cjlin/libsvm/ ) 944 

with a linear kernel. Model parameters were optimized through grid search with nested 945 

cross-validation. Decoder performance was evaluated using 5-fold cross-validation. 946 

For each fold, the data was split into training (80%) and testing (20%) sets. The 947 

decoding accuracy was defined as the percentage of correctly classified trials in the 948 

test sets. To assess the statistical significance of decoding accuracy, we compared 949 

results to the baseline period (-1 s to 0 s before the auditory cue), using a Wilcoxon 950 

signed-rank test. 951 

To account for differences in the number of recorded neurons across sessions 952 

and brain areas, we ran the decoder using a fixed number of neurons. Specifically, for 953 

each session, we randomly subsampled the specified number of neurons 100 times. 954 

For each subsample, we trained and tested the decoder using five-fold cross-955 

validation. This resulted in 100 decoding accuracy values per session for the fixed 956 

neuron count. We then averaged these values to obtain a single performance 957 

measure, which we reported as the decoding accuracy for that specific number of 958 

neurons. 959 

To assess the stability of the population dynamics during the delay period, we 960 

trained a fixed decoder using population activity averaged over the last 200 ms of the 961 

delay period and tested it across other trial epochs. 962 

https://www.csie.ntu.edu.tw/~cjlin/libsvm/
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To account for the potential influence of preparatory movements during the delay 963 

period, we also performed context decoding using the movement-null subspace of 964 

neural activity. To achieve this, we first defined potent and null movement subspaces 965 

by following an approach inspired by Hasnain et al.44 and implemented using their 966 

publicly available codebase. For each session, we first computed a movement baseline 967 

by averaging the movement signal during the 1 s period prior to the auditory stimulus 968 

onset. This baseline distribution was used to set a movement detection threshold, 969 

defined as the mean plus one standard deviation of the baseline. We focused on the 970 

whisker speed signal. At each time point within a trial, a moment was labeled as 971 

‘movement’ only if movement signals exceeded their respective thresholds; otherwise, 972 

it was labeled as ‘non-movement’. Using this binary movement mask, we projected the 973 

trial-by-trial neuronal activity into movement-null and movement-potent subspaces. 974 

The dimensionality of both subspaces was reduced to 10 dimensions, ensuring 975 

comparability across sessions. We then ran a context decoder on the 10-dimensional 976 

projection of the movement-null subspace using a linear support vector machine (SVM) 977 

classifier with five-fold cross-validation. This decoding procedure mirrored the same 978 

cross-validation and evaluation metrics used in our standard analyses, allowing us to 979 

directly compare the contributions of movement-related versus movement-980 

independent neural activity to context representation. 981 

 982 

Principal Component Analysis and Coding Direction  983 

To analyze population dynamics, we first pre-processed each neuron’s activity across 984 

four trial types: Hit, Miss, Correct Rejection (Nogo-tone Whisker), and Correct 985 

Rejection (Go-tone No-Whisker). For each cell, we computed the trial-averaged activity 986 

with a 50 ms bin resolution and performed baseline subtraction using the 1s baseline. 987 

The activity traces were then concatenated across conditions, and each neuron's 988 

response was normalized by subtracting the mean and dividing by the range (max–989 

min) of its activity. This resulted in a population matrix of size 10,294 neurons × 240 990 

time bins, which we used for Principal Component Analysis (PCA) in the neuronal 991 

space.  992 

To investigate the geometry and temporal dynamics of population coding during 993 

the task, we projected neural activity onto low-dimensional axes termed coding 994 



 

 
 

32 

directions (CDs). These axes were defined to optimally separate trial types within the 995 

high-dimensional neuronal activity space. 996 

For context-related analysis, we computed a Context Coding Direction (CDcontext) 997 

to capture differences between Go-tone and Nogo-tone trials at the end of the delay 998 

period. The CDcontext was computed as the difference between the mean population 999 

vectors in the last 200 ms of the delay period for quiet Go-tone trials and Nogo-tone 1000 

trials. The CDcontext was computed from 20% of trials and normalized to unit length. The 1001 

population vector activity for each 10 ms time bin and each trial was then projected 1002 

onto the CDcontext to obtain the projected population activity by computing the dot 1003 

product between the CD vector and the population vector. This yielded a single scalar 1004 

trajectory per trial, reflecting how strongly each trial aligned with the context coding 1005 

axis over time. 1006 

To analyze the encoding of the whisker stimulus, we also defined a Whisker 1007 

Coding Direction (CDWhisker) by comparing population activity vectors in the 30 ms 1008 

window following the whisker stimulus to a 30 ms baseline period in pure whisker trials 1009 

(No-tone Whisker, Correct Rejection trials). The CDWhisker was computed from 20% of 1010 

trials and similarly normalized to unit length. Activity from all trial types was then 1011 

projected onto this axis to assess context-dependent modulation of early whisker-1012 

stimulus evoked responses. 1013 

In addition, we examined how population dynamics evolved across time in 1014 

different trials types by projecting the neuronal population activity onto both CDcontext 1015 

and CDWhisker simultaneously. To ensure independent contributions of each axis, the 1016 

two coding directions were orthogonalized using the Gram-Schmidt procedure before 1017 

projection. These 2D projections revealed the trial-by-trial temporal trajectory of 1018 

population responses and enabled us to visualize how contextual and sensory 1019 

information were integrated over time.  1020 

 1021 

Temporal correlation analysis  1022 

To examine the evolution and stability of neuronal population dynamics during task 1023 

performance, we analyzed temporal correlations in single-trial activity. Spike counts 1024 

were computed in non-overlapping 10 ms bins across the 3-second trial duration, 1025 

resulting in 300 time bins per trial. For each time bin, a population activity vector was 1026 
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constructed by concatenating the spike counts of all simultaneously recorded neurons 1027 

in a given cortical area. Each vector thus represented the instantaneous population 1028 

activity at that time point. 1029 

To quantify temporal correlations, we computed the Pearson correlation 1030 

coefficients between all pairs of population vectors across the trial duration. This 1031 

produced a 300 × 300 correlation matrix for each trial, where each element reflects the 1032 

similarity of the neuronal population state between two time points. Diagonal elements 1033 

of the matrix represent autocorrelations and are therefore equal to one. A separate 1034 

correlation matrix was generated for each individual trial. To obtain a robust estimate 1035 

of population dynamics for each condition, we averaged these matrices across all trials 1036 

of the same type (e.g. Hit, Miss, and Correct Rejection trials), resulting in condition-1037 

specific temporal correlation maps. To correct for baseline correlations, we subtracted 1038 

the mean of the off-diagonal elements from the 1-second pre-stimulus baseline period 1039 

of each matrix. This baseline correction accounted for trial-invariant correlations 1040 

present before trial onset. Finally, to obtain session-level estimates, we averaged the 1041 

baseline-corrected matrices across all sessions for each brain region and trial type. 1042 

The resulting correlation maps reflect how population activity evolves over time in 1043 

response to different task events and how this evolution varies across cortical regions. 1044 

This analysis provides insight into the temporal structure and dynamics of cortical 1045 

processing, revealing how different brain areas maintain or transform neural 1046 

representations over the course of a trial. 1047 

 1048 

Statistics 1049 

Data are presented as mean ± standard deviation (SD) unless otherwise indicated. 1050 

Statistical analyses were conducted using MATLAB (MathWorks). 1051 

For comparisons between two paired conditions (e.g., decoding accuracy vs. 1052 

baseline within the same session), we used the Wilcoxon signed-rank test. For 1053 

unpaired comparisons between different groups (e.g. licking rates across trial types or 1054 

neuron types), the Wilcoxon rank-sum test was applied. When comparing more than 1055 

two groups (e.g. modulation indices across cortical regions), the Kruskal–Wallis test 1056 

was used, followed by Tukey-Kramer HSD post hoc tests, where appropriate. 1057 
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In decoding and ROC analyses that involved time-resolved multiple bin 1058 

comparisons, p-values were corrected for multiple comparisons using False Discovery 1059 

Rate (FDR) correction. 1060 

Statistical significance thresholds were set at α = 0.05. For all results, the number 1061 

of observations (e.g., neurons, sessions, trials) is reported directly in the figures or 1062 

figure legends to ensure transparency and reproducibility.   1063 
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Figure 1 1088 

 1089 

Fig. 1 | Behavioral characterization of a short-term memory context-dependent 1090 

whisker detection task. a, Schematic of experimental set-up with a thirsty head-1091 

restrained mouse receiving auditory and whisker stimuli accompanied by behavioral 1092 

filming from two angles and monitoring of spout licking enabling appropriate water 1093 

reward delivery. b, One of five trial types was randomly presented with equal probability 1094 

after ~10 s intertrial interval, with no licking allowed within the last 3.5-5 s. Trials were 1095 

initiated by presentation of a pure tone for 100 ms (or No-tone), followed by a delay 1096 

period during which licking was not allowed. 1 s after the tone onset, the C2 whisker 1097 

was deflected for 5 ms in some trials but not others. Licking in the reporting window 1098 

(grey shading) was rewarded only in Go-tone Whisker trials. c, Behavioral performance 1099 
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assessed during electrophysiological recordings indicates that the probability of licking 1100 

in the reporting window was high for rewarded Go-tone Whisker trials, but low in other 1101 

unrewarded trial types. d, Whisking speed, jaw opening and tongue protrusion were 1102 

quantified from high-speed videography across all correct trial types. e, All analyses of 1103 

electrophysiological data (except where explicitly indicated) were from quiet trials, 1104 

selected post hoc as trials in which neither the whisker nor jaw were moving in the last 1105 

200 ms of the delay period (grey shading). f, Whisker movements began ~30 ms after 1106 

the whisker deflection in Go-tone Hit trials, followed by jaw opening and subsequent 1107 

tongue protrusion. 1108 

  1109 
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Figure 2 1110 

 1111 

Fig. 2 | Spatiotemporally-specific optogenetic inactivation of cortex during the 1112 

context-dependent whisker detection task. a, Schematic indicating the three time 1113 

windows for optogenetic inactivation via blue light application to cortical areas A1, wS1, 1114 

wS2, wM2, ALM and fpS1 in VGAT-ChR2 mice expressing ChR2 in GABAergic 1115 

neurons. b, Average change in the probability of licking in the reporting window of Go-1116 

tone Whisker trials comparing no light trials to trials with blue light in one of the three 1117 
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inactivation time windows. c, Color-coded spatial maps of the average change in lick 1118 

probability for task epoch-specific inactivation in Go-tone Whisker trials. d, Statistical 1119 

analysis of the probability of licking in Go-tone Whisker trials for inactivation of different 1120 

cortical areas in different trial epochs (Wilcoxon signed-rank test with FDR correction). 1121 
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Figure 3 1123 

 1124 

Fig. 3 | Spatiotemporal dynamics of neocortical activity during the context-1125 

dependent whisker detection task. a, Neuropixels probes were targeted to A1, wS1, 1126 
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wS2, wM2 and ALM, followed ex vivo by anatomical reconstruction of probe tracks, 1127 

with the cortical entry location indicated by a color-coded circle (left) (grey circles 1128 

indicate probes that were not assigned to one of the selected cortical areas). Spatial 1129 

activity maps averaged across all cortical neurons recorded on each probe and color-1130 

coded according to the change in firing rate in Go-tone Whisker trials relative to pre-1131 

auditory stimulus baseline for Auditory and Delay period and relative to pre-whisker 1132 

stimulus baseline for Whisker and Lick periods. b, Peristimulus time histrograms 1133 

(PSTHs) of neuronal activity in each cortical area across the five trial types including 1134 

only correct trials. c, Receiver operate characteristic (ROC) analysis was used to 1135 

quantify the fraction of significantly modulated neurons (increased firing in blue and 1136 

decreased in red) and their change in firing rate for each area across different trial 1137 

epochs (A, auditory; D, delay; W, whisker; and L, licking) in Go-tone Whisker trials 1138 

compared to baseline. d, Neuronal activity in Go-tone Whisker trials across cortical 1139 

areas computed with respect to their depth from the cortical surface reveals prominent 1140 

delay period activity in deep, but not superficial, layers of wM2.  1141 
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Figure 4 1143 

 1144 

Fig. 4 | Diverse patterns of neuronal activity distributed across cortical regions, 1145 

layers, and cell classes. a, The averaged PSTHs for each recorded neuron in the five 1146 
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types of correctly executed trials were baseline subtracted, normalized, and clustered 1147 

using Gaussian mixture model after spectral embedding of the principal components, 1148 

with the number of clusters determined by the minimum Bayesian Information 1149 

Criterion. This identified 29 clusters each containing neurons with similar dynamics, 1150 

but distributed across different cortical areas (A1, wS1, wS2, wM2, and ALM), different 1151 

classes of neurons (RS, regular spike; FS, fast spiking; Unclass, unclassified), different 1152 

cortical layers, and with different context selectivity of firing in the last 200 ms of the 1153 

delay period comparing Go-tone and Nogo-tone trials. b, PSTHs of five selected 1154 

clusters. Cluster #1 mainly represents the auditory cue, whereas Cluster #29 largely 1155 

represents the whisker sensory response. Clusters #11 and #25 both show prominent 1156 

Go-tone delay period excitation, whereas Cluster #4 contains neurons inhibited 1157 

following the Go-tone. 1158 
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Figure 5 1160 

 1161 

Fig. 5 | Context is prominently represented during the delay period in frontal 1162 

cortex. a, Difference in firing rate comparing correct Go-tone Whisker and Nogo-tone 1163 
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Whisker trials across cortical areas (left). ROC analysis of differential firing in the last 1164 

200 ms of the delay period (right) showing the fraction of significantly modulated 1165 

neurons (pie charts, above) and their change in firing (histograms, below). b, Support 1166 

Vector Machine (SVM) decoding of context comparing correct Go-tone Whisker and 1167 

Nogo-tone Whisker trials for 50 simultaneously recorded neurons in each cortical area, 1168 

with a new classifier trained for each 10 ms bin (left). Decoding accuracy during the 1169 

last 200 ms of the delay period (center) indicates significant context information in each 1170 

cortical area (Wilcoxon signed-rank test), but much more accurate classification of 1171 

neuronal activity in frontal cortical areas wM2 and ALM, independent of the number of 1172 

considered neurons (right). c, Removing Cluster #11 strongly reduced context 1173 

decoding in wM2 and ALM (left) quantified for each recording session (center). 1174 

Removal of Cluster #25 in wM2 or ALM also caused a significant, albeit small, 1175 

decrease in decoding performance, whereas removal of any other cluster had no 1176 

significant effect. d, Neuronal activity in a ‘movement null’ space for all trials (i.e. 1177 

including both quiet trials and non-quiet trials with movements in the late delay period) 1178 

also demonstrates delay period context coding in frontal cortex (left), quantified for 1179 

each recording session (center) (Wilcoxon signed-rank test). The orthogonal 1180 

‘movement potent’ space also shows context coding (right). 1181 
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Figure 6 1183 

 1184 

Fig. 6 | Attractor-like, persistent state dynamics encode context in frontal cortex. 1185 

a, The first two principal components accounting for neuronal activity of correct Go-1186 
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tone Whisker and Nogo-tone Whisker trials were computed for different cortical areas 1187 

in 50 ms time steps. Delay period activity for different trial types were projected into 1188 

the PCA space showing the time between the onset of the auditory cue (black data 1189 

point) and the time of the whisker stimulus (orange data point). Neuronal activity in 1190 

