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Noradrenaline released from the locus coeruleus (LC) is aubiquitous
neuromodulator'™ that has been linked to multiple functions including arousal® s,
actionand sensory gain

11 and learning'®'®. Whether and how activation of

noradrenaline-expressing neuronsin the LC (LC-NA) facilitates different components
of specific behaviours is unknown. Here we show that LC-NA activity displays distinct
spatiotemporal dynamics to enable two functions during learned behaviour:
facilitating task execution and encoding reinforcement to improve performance
accuracy. To examine these functions, we used a behavioural task in mice with graded
auditory stimulus detection and task performance. Optogenetic inactivation of the
LC demonstrated that LC-NA activity was causal for both task execution and
optimization. Targeted recordings of LC-NA neurons using photo-tagging,
two-photon micro-endoscopy and two-photon output monitoring showed that
transient LC-NA activation preceded behavioural execution and followed
reinforcement. These two components of phasic activity were heterogeneously
represented in LC-NA cortical outputs, such that the behavioural response signal was
higher in the motor cortex and facilitated task execution, whereas the negative
reinforcement signal was widely distributed among cortical regions and improved
response sensitivity on the subsequent trial. Modular targeting of LC outputs thus
enables diverse functions, whereby some noradrenaline signals are segregated
among targets, whereas others are broadly distributed.

TheLCservesasthe primary source of noradrenaline in the brain, with
ahighly divergent set of projections to cortical and subcortical areas'™.
The LC-NA system has been generally linked to sleep and arousal®®,
and stress-related behaviours™".Inaddition, atleast two distinct roles
have emerged with respect to learned behaviour*'®?°, First, LC activity
is co-regulated with behavioural response during goal-directed behav-
iour®®2"3—| C activity correlates with overall subject performance®*,
and manipulating noradrenaline activity affects task performance by
enhancing sensory detection and responses'* %, These observations
suggestaroleinthe execution of atask viasensory-motor gain modula-
tion.Second, LC activity correlates with unexpected stimuli”*>?*® or sur-
prising outcomes'“**1%20 and LC activity is linked with learning'>*1¢
or switches in decision-making strategies?®*, indirectly suggesting a
rolefor the LCinstrategy optimization, arousal-mediated learning and
memory formation. Whether and under what conditions this relatively
small, globally projecting nucleus can simultaneously support these
distinct cognitive roles remains unknown.

The functions of LC-NA have been examined in different tasks,
under different conditions, leaving open the question of whether the
LC and its neurons indeed facilitate multiple components of a single
behaviour. If the LC has multiple functions, one way to reconcile the
different roles for LC-NA activity is suggested by recent evidence of

spatial modularity within the LC-NA neuronal population®. Anatomical
evidence indicating that the axonal distribution of single LC-NA neu-
rons is target-specific®*? > breaks from the historical view of the LC as
ahomogeneous nucleus. Thismodular view of noradrenaline forebrain
neuromodulation has been supported by the observation of differen-
tial cognitive effects of noradrenaline manipulations in distinct brain
areas'?1%2636_Moreover, LC-NA neurons may also display functional
modularity, as recently exemplified by recording of LC neuron activ-
ityin anaesthetized rats®. However, whether different LC-NA outputs
carry different types ofinformation and whether the behavioural roles
ofnoradrenaline arerefined through selective targeting of LC outputs
remains unknown.

Dual roles of LC-NA in learned behaviour

To evaluate the distinct cognitive roles of LC-NA and measure its
underlying activity, we designed a go/no-go task with graded audi-
tory stimulus evidence and performance. We trained water-restricted
mice to respond to a‘go’ tone by pushing a lever and to a‘no-go’ tone
by holding the lever still (Fig. 1a, b, Extended Data Fig. 1a, b). Correct
lever pushes (‘hits’) resulted in a water reward, whereas lever pushes
in response to the no-go tone (‘false alarms’) resulted in an air-puff
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Fig.1|LC-NA activity facilitatesbehavioural responses to low-evidence
stimulus. a, Behavioural apparatus for the head-fixed go/no-go auditory
detectiontask.b, Summary of the trial sequence and its trial outcomes. FA,
falsealarm; CR, correctrejection. Freq,,, frequency of go stimulus; Freq,og,.
frequency of no-go stimulus. ¢, Probability of lever press (P(press)) for
different go (s,,) 0r no-go (s,,.4,) toneintensities. Single dots correspond to the
average performance for each of four tone intensities for either no-go
(descendingorder) or go (ascending order) frequency. Single lines correspond
tothefitted P(press) using logistic regression for s,, or s,,,.,, (Methods).

