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Abstract
Summary

Numerous cognitive functions including attention and learning are influenced by the
dynamic patterns of acetylcholine release across the brain. How acetylcholine mediates these
functions in cortex remains unclear, as the relationship between cortical acetylcholine and
behavioral events has not been precisely measured across task learning. To dissect this
relationship, we quantified motor behavior and sub-second acetylcholine dynamics in
primary somatosensory and auditory cortex during rewarded sensory detection and
discrimination tasks. We found that acetylcholine dynamics were directly attributable to
goal-directed actions (whisker motion and licking), rather than delivery of sensory cues or
rewards. As task performance improved across training, acetylcholine release associated
with the first lick in a trial was strongly and specifically potentiated. These results show that
acetylcholine dynamics in sensory cortex are driven by directed motor actions to gather
information and act upon it.

eLife assessment

This study provides important evidence that links acetylcholine responses in the
sensory cortex to motor actions during perceptual tasks, rather than to rewards. The
evidence for the association between acetylcholine responses and motor actions is
solid, but does not demonstrate the causal link implied by the title and abstract. The
manuscript would benefit from a more detailed description of results and
methodologies. This study is of broad interest to the neuroscience field.
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Introduction

Acetylcholine is a major neuromodulator in the brain that influences diverse cognitive functions
that span timescales, including arousal 1     , 2     , 3     , 4     , selective attention 5     , 6     , 7     , 8     ,
reinforcement learning 1     , 9     ; 10     , 11     , 12      and neural plasticity 13     , 14     , 15     , 16     . Many of
these functions are mediated through acetylcholine’s influence on cortical circuits 17     , 18     .
Cholinergic projections to cortex are complex, arising from multiple basal forebrain (BF) nuclei
that contain neuronal subgroups with distinct projection specificity and arbor distributions within
and across projection areas 3     , 19     , 20     . Individual nuclei also show significant differences in
the behavioral events which correlate with their activity patterns 3     , 21     . Thus, the full array of
cholinergic dynamics in projection targets cannot be inferred from observations of a single
originating area. Direct observation of the spatiotemporal dynamics of acetylcholine in cortex
bypasses this organizational complexity and can provide insight to how convergent cholinergic
inputs influence cortically regulated cognitive functions.

Numerous lines of evidence demonstrate that the cortical release of acetylcholine regulates
arousal and attention 17     , 18     . Increased cortical acetylcholine levels are associated with 22     

and required for induction of cortical desynchronization during active sensing 23     . Acetylcholine
release causes layer-specific modulation of responses in primary somatosensory cortex (S1) to
whisker stimulation 5     , 24     , enhances sensory evoked responses in primary auditory (A1) 7     

and visual (V1) cortex 25     , 26     , and suppresses spontaneous activity in S1 during whisker
movement 23     . These effects improve stimulus discriminability and provide a mechanism for
selective attention.

Attention is crucial for learning and performing tasks. Acetylcholine’s role in these processes is
becoming better appreciated through accumulating studies identifying which cholinergic neurons
fire at what times during task acquisition and execution. Cholinergic neurons in BF respond 11     

and cortical acetylcholine transients are evoked to reinforcement-predictive sensory cues 1     . The
extent to which association learning sculpts these responses varies across reports, with such
stimuli driving increasing amounts of cholinergic activity in BF (tones and punishment 16     , odors
and reward 12     ) and in nucleus basalis (NB) to basolateral amygdala (BLA) projections (tones and
reward 11     ) across training, contrasting with the finding that reward-predictive tones show
stable acetylcholine release in BF with learning 21     . Cholinergic neurons throughout BF also
strongly respond to negative reinforcement 12     , 16     , 21     , 27     , 28     , but are inconsistently
reported to respond to positive reinforcers like reward. In primates, 70% of all BF neurons were
significantly modulated in a choice period, but only 25% in a reward period 29     . Cell-type specific
recordings in rodents found cholinergic neurons within BF do respond to positive reinforcers,
scaled by reinforcement surprise 27      and encode valence-free reinforcement error 12     .
However, in rat medial prefrontal cortex (mPFC), acetylcholine levels increased for reward-
predictive cues, but not for reward delivery 1     .

A challenge in interpreting studies of cholinergic activity is that both reinforcement-predictive
cues and reinforcing events are tightly correlated with orofacial and body movements 30     , 31     .
These movements are also associated with transient increases in cortical acetylcholine levels,
which suggests acetylcholine may link action and expectation 4     , 32     , 33     . Of particular interest
to reward related mechanisms, licking is reported to drive cholinergic activity, though reports
vary from strong acetylcholine release at lick bout onset 28     , 34      and offset 21     , to weak release
to licks 12      to none at all 27     . This variability may arise from experimental differences in task
conditions and sensory modalities or may reflect a compartmentalization of acetylcholine
functions based on nucleus, cell-type, and projection targets. Regardless, since whisking and
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licking patterns are strongly influenced by reward expectation and delivery 30     ,35     , dissociating
sensory cues and reward from these motor actions is crucial for interpreting acetylcholine’s role
in task learning and performance.

Here we sought to constrain how acetylcholine influences sensory cortex by measuring
spatiotemporal dynamics of acetylcholine in S1 and A1, areas that undergo remarkable
representational plasticity during learning 36     . We directly imaged sub-second changes in
acetylcholine concentration using a GPCR Activation Based sensor (GRAB-ACh3.0 32     ) broadly
expressed on the surface of supragranular cortical neurons. High-speed videography during active
whisker-guided object location discrimination (S1) and sound detection (A1) allows dissociation of
cue and stimulus from tightly coupled motor responses, while our response design allows
dissociation of reward delivery from the motor action of licking. Recording across weeks of
training, we identify behavioral correlates of acetylcholine release in sensory cortices during task
performance and how tactile discrimination learning specifically reorganizes those dynamics in
S1 across the transition from novice to master.

Results

Mice can learn to discriminate object
location using a single whisker
To measure the dynamics of acetylcholine in primary somatosensory cortex during tactile
discrimination learning, we employed a go/no-go single-whisker object localization task (Figure
1A      37     ). We trained water-restricted head-fixed mice (n=8 mice) to search with a whisker for
the position of a thin steel pole presented in one of two locations along an anteroposterior axis
during a one second sampling period (Figure 1B     ), and to lick for a water reward during a
subsequent one second answer period if the pole was in the posterior location. Mice were cued to
the presentation and removal of the pole by the sound of a pneumatic valve. Licking during the
sampling period had no consequences, while licking in the answer period determined trial
outcome and extended the duration of the pole presentation.

Mice were trimmed to their C2 whisker at least one week prior to onset of imaging experiments.
All mice reached task mastery (>70% performance for 3 consecutive sessions) within 1-3 weeks of
training (mean 10.75 ± 2.02 sessions; mean 3373.75 ± 754.09 (standard error) trials Figure 1C     ).
Mean Hit rates rapidly increased within three sessions of training, while mean False Alarm rates
slowly declined across weeks (SFigure 1A     ). Trimming of the C2 whisker after task mastery
dropped performance to chance (Figure 1D     ), demonstrating the whisker-dependence of the
task. Expert mice initiated whisker exploration upon the pole presentation and withdrawal cue
sounds (Figure 1E, F     , SFigure 1B     ). Since whisking amplitude was physically restricted when
the pole was in the go-associated proximal position, we examined the whisking patterns of go
trials vs. no-go trials separately. For both positions, trials with licks during the sampling and
answer periods (i.e. Hit and False Alarm) had more sustained whisking than trials without licks
(i.e. Miss and Correct Rejection; Figure 1G     ). This difference is consistent with licking-coupled
whisker motion 38     . Lick rates on Hit and False Alarm trials were indistinguishable during the
sampling period and diverged during the answer period once water was dispensed due to reward
collection on the Hit trials (Figure 1H     ). Licking rates on Correct Rejection and Miss trials were
zero by construction during the answer period, with occasional licks outside this period.

Acetylcholine release patterns differentiate trial types
Acetylcholine dynamics were measured using two-photon imaging of supragranular layers of S1.
The C2 whisker barrel was targeted for viral injection of AAV9-GRAB-ACh3.0 via intrinsic signal
imaging (SFigure 2A     ). Behavioral training commenced three weeks post injection, when strong
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Figure 1

Learning of whisker-guided object location discrimination and associated motor actions

A.Two-location discrimination task design with trial outcomes. B. Single trial structure with example licking, whisking, GRAB-
ACh signal traces. C. Learning curves of 8 mice, mean ± SEM sessions to expert. Blue circles, unbalanced go and no-go trials.
Gold dash, expert threshold. Gray dash, chance level. D. Mean performance for three early and expert sessions, per mouse. 3
mice with 1 no-whisker session, 4 mice with 3 no-whisker sessions averaged. E. Average whisking amplitude aligned to pole in
cue. Mean and SEM. 3 expert sessions / mouse. F. Same aligned to pole out cue. G. Grand mean trial averaged whisking
amplitude by trial outcome. Mean and SEM. 3 expert sessions / mouse. H. Same for licking rates.
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fluorescence signals were present in all mice (Figure 2A     ). To minimize the impact of a rapid
partial dimming of fluorescence following illumination onset (SFigure 2B     ), two-photon imaging
and illumination (15.44 fps, 940nm, 30-60mW out of objective) was continuous from the session
start, and the first 100 seconds of the session were excluded from analysis. Phasic increases in
fluorescence across the entire field of view were observed shortly after most, but not all onsets of
pole presentation (Figure 2B     ). These fluorescence dynamics diverged across trial outcomes
(Figure 2C     ). Hit and False Alarm trials showed a strong, similar increase in signal during the
sampling and answer periods (example session, SFigure 2C     ; grand mean of expert sessions
Figure 2D     ). This was followed by a secondary response that, on average, persisted into the inter-
trial period. In contrast, Miss and Correct Rejection trials on average showed two short latency,
short duration increases in fluorescence following pole presentation and withdrawal. We did not
find evidence for differential regulation of acetylcholine dynamics at the spatial scale of cortical
columns, as trial type averages within the primary whisker column versus in the surrounding
columns were identical for all trial types (Figure 2E     ).

Whisking and licking but not reward induce
acetylcholine release in sensory cortex
To investigate potential triggers of acetylcholine release in cortex, we compared the acetylcholine
dynamics across trial types to several classes of behavioral events, including pole presentation and
withdrawal cues, whisker exploration, whisker touch, licking, and reward. All trial types shared a
common time for pole presentation, and all trial types showed a small, short latency (2-3 frames,
130-195ms) increase in acetylcholine aligned to that cue (Figure 3A     ). Lick trials showed much
bigger and longer transients immediately following this initial hump. Trials without licks in the
answer period had a common pole withdrawal time, while trials with answer licks had a variable
withdrawal time. Alignment to pole withdrawal again showed a sharp upward transient of
acetylcholine across all trial types, though this was overlaid on longer duration acetylcholine
dynamics (Figure 3B     ). In all cases, the initial rise in fluorescence began within 1-2 frames after
a sharp increase in whisking amplitude (Figure 3A,B     ).

Was acetylcholine release driven by the pole presentation cue per se, or was it driven by a motor
response to the cue (Figure 1E,F     )? To test this, we examined the covariation of cue-evoked
whisking with cue-associated acetylcholine dynamics. We restricted our analysis to no-lick trials to
avoid potential confounds of licking-driven acetylcholine responses. We sorted acetylcholine
responses in no-lick trials by the average amplitude of the whisker motion within 500 milliseconds
after the pole presentation cue (Figure 3C, D     ). A fraction of trials (23.9% mean ± 21.8% per
mouse) did not evoke whisker motion (<2° mean amplitude) upon pole presentation, with most
producing a range of whisking vigor (SFigure 3A     ). In trials without cue-evoked whisking, there
was no acetylcholine release following the cue (0.01% mean ΔF/F for whisking amplitude <2°),
while trials with cue-evoked whisking showed a positive relationship between whisking amplitude
and acetylcholine response (0.58% mean ΔF/F for whisking amplitude >5°; 0.08% mean increase in
ΔF/F per degree of amplitude (Figure 3E     , SFigure 3B     ). These findings were recapitulated in
pole withdrawal-cued whisking and acetylcholine responses (SFigure 3C-E     ). This implies that
whisking, rather than whisker-pole contact drove the responses, since whisking after pole
withdrawal rarely causes pole touches. Finally, whisking bouts prior to the presentation cue
showed a similar positive relationship between whisking amplitude and acetylcholine response
(0.0642% mean increase in ΔF/F per degree of amplitude), with a more negative fluorescence offset
in the non-whisking condition attributable to an earlier baseline period (Figure 3F     ). These data
demonstrate that cue-associated acetylcholine release in S1 is directly proportional to the
magnitude of the motor response (i.e. exploratory whisking) evoked by that cue, and this motor
relationship is maintained in the absence of cue. We conclude that motor actions, rather than the
sensory cue, drives cue-associated acetylcholine transients in S1.
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Figure 2

Acetylcholine release in S1 varies with trial outcome

A. GRAB-ACh3.0 AAV expression in S1 barrel cortex, 3 weeks post injection. Cartoon generated by BioRender.com. B. Phasic
increase of acetylcholine release after pole in cue in most trials. C. Acetylcholine induced fluorescence changes sorted by trial
types, one expert example session. D. Grand average, 8 mice, 3 expert sessions each. E. Comparison of grand average
acetylcholine dynamics within the C2 column (solid) and in the surround (dashed). 8 mice, 3 expert sessions each. Traces are
vertically offset for display.
© 2024, BioRender Inc. Any parts of this image created with BioRender      are not made available under the same license as
the Reviewed Preprint, and are © 2024, BioRender Inc.
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Figure 3

Whisking drives acetylcholine release in S1

A. Top, grand mean acetylcholine fluorescence change aligned to pole in cue. Bottom, average whisking amplitude. 8 mice, 3
expert sessions each. B. Same to pole out cue. C. Whisking amplitude sorted by mean of 500ms post pole in cue. No lick trials
pooled from 3 expert sessions, 1 mouse. D. Same, for acetylcholine fluorescence change sorted by whisking amplitude. E.
Grand mean of acetylcholine fluorescence change vs. whisking amplitude of 500ms after pole in cue. No lick trials from 3
early and 3 expert sessions, 8 mice. F. Grand mean of acetylcholine fluorescence change vs. whisking amplitude during 1s
before pole in cue for expert sessions. Trials with no licks within 1.5s after trial start, 3 expert sessions, 8 mice.
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The striking difference in acetylcholine dynamics across trial types (Figure 2C-E     ), in particular
Hit and False Alarm versus Miss and Correct Rejection, suggested that licking could be a powerful
driver of acetylcholine release in S1. We aligned trials across expert sessions to the time of first
lick, regardless of trial type or if the lick occurred in the answer period, and sorted by the number
of licks in the trial (Figure 4A     ). Trials with no licks were aligned to the time of the median first
lick. Licks were tightly clustered following the first lick (Figure 4B     ) and preceded rhythmically
at a regular modal inter-lick interval of 155ms in expert mice (Figure 4C     ). On trials with licks,
there was a sharp increase in acetylcholine signal beginning shortly before lickport detection of
the first lick, which lasted 1-2 seconds (Figure 4D     ). This lick-associated response dwarfed the
cue-associated transients on the no-lick trials (Figures 2E     ), and partially scaled with the number
of licks (Figure 4D     ). Across all expert mice, the first lick was associated with a profound
increase in mean acetylcholine over the following second, jumping from 0.35% ± 0.26% on no-lick
trials to 1.60% ± 0.42% with a single lick (Figure 4E     ), an increase of 1.25% ΔF/F over baseline.
Subsequent licks yielded smaller increases in mean acetylcholine over this period at a rate of
0.28% ΔF/F per additional lick. Similarly, the duration of the transient was 1.46 ± 0.65s for a single
lick. Subsequent licks extended this transient 116ms per lick (Figure 4F     ), somewhat less than
the inter-lick interval (Figure 4C     ). This demonstrates that acetylcholine release in S1 is
primarily coupled to the onset of goal-directed licking, with the vigor of licking modulating the
magnitude and duration of the release.

During the period of goal-directed licking (0-1s post-first lick), there was a small, but significant
increase on Hits over False Alarm trials (Figure 5A     , SFigure 4A     ). Could this difference be
explained by reward delivery? Rewards are only distributed upon a correct lick in the answer
period. Hit trials had higher acetylcholine levels than False Alarms during the answer period, but
also had more licks (Figure 5B,C     ). To control for increased acetylcholine release caused by
additional licking (Figure 4E     ), we pairwise compared mean acetylcholine levels of Hit and False
Alarm trials during the answer period for matched numbers of licks in the period. Hit and False
Alarm acetylcholine levels were essentially identical after accounting for the difference in lick
count (Figure 5D     ). There was no difference in the distribution of first lick times of Hits and
False Alarms (SFigure 4B     ). We conclude that reward delivery does not induce acetylcholine
release in supragranular S1, consistent with prior electrochemical measurements in mPFC 1     .
Together, these data establish that the main driver of acetylcholine release in supragranular S1
during tactile-guided choice behavior is execution of the goal-directed action, secondary drivers
are exploratory whisker motion and additional licking, while task initiation cues and reward
delivery have no direct effect.

To investigate whether the above relationship between licking, reward delivery and acetylcholine
dynamics generalizes across sensory cortical areas, we performed an auditory detection task
while imaging GRAB-ACh3.0 responses in primary auditory cortex. As in S1, licking drove strong
phasic increases of Ach signal, with Hit trials showing higher peak and secondary response
magnitude than False Alarms (4.44% vs 3.69%; Figure 5E     , SFigure 4C     ). However, Hit trials
had more licks (Figure 5F, G     ) than False Alarms. Pairwise comparison of Ach signals in lick
count matched trials showed no significant difference between Hits and False Alarms (Figure
5H     ). This reinforces our conclusion that reward-seeking licking drives acetylcholine release
across sensory cortex, while reward delivery does not.

Mastering the task enhances first
lick induced acetylcholine release
Acetylcholine regulates attention 39     , which may change with task performance, familiarity, or
associative learning. It follows that training might increase acetylcholine release concurrently
with improved performance. Furthermore, learning to associate sensory stimuli with potential
reward increases cholinergic neuron activity in the basal forebrain during stimulus presentation
12     . On the other hand, training might reduce acetylcholine release, as a familiar task may

https://doi.org/10.7554/eLife.96931.1
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Figure 4

Licking strongly drives acetylcholine release in S1

A. Acetylcholine fluorescence change across trials, sorted by number of licks in trial, aligned to first lick. One example expert
session. B. Lick pattern across trials, sorted by number of licks in trial, aligned to first lick. Same example session as A. C.
Pooled inter-lick interval from 3 early (gray) and 3 expert (black) sessions each, 8 mice. D. Acetylcholine fluorescence change
aligned to first lick for trials with different numbers of licks. Same session as A. E. Mean acetylcholine fluorescence change in
1 second following first lick binned by number of licks in that period. Circles, mean 3 expert sessions / mouse. Linear fit from
1-7 licks. F. Duration, onset to trough, of the first acetylcholine transient, binned by number of licks within 2 seconds of first
lick. Circles, mean 3 expert sessions / mouse. Linear fit from 1-10 licks.
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Figure 5

Reward delivery does not drive acetylcholine release in sensory cortex

A.Top: Acetylcholine fluorescence change aligned to first lick from Hit (blue) and False Alarm (green) trials. Mean and SEM. 3
expert sessions, 8 mice for all panels. Bottom: Significance test between Hit and False Alarm acetylcholine over time (p-value,
paired t-test, corrected for multiple comparisons). B. Mean number of licks in the answer period on Hit and False Alarm trials.
C. Distribution of lick counts in the answer period histogram for Hit (blue) and False Alarm (green) trials. D.Top: Mean
acetylcholine fluorescence change in answer period, binned by licks in answer period for Hit (blue) and False Alarm (green).
Bottom: Significance of difference between Hit and False Alarm trials, binned by licks (p-value, paired t-test, corrected for
multiple comparisons). E-H. Same as A-D, but in auditory cortex .
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require less attentional resources to solve or reduced neural plasticity once established. To
address these possibilities, we compared the acetylcholine dynamics for the first three sessions of
the full somatosensory task training and the final three expert sessions in each mouse. We found
that the initial lick-associated acetylcholine release was nearly twice as large in expert sessions
compared to early training sessions (ΔF/F 3.07 ± 1.01% std expert vs. 1.67 ± 0.65% std early; Figure
6A     ). The magnitude of the increase was directly proportional to session performance with mean
ΔF/F increasing 0.53% per 10% increase in correct rate (Figure 6B     ). This increase occurred even
though expert mice licked fewer times (Figure 6C,D     ) and at the same pace (Figure 6E     ) as
compared to early sessions. With training, expert mice consolidated their licking into the sampling
and reward windows, which follow the cue presentation (SFigure 5A     ). Restricting our analysis
to only trials where the first lick came after the cue confirmed that acetylcholine responses
associated with the first lick are significantly potentiated after training (SFigure 5B     ).

This increase of acetylcholine signal after training was not due to an increase of GRAB-ACh sensor
expression or sensitivity seen by the following internal control. On no-lick trials, whisking-
associated acetylcholine release slightly increased following the pole-presentation cue, and slightly
decreased following the pole-withdrawal cue (Figure 6F     ). This closely matched the change in
whisking to those cues following training (Figure 6G     ). Thus, the relationship between
acetylcholine fluorescence change and whisker motion was stable across training. Finally, we
examined whether training induced potentiation of all licks, or only the first lick (i.e. the choice-
signaling lick in expert sessions), by repeating the analysis of Figure 4      on early sessions of the
same cohort of mice. In contrast to experts (Figure 4E     ), the first lick in early sessions drove a
modest increase in acetylcholine from 0.14% ± 0.3% on no-lick trials to 0.50% ± 0.52% with a single
lick (Figure 6H     ), an increase of 0.36% ΔF/F over baseline. Subsequent licks caused a 0.26%
increase in ΔF/F per additional lick versus 0.28% ΔF/F per lick in expert mice (Figure 6H     ). Thus,
training induced a nearly 3.5x increase in acetylcholine response over baseline specifically to the
first lick, while leaving responses to whisking and subsequent licks unchanged (Figure 6I     ). We
conclude that training induces a dramatic and selective potentiation of acetylcholine release in
supragranular S1 to a goal-seeking motor action and this potentiation is correlated to improved
task performance.

First lick is the major predictor of acetylcholine release
Our above analyses identified heterogenous influences of behavioral events with overlapping time
distributions on acetylcholine dynamics in sensory cortex. To further tease apart these
interactions we trained a general linear model (GLM) to predict cholinergic dynamics in S1 from
the recorded events. The predictors used included sensory stimuli (pole in and out auditory cues),
motor actions (first lick, other licks, and whisking Hilbert components of amplitude, midpoint and
phase), reward delivery, and fluorescence history (to account for indicator decay rate). The GLM
output closely followed the observed low-frequency fluorescence dynamics on hold-out trials
(Figure 7A, B     ). Following training, the weight of the first lick time significantly increased, and
was the single greatest predictor of positive fluorescence responses in the first second following
lick (Figure 7C     ). Reward delivery predicted a short-term drop in fluorescence in both early and
expert mice. Extending beyond the first second, both first lick and reward kernels have a biphasic
positive and negative structure, suggesting additional complexities in the interaction of event-
triggered release and tonic cholinergic tone.

Discussion

Recording and manipulation of cholinergic neurons originating in BF nuclei 26     , 27     , 34     , 40     ,
41      has established the importance of cholinergic signaling on multiple brain functions. However,
the complexity of BF organization 3     , 19     , 20      has posed a challenge in linking specific cognitive
functions to acetylcholine dynamics in specific projection targets. By recording acetylcholine

https://doi.org/10.7554/eLife.96931.1
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Figure 6

Learning selectively potentiates acetylcholine release to first licks in S1

A. Grand mean acetylcholine fluorescence change aligned to first lick in early (gray) and expert (black) sessions, 3 sessions
per condition, 8 mice for all panels except Paired comparison of average acetylcholine fluorescence change within one
second after first lick between early (gray) and expert (black) sessions for each individual mouse is shown in inset figure. B.
Bands SEM. B. Relationship between correct answer rate and acetylcholine fluorescence change within 1 second following
first lick. Shade indicates mouse identity. All 51 single-whisker imaged sessions, Fit equation r = 0.05328*x-0.0123. C. Mean
lick rates for trial types in early (top) and expert (bottom) sessions. D. Mean lick numbers per trial. E. Peak lick rate. F. Grand
mean ± SEM acetylcholine fluorescence change in no lick trials. G. Same for mean ± SEM average whisking amplitude H.
Mean acetylcholine fluorescence change in 1 second following first lick binned by number of licks in that period. Linear fits
from 1-7 licks. I. Acetylcholine fluorescence change from whisking, subsequent lick, and first lick for early (gray) and expert
(black) sessions. Red, grand mean ± SEM.
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Figure 7

General linear model of acetylcholine fluorescence
dynamics from sensory, motor, and reward predictors

A. Sample acetylcholine fluorescence trace. Object model fit to predict fluorescence from below predictors. B. Sample true
fluorescence (black), corresponding predicted fluorescence trace using the predictors in A (red), and licks (blue). C. Different
predictors’ β coefficient for early (black) and expert (red) sessions. 3 sessions for each condition, 7 mice.
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dynamics directly in S1 (Figure 2     ) during whisker-guided object localization (Figure 1     ), we
discovered surprising differences in the triggers and dynamics between previously observed BF
nuclei and this cortical target essential for tactile discrimination 42     . Nearly all acetylcholine
release in supragranular S1 was attributable to goal-directed motor actions (Figures 3     , 4     )
rather than sensory input (Figure 3     ) or reward delivery (Figure 5     ). This generalized for
licking and reward in a second sensory area (A1, Figure 5     ). Moreover, as task performance
improved across training, acetylcholine release to the first lick in a trial became dramatically and
specifically potentiated (Figures 6     , 7     ).

Together, these data support a model that acetylcholine release in sensory cortex during reward-
seeking behavior is driven by directed motor actions to gather information (e.g. whisking) and act
upon it (e.g. licking). This contrasts from reports that acetylcholine release is driven by delivery of
reinforcement-predictive cues 11     , 12     , 16      and reward itself 11     , 12     . In contrast to passive
cue-reward association, our task requires active exploration to gather reward-predictive
information, revealing a motor requirement for acetylcholine release. Intriguingly, cortical VIP
neurons, which are strongly excited by acetylcholine 43     , are activated by motor actions that are
associated with the expectation of reward (e.g. licking), but not reward delivery 44     . In a similar
context, our observed potentiation of acetylcholine release to the first lick is consistent with a
learned link between reward-expectation and a specific motor action. Our results also suggest that
cue-induced changes in motor behavior (e.g. increased whisking, sniffing or anticipatory licking)
and other orofacial movements 33      may also provide a meaningful contribution to acetylcholine
release in passive association tasks.

The lack of reward-evoked acetylcholine release in S1 may be due to several factors. One
possibility is that reward activity in BF is transmitted only to particular targets such as BLA 11     ,
but not S1, due to projection specificity in subpopulations of BF cholinergic neurons 3     . Second,
while reward-delivery signals have been observed in cholinergic neurons of HDB and NB 27     ,
fiber photometry in those areas show reward-associated transients are small relative to lick-
evoked transients and tightly correlated with an increase of lick rate following water delivery 21     .
Perhaps reward-delivery only indirectly drives acetylcholine release via changes in licking
patterns. However, this result may depend on task and reward structure. Tasks with variable
reward probability have shown decreased cholinergic activity to delivery of highly likely rewards
12     , 27     . In our task, licking on go trials guaranteed reward, which may have shifted reward
delivery-associated activity earlier to the time of the first lick, when reward is expected.

Intriguingly, acetylcholine release associated with the first lick began ramping several hundred
milliseconds prior to lick detection (Figure 4C     ). This may be due to a combination of following
factors: whisking precedes licking and drives modest and additive acetylcholine release (Figure
3     ), decision related activity precedes motor action by some amount of time 45     , and the tongue
requires about 150-200ms from protrusion initiation to lickport contact 35     . These are partially
counterbalanced by the indicator rise time, which is dependent on the underlying acetylcholine
concentration profile and likely on the order of tens of milliseconds for a few percent ΔF/F change
32     . Thus, some of the first lick-associated acetylcholine dynamics may be caused by an internal
choice deliberation associated with initiation of motor action. This possibility is reinforced by the
observation that onset of acetylcholine release is more closely aligned to first lick on early than on
expert sessions (Figure 6A     ), suggestive of expert-specific choice-associated dynamics overlaid
on motor-triggered dynamics common to both session classes.

The patterns of acetylcholine release in response to whisking and licking suggest potential
functions for acetylcholine on sensory cortical circuitry 46     , 47     . VIP cells in S1 are activated by
whisking 48      via acetylcholine release 49      leading to disinhibition of excitatory neuron
dendrites where top-down contextual information arrives in S1 50     , 51     , 52     . Thus, whisking-
induced acetylcholine release could enhance integration of contextual information with sensory
input in S1 neurons, providing, for example, a potential mechanism for combining motor and
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touch signals to generate location specific codes 53      and percepts 52     . VIP activation also gates
neural plasticity in cortex 55     . Higher task performance is associated with increased
acetylcholine in V1 26     . Our similar results in S1 (Figure 6B     ) identified that this increase is
specific to the first lick and persists for several seconds (Figure 4     ). Thus, this increase is well-
poised to provide windows of enhanced neural plasticity via VIP cell activation while the
consequences of decisions are evaluated.

This work is only a step towards understanding the function of acetylcholine dynamics in cortex
and sensory processing. The specificity of acetylcholine action on particular cortical cell types
raises the question of the extent to which this reflects differing patterns of receptor expression
56      versus preferential targeting by cholinergic axons. While we did not see a difference in
acetylcholine dynamics between center and surrounding cortical columns, there could be
substantial heterogeneity in release at cellular and subcellular scales. The GRAB sensor expression
across the plasma membrane of all neuron types coupled with the intrinsic sensor kinetics made
our observations well-suited for quantification of volume transmission, but could obscure sites of
fast synaptic transmission. We also did not determine the extent to which the S1 acetylcholine
dynamics reflect activity from nucleus basalis (NB) versus horizontal diagonal band (HDB) or their
subdivisions which project to S1 3     . Cholinergic terminals in mouse neocortex show laminar
preferences, entering in either layer 1 or layer 6 depending on the location of originating soma in
the BF 57     . The deeper pathway could potentially convey different classes of information and
serve a distinct function from the superficial acetylcholine dynamics observed here. An intriguing
possibility is that the selective potentiation of choice-signaling action may be dissociable by
afferent source. Finally, while we quantified the triggers and timescales of acetylcholine dynamics
on cortical targets, substantial additional work is required to determine the functional
consequences of those time limits. Manipulation of local acetylcholine dynamics and cellular
targets at specific moments during task performance and acquisition could clarify acetylcholine’s
potential roles in regulation of sensory integration and cortical plasticity.
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Lead Contact and Materials Availability
Further information and requests for resources and reagents should be directed to and will be
fulfilled by the Lead Contact, Samuel Andrew Hires (shires@usc.edu). This study did not generate
new reagents or mouselines

Experimental Model and Subject Details Animals
For the somatosensory task, we used 2.5-4 months old male (n=2) and female (n=6) C57BL/6J mice
(#000664, The Jackson Laboratory). Mice were maintained on a 12:12 reversed light-dark cycle,
and put on water restriction 2 weeks before training started. During the water restriction period,
health status was assessed everyday following a previously reported guideline37     . All procedures
were performed in accordance with the University of Southern California Institutional Animal
Care and Use Committee Protocol 20732 and 20788.

For the auditory task, we used 5 male C57BL/6J mice (The Jackson Laboratory). All surgical and
animal handling procedures were conducted in compliance with the ethical guidelines of the
National Institutes of Health and received approval from the Institutional Animal Care and Use
Committee (IACUC) Protocol AN7369 at Baylor College of Medicine.

Method Details

Headbar surgeries

Prior to each surgical procedure, the surgical station and instruments underwent sterilization.
Anesthetic gas, specifically isoflurane (2–3% in oxygen), was administered for the entire duration
of all surgeries. The mouse’s body temperature was maintained between 36.5°C and 37.5°C using a
homoeothermic blanket system.

Somatosensory task

Before each surgery, a rimadyl tablet was given 0.5 mg/tablet 24 hours before surgery.
buprenorphine-SR and marcaine were injected subcutaneously at 0.5 mg/kg and 2% right before
the surgery. A customized stainless steel headbar was attached to the skull using layers of Krazy
glue (Elmer’s Products, Inc) and dental cement (Lang Dental Mfg. Co., Inc).

Auditory task

Subcutaneous injection of Buprenorphine-SR at a dose of 1.0 mg/kg was administered 30 minutes
before anesthetic induction. Once anesthetized, the mouse was positioned in the stereotaxic frame.
The surgical site was prepared by shaving and cleaning with betadine and alcohol. A 1.5-2 cm
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incision was made along the mid-line of the scalp, followed by retraction of the scalp and
overlying fascia from the skull. A sterile head post was then implanted using dental cement.

Intrinsic signal imaging

Intrinsic signal imaging (ISI) was done 3 days after headbar surgery to guide later virus injection
around the C2 barrel column, and repeated immediately before water restriction started to further
confirm the C2 barrel column location in the cranial window. All whiskers except the C2 whisker
were trimmed before ISI. To identify the C2 barrel column, the C2 whisker was stimulated using a
Piezo stimulator when mice were under light isoflurane anesthesia (0.8-1.0%). Comparisons of
acetylcholine dynamics inside the C2 column versus surround were based on column-sized hand-
drawn ROIs centered on the ISI hotspot.

Cranial window and virus injection surgeries

Somatosensory task

In all mice, AAV9-hSyn-GRAB-ACh3.0 (Addgene Plasmid #121922 https://www.addgene.org/121922
/     ) was injected from 1x aliquots during the cranial window installation. A glass capillary
(Wiretrol® II, Drummond) was pulled to 15-20μm in tip diameter using a micropipette puller
(Model P-97, Sutter instrument), and the tip was beveled to about 30 degrees. The glass window
was 2x2 mm glass hand fused to 3x3 glass (both 0.13-0.17 mm thickness) with ultraviolet curing
glue (Norland optical adhesive 61, Norland Inc.).

Before each surgery, a rimadyl tablet was given 0.5mg/tablet 24 hours prior and Buprenorphine-SR
was injected subcutaneously at 0.5 mg/kg immediately before. A 2x2 mm square of skull whose
center was the identified C2 whisker barrel region was removed. Virus was backfilled into a
pipette of mineral oil (M5904, Sigma-Aldrich). We injected 400nl virus into the identified C2 barrel
column through a single injection site over 4 min at 300μm below pia, withdrawing after an
additional two minutes. The exposed brain region was then covered with the homemade glass
window. Targeting of the C2 column was confirmed via ISI one week after cranial window surgery,
before which water restriction commenced.

Auditory task

A cranial window was created over the right auditory cortex. The skin over the skull was removed,
and part of the temporalis muscle was dissected bluntly to determine the location for the
craniotomy. A 3-mm diameter window was opened using a handheld dental drill (Osada Exl-M-40).

In all mice, AAV9-hSyn-GRAB-ACh3.0 (Vigene Biosciences Catalog # YL 10002-AV9) was injected as
1x aliquots during the cranial window installation, using a 5 Microliter Hamilton Syringe (Model
85 RN, Hamilton Company).

We gradually injected 500 nl of the virus into the auditory cortex at a single injection site for
approximately 5 minutes, waited an additional 5 minutes, and then withdrew the syringe. The
exposed brain region was then covered with the a cranial window, which consisted of two, stacked
3 mm diameter cover glass that were hand-fused to a 5 mm diameter glass (thickness of 0.13-0.17
mm) using ultraviolet curing glue (Norland optical adhesive 71, Norland Inc.). Dental acrylic
cement was applied to secure the glass windows to the surrounding bone.

Water Restriction

Mice were given 1mL of water per day and provided food ad libitum. Mice weights stabilized
around or above 80% of initial weight. On training days, mice received 0.2∼0.6 mL of water on the
rig and were provided supplement water post training, adding up to 1 mL. If the weight fell below

https://doi.org/10.7554/eLife.96931.1
https://www.addgene.org/121922/


Jing Zou et al., 2024 eLife. https://doi.org/10.7554/eLife.96931.1 18 of 33

80% of the initial weight, additional water was provided until they returned above 80% of initial
weight.

Behavioral task and training

Somatosensory task

Mice were trained in a whisker-guided Go/No-go localization discrimination task58     . During
training, a smooth black pole with 0.6 mm diameter (a plunger for glass capillary, Wiretrol® II,
painted with black lubricant, industrial graphite dry lubricant, the B’laster Corp.) was vertically
presented at two positions using a pneumatic slide (Festo), with the posterior position rewarded
(Go trials) and anterior position non-rewarded (No-go trials). The pole came into touch range
within 100 ms of pole motion onset. To promote active whisking to solve the task, we jittered the
pole position by 0-2mm along the anterior-posterior axis. Mice used a single whisker (C2) to
discriminate positions. Mice indicated their decision through licking or withholding licking during
the answer period according to pole position. Licks in the 1 second sampling period were ignored.
On Hit trials, mice received water rewards on the first lick in the 1 second answer period. On False
Alarm trials, based on each mouse’s learning process, each lick during the answer period re-
triggered a timeout that lasted 0-4 seconds. Miss and Correct Rejection trials were unpunished. The
behavioral task was controlled by MATLAB-based BControl software (C. Brody, Princeton
University).

We trained mice in a stepwise manner. First, we associated the timing of cue/pole with reward to
let mice learn that water can come out of the lick port and the water is temporally associated with
a pole presentation. Mice usually learned this association in a few minutes. Then we introduced
Go trials only to let the mice learn the trial structure, which usually took 1-2 sessions for the mice
to achieve high performance in go trials. After the mice were able to get over 10 Hit trials in a row,
we introduced No-go trials. During early training, we adjusted the No-go trials probability and
time-out time on False Alarm trials to help mice learn, settling on 50% No-go probability and 0s
timeout once mice did not get discouraged and stop licking after a series of misses. The threshold
for expert performance was defined as a >70% correct rate (Hit trials + Correct Rejection trials/ All
trials) continuously for 3 sessions. After the animals became experts, we trimmed the animal’s last
whisker (C2 whisker) to test whether the mice learned the task in a whisker-dependent manner.

Auditory task

The auditory task (Fig. 5E-H     ) was the same as previously described 59     . In short, mice were
head-fixed on a wheel and learned to lick for sugar water reward to report detection of an
auditory signal stimulus. Each trial consisted of three consecutive intervals: (i) the ‘noise’ or tone
cloud interval, (ii) the ‘signal’ (temporal coherence) interval, and (iii) the inter-trial-interval (ITI).
The duration of the noise interval was randomly drawn before each trial from an exponential
distribution with mean of 5 seconds; this was done to ensure a flat hazard function for signal start
time. Randomly drawn noise durations greater than 11 s were set to 11 s. The duration of the ITI
was uniformly distributed between 2 and 3 s. Correct-go responses (hits) were followed by either 2
or 12 mL of sugar water (depending on block number; see de Gee et al., bioRxiv, 2022 for the
behavioral and pupillometric correlates of changes in reward expectation). Incorrect-go responses
(false alarms) terminated the trial and were followed by a 14 s timeout with the same ITI-stimulus.

Whisker motion acquisition and analysis

Backlit whisker motion video was acquired with a CMOS camera (Basler acA800-500um),
StreamPix Software (NorPix Inc.) at 311Hz through telecentric lens (0.09X½” GoldTL™ #58-259,
Edmund optics), a CMOS camera (Basler acA800-500um). to record whisker motion. Camera frames
were triggered and synced by BControl and Ardunio. We tracked whisker position with the Janelia
Whisker Tracker (https://www.janelia.org/open-science/whisk-whisker-tracking      60     ). The fur was
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masked to improve tracking quality. The whisker’s azimuthal angle was calculated at the
intersection of the mask and whisker trace. Whisking midpoint, amplitude and phase was
decomposed from this angle using the Hilbert transform, as described in Cheung et al., 2019 54     .

Two-photon microscopy

Somatosensory task

The two-photon microscope (Neurolabware) used a galvanometer scanner (6215H, Cambridge
Technology), Pockels cell (350-105-02 KD∗P EO modulator, Conoptics), a resonant scanner (CRS8,
Cambridge Technology), an objective (W Plan-Apochromat 20×/1.0, Zeiss), a GaAsP photomultiplier
tube (H10770B-40, Hamamatsu), and a 510 nm emission filter (FF01-510/84-50, Semrock). We used
an 80 MHz tunable laser at 940 nm (Insight DS+, Spectra-Physics) for GRAB-Ach3.0 excitation.
Imaging was continuous throughout each session. The scope was controlled by a Matlab-based
software Scanbox with custom modifications. Imaging frequency was 15.44 frames/s on the size of
the FOV (512 × 796). Spatial resolution was 1.4 μm per pixel.

Auditory task

In vivo GRAB-ACh3.0 excitation imaging was conducted in the right auditory cortex using a fast
resonant scanning system (ThorLabs rotating Bergamo). The imaging frame rate was set at 15 Hz.
Excitation was achieved with a Ti–sapphire laser (Insight DS+, Spectra Physics) tuned to 930 nm,
with a ×16 (0.8 NA, Nikon) objective. Imaging was continuous throughout each session. Scan Image
(Vidrio) was used to control the imaging system. The imaging data were synchronized with sound
stimulation, pupil videos, licking, and wheel motion using custom Labview software.

Data analysis and statistics

All imaging data were processed in Matlab. We excluded the first 100s for each session due to non-
linear photodynamics which stabilized after 100 seconds of continuous excitation scanning (SFig.
2     ).

Baseline for ΔF/F calculation: In Figure 2B      we used the mean fluorescence intensity of the
sample session as baseline. To analyze trial based acetylcholine fluorescence changes, in Figure
2C     -2E     , Figure 3D     , and Figure 6F      we used the first 16 frames (∼1s) after trial start as
baseline. To calculate acetylcholine release triggered by trial cues, in Figure 3A      and 3B      we
used the last 16 frames (-1 to 0s) before stimuli (pole onset and pole withdrawal) as baseline). The
acetylcholine fluorescence started to increase around 500 ms before first lick (Figure 4D     ). To
prevent this signal from leaking into the baseline measurement, in Figure 4A, 4D     , 5A, 5E     ,
SFigure 4B     , and 6A      we used frames 32-17 (-2 to -1s) before first lick as baseline. In Figure
4E      and 6H     , the acetylcholine response to the first lick was calculated by using the mean
fluorescent intensity of the one second window immediately following the first lick. In Figure
4F     , the acetylcholine transient duration was defined as the time duration between the first lick
and the bottom of the first trough of the acetylcholine response. Statistical comparisons were
made using paired T-Test corrected for multiple comparisons.

GLM: Over the full dataset for each animal (7 animals, 3 early and 3 expert sessions for each
animal), we trained a separate model for each session. We built a design matrix and response
matrix for fitting the model, aiming to predict the fluorescence change (dff) value at time t from a
set of input parameters leading up to that time t. The design matrix is a matrix of each of these
input parameters for each time t that we want to predict. The 9 input parameters are First lick
times (the first lick that happens in a trial), Other lick times (all the licks in the trial except the first
lick), Reward (water dispense time), Pole in time (pole initiates moving in time), Pole out time (pole
initiates moving out time), Amplitude, Midpoint, Phase (3 whisking variables are defined as
described in Cheung et al., 2019 54     ), and Fluorescence history. And we chose the window size
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and time lags to construct the design matrix. These can be set independently for each input. In the
analysis for Figure 7     , we used a time lag of 0 for all inputs except Fluorescence history, which is
10 frames. We used a window size of 45 frames for all inputs except for Fluorescence history,
which is 5 frames. That is to say that for each time point t we are using the input data history from
45 frames (5 frames for Fluorescence history) before t all the way up to t itself. We did important
preprocessing of the data prior to building the design matrix. For continuous data (e.g. whisking
amplitude) we normalize the traces between 0 and 1. For data represented as time points (e.g. lick
times) we vectorized and binarized the data -i.e. create a vector of zeros with length of all frames
in that session. Then we matched the lick times to a frmae time and changed the 0 to 1 at that
index. With that we then built a General Linear Model (GLM) for each session. This involves taking
a subset of the dataset (first 1/8th of the session) to train the GLM on, fitting the GLM model on the
training data, using the fitted GLM to predict the dff value for the full dataset for that session. GLM
training used Matlab version of glmnet.

Supplemental figure legends
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Supplemental Figure 1

Pole out cue induced whisking in all trial types

A. Average Hit rate (blue) and False Alarm rate (green) of 8 mice across training sessions. Individual mouse Hit rate in light
blue, False Alarm rate in light green. B. Average whisking amplitude aligned to pole out cue by trial outcome, 3 expert
sessions / mouse.
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Supplemental Figure 2

Technical details of targeting and imaging

A.Intrinsic signal imaging result showing C2 barrel column location through the cranial window. B.Left: Raw fluorescence
trace of an example session. The colored area is excluded from analysis due to non-stationary photodynamcis. Right: Zoom of
same. C. Acetylcholine fluorescence changes averaged by trial types, same session as Figure 2C     .
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Supplemental Figure 3

Whisking drives acetylcholine release in S1

A. Mean whisking amplitude of 1s post pole in cue. B. Mean acetylcholine change vs. mean whisking amplitude over 1s
following pole in cue. C. Whisking amplitude heatmap sorted by the mean whisking amplitude of 0-500ms post pole
withdrawal cue. No lick trials pooled from 3 expert sessions, one mouse. D. Acetylcholine release signal heatmap sorted by
the same criteria as C. E. Mean acetylcholine release signal of 500ms post pole withdrawal cue vs. mean whisking amplitude
of 500ms post pole withdrawal cue. No lick trials pooled from 3 early and 3 expert sessions, 8 mice.
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Supplemental Figure 4

First lick time and first lick related acetylcholine
release comparison between Hit and False Alarm trials

A. Mean acetylcholine fluorescence change aligned to first lick from Hit trials (left) and False Alarm trials (right) for each
mouse (n=8 mice), somatosensory task. B. First lick time distribution for Hit (blue) and False Alarm (green) trials. 3 expert
sessions, 8 mice. C. Mean acetylcholine fluorescence change aligned to first lick from Hit trials (left) and False Alarm trials
(right) for each mouse (n=6 mice), Auditory task.
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Supplemental Figure 5

First lick time and first lick related acetylcholine
release comparison between early and expert sessions

A. First lick time distribution for early (gray) and expert (black) sessions. 3 sessions per condition, 8 mice. B. Left, Hit trials
average acetylcholine fluorescence change for early (light blue) and expert (blue) sessions. Right, same for False Alarm trials.
3 sessions per condition, 8 mice.
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This study aimed at gaining a better comprehension of the functional role of acetylcholine
release within the sensory cortex. To this end, the authors measured the dynamics of cortical
acetylcholine release using two-photon imaging of the GRAB-Ach3.0 fluorescent sensor, either
in the mouse primary somatosensory cortex (S1), throughout the learning of a whisker-
dependent object position discrimination task, or in the primary auditory cortex (A1) of mice
engaged in a specific sound signal detection task.

The illustrated results suggest that variations in acetylcholine release tend to be associated, in
the primary sensory areas, with goal-directed actions (whisking in the case of the object
position discrimination task, and more strongly with licking), rather than with sensory inputs
or rewards. They also indicate that the variations in cholinergic signal specifically associated
with licking increase with learning.

Strengths:

The impact of cholinergic inputs on cortical function has intrigued neuroscientists for many
decades due to the complexity of its mode of action on the molecular and cellular points of
view.

Being able to image the dynamics of cortical cholinergic release in vivo on mice engaged in
goal-directed tasks has moved this field into a really exciting phase, where it becomes
possible to draw links between specific behavioral features and local variations of cholinergic
release in given cortical areas.

This study is therefore particularly timely, it provides a set of precious and original data.
Globally the experiments were rigorously designed, and the illustrated quantifications and
analyses follow high standards. This work therefore constitutes a valuable contribution to
this field of research and could be of interest to a large audience.

Weaknesses:

Although the manuscript reports very interesting links between behavior and cortical
cholinergic release, the study remains correlative and is devoid of experiments allowing to
link causally cholinergic cortical inputs with motor actions, and more globally to gauge their
impact on learning and execution of the tasks. Since the nature of the link between goal-
directed motor actions and acetylcholine dynamics is not really clarified here, the word
"drive" in the title of the paper, which may have a causal connotation should be replaced
(especially since acetylcholine-related signal fluctuations seems often to precede motor
actions).

As high-speed videography of the C2 whisker was achieved during the object position
discrimination task, it seems that the whisker curvature changes could have been quantified
in addition to the whisker angle. This would allow appreciation of how acetylcholine related
signals vary according to both whisker-related motor output and sensory input, hereby
providing clearer support for the assertion that acetylcholine levels are "related to motor
actions rather than sensory inputs".

The data set related to the auditory task is used here to support the claim that licks rather
than rewards are linked to variations of fluorescence of the cholinergic sensor in sensory
cortices. These data seem very interesting indeed but are shown here in a very incomplete
manner (a figure illustrating the learning curves of the 6 recorded animals, and acetylcholine
dynamics during the four types of trials would be very welcome). If the animals were placed
on a treadmill and the locomotion measured, together with pupil size, during the task as in
Gee et al., BioRxiv 2022, one could ask how these other motor activities are linked with
acetylcholine dynamics in A1. By comparing the impact of goal-directed actions versus motor
activities accompanying more global state transitions on acetylcholine dynamics, these data

https://doi.org/10.7554/eLife.96931.1
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could provide a particularly valuable contribution to this study. They could in addition rule
out potential confounding factors regarding the claim that cholinergic dynamics are here
mainly linked to first licks.

Coming back to the whisker-dependent object localization task, if cholinergic-related signals
have been recorded during the "no whisker sessions", analyzing these data would be very
useful in the scope of this study. Indeed, during these sessions, the animals were not naive,
since they went through the learning of the task, but could not resolve it anymore, still they
most probably kept on licking upon the pole-in and/or pole-out cues. In these sessions, the
licking is fully dissociated from tactile sensory inputs, and for this reason it would be
particularly interesting to see how the fluorescence varies with first licks. In addition,
plotting these sessions in Figure 6C would be informative. Indeed, if the increase of
cholinergic signals with performance comes progressively due to changes in the internal
state of the animal and/or plasticity mechanisms, first lick related cholinergic signal
variations could remain high despite the decrease of performance in these sessions.

Finally, because the functional role of cortical cholinergic release is a hot topic, a few recent
studies addressing this question with slightly different approaches in the visual cortex would
be worth mentioning, at least in the discussion, as well as a recent study focusing on motor
learning, which revealed an apparent decrease of acetylcholine dynamics associated with
goal-directed motor actions upon learning.

https://doi.org/10.7554/eLife.96931.1.sa1

Reviewer #2 (Public Review):

Summary:

The paper entitled "Goal-directed motor actions drive acetylcholine dynamics in sensory
cortex" aims to characterize the dynamics of cholinergic signaling in sensory cortex during
perceptual behavior. The authors showed that acetylcholine release in S1 was linked to goal-
directed motor actions rather than sensory input or reward delivery, a pattern also observed
in the auditory cortex (A1). This release was specifically associated with whisking and licking
and was potentiated by training. The results contribute to a better understanding of
neuromodulator actions. That said, several aspects of the manuscript could benefit from
improved writing, data presentation, and statistical analysis.

Strengths:

The evidence provided is clear to link ACh response to different task-related events.
Implementing two different tasks to show generality is appreciated. Important control
analysis is included.

Weaknesses:

The quantification of ACh signal differences across different trial types or between expert
and early-training mice is lacking. Although statistical significance is occasionally mentioned,
the indication of significance in figures seems rare. For example, in Figures 5A and E, it is
difficult to tell when p is < 0.05. Based on the sentence "small, but significant increase on Hits
over False Alarm trials (Figure 5A, S Figure 4A)" there is indeed a time point where the
difference is significant, and more details should be added (when and the p-value).

For Figure 5D, it seems like there is no significant difference between Hit and False alarm
trials, however, for the trials with 1 or 2 lick there appears to be a difference. Is it due to a
lack of power? Moreover, in Figure 5 H the first licks also seem to differ.
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Linear regression: the coefficient of determination (R²) is absent, in Figures 4E, F, and 6B, H,
making it hard to evaluate the goodness of the fitting.

Similar comments apply to Figure 7: the lack of quantitative comparisons between the
coefficients of first lick and other regressors, and between early and expert training, as well
as the change in goodness of fit by removing a regressor.

The writing of the introduction and discussion could be improved to enhance readability, and
the manuscript could improve its discussion on orofacial movement and acetylcholine
release by citing relevant studies demonstrating the association between neuronal activity
and orofacial/body movements.

https://doi.org/10.7554/eLife.96931.1.sa0
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