PC1 and PC2 returned to baseline by the end of the delay period in A1, wS1 and wS2. 1191 

However, activity in wM2 and ALM showed distinct trajectories for correct Go-tone 1192 

trials (Hit and No-Whisker Correct Rejection) compared to correct Nogo-tone trials 1193 

(Nogo Correct Rejection). Interestingly, error Go-tone Whisker trials where the mouse 1194 

failed to lick (i.e. Miss trials) were associated with neuronal trajectories close to Nogo-1195 

tone trials. b, A context coding direction was defined as the difference in neuronal state 1196 

vectors between correct Go-tone Whisker and Nogo-tone Whisker trials averaged over 1197 

the last 200 ms of the delay period. Projecting neuronal activity across different trial 1198 

types indicated robust Go-context activity in the late delay period in wM2 and ALM for 1199 

correct Go-tone trials, but reduced activity in Nogo-trials as well as Miss trials (time 1200 

course above, quantification for the last 200 ms of the delay period for each session 1201 

below) (Wilcoxon signed-rank test). c, The network state vector at 10 ms resolution for 1202 

each cortical area was correlated with all other times within the trial, averaged across 1203 

trials of the same type for each session, and then averaged across sessions after 1204 

subtraction of the mean correlation during the baseline (1 s before auditory tone). In 1205 

correct Go-tone trials, a period of highly correlated activity emerges in wM2 and ALM 1206 

in the delay period, which is absent from Nogo-tone trials and also Miss trials (temporal 1207 

correlation color maps, above). Quantification of the mean correlation during the delay 1208 

period revealed significantly increased correlation of population activity in correct Go-1209 

tone trials in wM2 and ALM (below) (Wilcoxon signed-rank test). 1210 
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Figure 7 1212 

 1213 

Fig. 7 | Context-dependent whisker-deflection evoked sensory responses. a, 1214 

PSTHs showing the baseline-subtracted (average over the 50 ms before whisker 1215 
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stimulus) whisker-deflection evoked activity at 5 ms resolution across the cortical areas 1216 

for Go-tone Whisker Hit trials (left) and Nogo-tone Whisker Correct Rejection trials 1217 

(right). b, Subtracting the PSTHs for the two conditions reveals transient significantly 1218 

reduced evoked activity in wS1 and wS2 in Go-tone context around 15 ms, and higher 1219 

activity later (starting ~30 ms) in most areas (Wilcoxon signed-rank test with FDR 1220 

correction). c, A whisker coding direction was defined as the difference in neuronal 1221 

state vectors between the first 30 ms after the whisker stimulus and the baseline from 1222 

correct No-tone Whisker trials. Projecting neuronal activity into this whisker coding 1223 

direction for correct Go-tone and Nogo-tone Whisker trials indicated no significant 1224 

contextual changes. d, Context-decoding of the baseline-subtracted neuronal activity 1225 

reveals the first persistently significant context-decoding in the sensory-evoked 1226 

response in wM2 at 20 ms, with ALM following shortly afterwards (Wilcoxon signed-1227 

rank test with FDR correction).  1228 
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Figure 8 1230 

 1231 

Fig. 8 | Context-dependent gating of whisker-to-lick sensorimotor transformation 1232 

by frontal cortical region wM2. a, Neuronal activity at 5 ms resolution from the onset 1233 

of the whisker stimulus (orange dot) to 30 ms later was projected into the context and 1234 

orthogonal whisker coding directions for each cortical area across different trial types. 1235 

Dark colors represent trials in which the mouse licked in response to the whisker 1236 
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stimulus and light colors in which no licking was evoked. Only in wM2 do the 1237 

trajectories of lick trials converge to a lick initiation zone (highlighted by a turquoise 1238 

circle) clearly distinct from the no lick trials. b, Quantification of neuronal activity in the 1239 

context-coding direction for lick and no lick trials in different contexts. At 30 ms after 1240 

the whisker deflection, Go-tone trials with licking and Nogo-tone trials with licking have 1241 

significantly more activity in the wM2 context coding direction compared to no lick trials 1242 

(Kruskal-Wallis test for comparing groups, followed by LSD-corrected post hoc tests). 1243 

c, A schematic model for context-dependent sensorimotor transformation. The auditory 1244 

Go-tone is signaled to wM2, which maintains persistent activity throughout the delay 1245 

period. Neurons in wM2 project back to wS1 and wS2 and could therefore provide 1246 

signals for contextual modulation of whisker processing in sensory cortex. Conversely, 1247 

feed-forward whisker sensory responses in wM2, perhaps signaled by direct 1248 

monosynaptic inputs from sensory cortex, are integrated with contextual signals and, 1249 

at 30 ms post-whisker stimulus, activity in wM2 segregates into lick and no lick states, 1250 

which are subsequently passed onto licking motor regions such as ALM.  1251 
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Supplementary information 1253 
 1254 

 1255 

 1256 

Contextual gating of whisker-evoked responses by 1257 

frontal cortex supports flexible decision making  1258 

 1259 

 1260 

Parviz Ghaderi, Sylvain Crochet and Carl C.H. Petersen 1261 
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 1266 

Supplementary information consists of Extended Data Figures 1-13 1267 

 1268 
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Extended Data Figure 1 1271 

 1272 

Eaxtended Data Fig. 1 | Behavioral characterization of context-dependent task 1273 
performance. a, Time from whisker stimulation to tongue-spout contact for the five 1274 
different trial types. b, The probability of licking as monitored by tongue-spout contacts 1275 
during the delay period for the five different trial types. Licking during the delay period 1276 
caused the abortion of the trial. c, High-speed video filming was analyzed offline using 1277 
DeepLabCut to extract tongue, jaw, snout and whisker movements.  1278 
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Extended Data Figure 2 1280 

 1281 

Extended Data Fig. 2 | Behavioral impact of optogenetic inactivation. a, In Go-1282 
tone Whisker trials, inactivation of wM2 and ALM in the whisker time period (from 50 1283 
ms before the onset of the whisker stimulus to 200 ms after the onset of the whisker 1284 
stimulus followed by 100 ms ramp down period) significantly delayed reaction time, 1285 
here quantified as the tongue-spout contact time after the whisker stimulus. b, In Go-1286 
tone Whisker trials, inactivation of A1, wS1, wS2 and wM2 during the presentation of 1287 
the auditory Go cue (from 50 ms before the onset of the auditory stimulus to 300 ms 1288 
after the onset of the auditory stimulus followed by 100 ms ramp down period) 1289 
decreased the probability of licking in the delay period. Furthermore, inactivation of A1, 1290 
wS1, wS2, wM2 and ALM during the delay period (from 400 ms after the onset of the 1291 
auditory stimulus to 850 ms after the onset of the auditory stimulus followed by 100 ms 1292 
ramp down period) decreased the probability of licking in the delay period (Wilcoxon 1293 
signed-rank test with FDR correction). 1294 
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Extended Data Figure 3 1296 