d, Methods for photoinhibition of LC-NA activity. e, Example trial sequence
showing the trial type, lever presses and ‘laser on’ trials. Top, timing of
photoinhibition with respect totask epochs.f, P(press) for different go and
no-go toneintensities for trials with laser on or offinamouse during one
examplesession. g, Average false alarm, hit rate and d-prime for laser-off versus
laser-on trials for high and low stimulus intensity trials. h, P(press) at 0 dB
intensity, obtained by fitting the behaviour withalogistic regression. Pvalues
ingand hcalculated using two-tailed Wilcoxon test. i, Change in P(press) for
different go/no-go tone intensities for trials where laser was turned on for
LC-ArchT-tdTomato mice (green) and for LC-tdTomato controls (grey). Pvalue
calculated using two-way ANOVA.n =19 miceinc, 7LC-ArchT micein g-i,and
13LC-tdTomato miceini.Dataare mean + 95% confidenceinterval determined
by bootstrapping (c) ormeants.e.m. (i).

punishment (Fig. 1b). Other trial outcomes—refraining from pushing
theleveratgo (‘miss’) or at no-go (‘correctreject’) tones—were unrein-
forced. Tovary stimulus evidence, we used tones of different intensities.
Increasing the intensity of the go tone (s,,) resulted in an increased
probability of lever press, increased sensitivity (d-prime), increased
speed of lever press and decreased reaction time, whereas increasing
the intensity of no-go tones (s,.,,) resultedinaslight decreaseinlever
press probability (Fig. 1c, Extended Data Fig. 1c—j).

Using this learned behaviour combined with photoinhibition, we
investigated the necessity of LC-NA activity for behavioural perfor-
mance. We used Dbh-cre mice to specifically express archaerhodopsin
(ArchT)inLC-NA neurons andimplanted an optic fibre above the LCin
each hemisphere for bilateralinhibition (Fig. 1d, Extended Data Fig. 1k).
By connecting each fibre to a green laser, we silenced LC-NA activity
throughout tone presentation, behavioural response (lever press) and
reinforcement delivery on asubset of trials (Fig. 1e). Photoinhibition of
LC-NA activity decreased the lever press probability (Fig. 1f, Extended
Data Fig. 11), resulting in lower hit and false alarm rates for low s,, and
Sho-go tONeintensities (Fig.1g), and inan overall decrease in pressat 0 dB,
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calculated withalogistic regression fit (Fig. 1h). Since lever press prob-
ability decreased for both go and no-go trials, LC-NA photoinhibition
had no effect on response sensitivity or d-prime (Fig. 1g). Calculating
the changeinlever press probability for all s,,and s, tone intensities
showedasignificant decreasein presses for LC-NA photoinhibitiontrials
compared with fluorophore controls (Fig. 1i, Extended Data Fig.1m, n).
Silencing LC-NA activity did not affect premature early presses—alever
press occurring before go/no-go tone presentation—or reaction time
(Extended Data Fig. 10, p). For each mouse, we verified the efficiency
of LC-NA photoinhibition by measuring pupil constriction (Extended
DataFig.1q, r). We measured the effect on behavioural performance as a
function of pupil constriction and found no clear relationship, suggest-
ingthat the effects of LC-NA activity ontask executionare independent
of changes in general arousal levels that might be affected by LC-NA
inhibition (Extended DataFig.1s). Together, these results suggest that
LC-NA activity facilitates behavioural responses when presented with
low-evidence stimulus, in effect promoting guesses to obtain reward
at therisk of punishment.

LC-NAactivation may signal unexpected stimuli”'®***2° which has
been linked to promoting arousal-mediated behavioural shifts and
learning’®?°?°- but which we postulated acts through the timing,
magnitude and location of LC-NA release to facilitate reinforcement
learning. We examined this possible second role for LC-NA activity in
our task by studying the effect of different trial outcomes—air-puff
punishment, water reward or no reinforcement—on lever press prob-
ability in the next trial (Fig. 2a). We observed a shift in the press prob-
ability bias that was dependent on the outcome of the previous trial
(Fig. 2b, c, Extended Data Fig. 2a). