








Extended Data Fig. 12 | Neural correlates of licking. a) Example lick activity 
for a single session, top trial-averaged, bottom per trial. Animals lick more for 
correct trials (blue) with a clear rhythm around 10 Hz. Licks were detected 
using tongue tracking via DLC from side videos. b) Population trajectory 
distance between correct and incorrect trials for example regions selected 
manually for visible oscillations, with the number of cells (pooled across 
sessions) next to the region acronym in the title, aligned to feedback. Right  
to each panel is the power spectral density of the distance curve, all having a 
peak around 10 Hz, correlating with licking. c) One example neuron’s activity  
(pid = ‘3b729602-20d5-4be8-a10e-24bde8fc3092’, region VPL) to show activity 
is physiological and not an artefact. Left panel, raster per trial with rhythmic  
10 Hz activity, also shown in the middle panel by the power spectral density of 

the raster, averaged across trials. Right panel, waveforms of this neuron across 
adjacent traces, illustrating that the spikes we counted are physiological rather 
than being caused by an electrical artefact. Artefacts could arise, for example, 
from current flowing through the drinking spout into the Neuropixels probe, 
which would result in all traces having a strong waveform. We exclude saturated 
segments prior to analysis and after this found no evidence for such artefacts 
when sampling various neurons and inspecting the waveforms. d) Single- 
session population trajectory distance for select regions with trial-averaged 
lick activity in blue on top. E.g. in MRN a clear correlation with licking was  
found when restricting the analysis to a single session, while much less so  
when considering the session-averaged results (not shown).
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Extended Data Fig. 13 | Regressor windows and variance explained in  
linear encoding model and neural correlates of the task across the brain.  
a) Schematic of within-trial windows in which different regressors in the 
encoding model apply to firing predictions. b) Additional variance explained in 
a leave-one-out paradigm by each regressor for the full distribution (left) and 
zoomed-in to the medians of the distributions (right). Note that the range on 
the right panel is depicted on the left via dotted lines. c) Statistical tests to 

measure responsiveness in different task windows. The schematics show the 
summary of all tests, superimposed on the task timeline. Each row represents  
a separate Wilcoxon rank-sum test comparing firing rates in two different 
periods over which firing rates were estimated. d) The flat brain map of the 
fraction of neurons that show significant task response during at least one of 
the task epochs (test of responsiveness: c), using FDR0.01 to correct for multiple 
comparisons.



Extended Data Fig. 14 | Representation of the feedback variable. Analysis of the feedback variable, with conventions as in Extended Data Fig. 6.
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Extended Data Fig. 15 | The behavioural correlates of single-neuron 
activity across the brain. a) Statistical tests to measure the behavioural 
correlates of single neurons across all sessions. We compute the Pearson 
correlation coefficient between the time series of neural activity and five 
behavioural variables (nose position, pupil diameter, paw position, and licks, 
extracted from behaviour video by using DLC; see Methods). The significance 

of correlation is estimated by a time-shift test79 (Methods), using FDR0.01 to 
correct for multiple comparisons. b) The flat brain map of the fraction of 
neurons significantly correlates with at least one of the movement variables. 
 c) The flat brain map of the fraction of neurons that significantly correlate with 
one of the movement variables: nose, pupil, paw, tongue.