 1297 

Extended Data Fig. 3 | Impact of optogenetic inhibition across different trial 1298 
types. a, Each color-coded matrix indicates the change in the probability of licking in 1299 
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the reporting window relative to no-light trials upon optogenetic inactivation of A1, wS1, 1300 
wS2, wM2, ALM or fpS1 during the auditory contextual cue (from 50 ms before the 1301 
onset of the auditory stimulus to 300 ms after the onset of the auditory stimulus 1302 
followed by 100 ms ramp down period), the delay period (from 400 ms after the onset 1303 
of the auditory stimulus to 850 ms after the onset of the auditory stimulus followed by 1304 
100 ms ramp down period) or the whisker stimulus (from 50 ms before the whisker 1305 
stimulus to 200 ms after the whisker stimulus followed by 100 ms ramp down period). 1306 
Important decreases in the probability of licking were found in Go-tone Whisker trials 1307 
(top, same data as shown in Fig. 2b), but for the other four trial types (Go-tone; Nogo-1308 
tone Whisker; Nogo-tone; No-tone Whisker) the effects upon licking probability were 1309 
less prominent. b, Same data as panel a, but shown as a color-coded map of the 1310 
inactivated locations across the dorsal cortex. 1311 
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Extended Data Figure 4 1313 

 1314 

Extended Data Fig. 4 | An example Neuropixels recording experiment. a, Five 1315 
Neuropixels probes coated with DiI were acutely lowered into the neocortex of an 1316 
expert mouse trained in the context-dependent whisker detection task. The probes 1317 
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were targeted to A1, wS1, wS2, wM2, and ALM. After the electrophysiological 1318 
recordings, the brain was extracted, sliced into 100 µm-thick coronal sections, stained 1319 
with DAPI, mounted on slides and imaged with an epifluorescent microscope. Sections 1320 
with electrode tracks (red) are shown together with the DAPI stain (blue). b, The 1321 
electrode tracks were registered to the Allen Mouse Brain Atlas Common Coordinate 1322 
Framework (Allen CCF) to give an xyz-coordinate to each unit. c, The upper PSTH 1323 
shows the averaged firing rate of all units recorded across all Go-tone Whisker Hit trials 1324 
in this experiment. An example Go-tone Whisker Hit trial showing raster plots of spike 1325 
times (below) for all simultaneously recorded units in the five cortical regions (note 1326 
some neurons do not fire in this trial). d, Same as panel c, but for a Nogo-tone Whisker 1327 
Correct Rejection trial. 1328 
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Extended Data Figure 5 1330 

 1331 

Extended Data Fig. 5 | Probe localization across all experiments. a, The 1332 
anatomical location of each probe was identified through DiI labelling and registration 1333 
to the Allen Mouse Brain Atlas Common Coordinate Framework (Allen CCF). Probe 1334 
locations shown in a sagittal projection were color-coded (red, ALM; black, wM2; green 1335 
wS2; blue, wS1; purple, A1; and grey, unassigned). b, Same as a, but for a coronal 1336 
projection. c, Same as a, but for a horizontal projection. d, Same probe tracks, now 1337 
shown in a 3D view. 1338 
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Extended Data Figure 6 1340 

 1341 

Extended Data Fig. 6 | Firing patterns of Regular Spiking (RS) and Fast Spiking 1342 
(FS) units. a, Same data as shown in Fig. 3b, but only including RS units. b, Same as 1343 
a, but for FS units.  1344 
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Extended Data Figure 7 1345 

 1346 

Extended Data Fig. 7 | Firing rates of each cluster. The trial-averaged neuronal 1347 
activity of each neuron in a cluster was averaged to give the mean firing rate of each 1348 
cluster identified in the analysis of Fig. 4.  1349 
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Extended Data Figure 8 1350 

 1351 

Extended Data Fig. 8 | Context-dependent neuronal activity. a, Neuronal selectivity 1352 
for Go-tone vs Nogo-tone was computed for the last 200 ms of the delay period by 1353 
ROC analysis to identify statistically-significantly-modulated neurons, as shown in Fig. 1354 
5a. The neurons firing more in Go-tone compared to Nogo-tone trials were averaged 1355 
for each cortical region recorded (blue for Go-tone trials and red for Nogo-tone trials). 1356 
b, Same as panel a, but for neurons showing significantly more firing in Nogo-tone 1357 
trials compared to Go-tone trials during the last 200 ms of the delay period. 1358 
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Extended Data Figure 9 1360 

 1361 

Extended Data Fig. 9 | Neuronal activity projected in ‘movement potent’ and 1362 
‘movement null’ subspaces. a, Neuronal activity in each recorded area was 1363 
projected into the ‘movement potent’ subspace for Go-tone Whisker trials (blue) and 1364 
Nogo-tone Whisker trials (red). b, Same as a, but now with neuronal activity projected 1365 
into the ‘movement null’ subspace. It is important to note, that context-dependent 1366 
activity is obvious in the ‘movement null’ subspace for wM2 and ALM. 1367 
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Extended Data Figure 10 1369 

 1370 

Extended Data Fig. 10 | Context-decoding from Regular Spiking (RS) and Fast 1371 
Spiking (FS) units. a, The activity of all simultaneously recorded neurons were used 1372 
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to construct a support vector machine (SVM) classifier trained to distinguish correct 1373 
Go-tone Whisker trials (Hit trials) from correct Nogo-tone Whisker trials (Correct Reject 1374 
trials) for each cortical area based on the average activity over the last 200 ms of the 1375 
delay period. The same decoder was then applied to each 10 ms bin of the neuronal 1376 
population vector for each area. b, Same as a, but now constructing the SVM decoder 1377 
based solely on the activity of RS units. c, Same as a, but for FS units only. Note that 1378 
both RS and FS neurons encode contextual information during the delay period most 1379 
prominently in wM2 and ALM. After the whisker stimulus, interestingly, RS units show 1380 
decreased context-decoding, whereas FS units increased context-decoding. 1381 
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Extended Data Figure 11 1383 

 1384 

Extended Data Fig. 11 | Temporal correlation of neuronal activity at 100 ms 1385 
resolution. Same analysis as Fig. 6c, but instead of correlating the population activity 1386 
in single trials across 10 ms bins, here we use 100 ms bins, obtaining higher mean 1387 
values of correlation, but otherwise finding similar dynamics (Wilcoxon signed-rank test 1388 
with FDR correction). 1389 
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Extended Data Figure 12 1391 

 1392 

Extended Data Fig. 12 | Example neurons showing context-dependent whisker 1393 
deflection evoked sensory responses. a, Spike rasters (above) show action 1394 
potential firing times of an example unit in wM2 in the period immediately surrounding 1395 
whisker deflection at time 1 s, with Go-tone trials shown in blue and Nogo-tone trials 1396 
shown in red. The baseline-subtracted, trial-type averaged firing rate is shown below 1397 
for the example neuron, which has a faster and larger sensory-evoked response in the 1398 
Go-tone context. b, Same as panel a, but for another example neuron in wM2, also 1399 
showing a preference for whisker responsiveness in the Go-tone context. c, Same as 1400 
panel a, but for an example neuron in wS2, showing a higher whisker response in 1401 
Nogo-tone trials. d, Same as panel a, but for a neuron in wS1, also firing preferentially 1402 
to the whisker stimulus in Nogo-tone trials. 1403 
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Extended Data Figure 13 1404 

 1405 

Extended Data Fig. 13 | Context-dependent whisker sensory processing in 1406 
Regular Spiking (RS) and Fast Spiking (FS) units. a, The baseline-subtracted 1407 
neuronal firing rates of all units in the recorded cortical regions in the time period 1408 
surrounding the whisker deflection at time 1 s in the Go-tone context (left), Nogo-tone 1409 
context (center) and the difference (right, Go-tone minus Nogo-tone). Same data as 1410 
Fig. 7a&b. b, Same as panel a, but now including only RS units. c, Same as a, but now 1411 
only for FS units. Note that although the context differences in the sensory-evoked 1412 
response are qualitatively similar in RS and FS units, there are also some apparent 1413 
differences. The Go-tone-reduced evoked activity in wS1 and wS2 at very early time 1414 
points is more prominent in RS units, whereas the slightly-delayed Go-tone-increased 1415 
sensory-evoked response in wM2 and ALM appears more prominent in FS neurons. 1416 

 1417 


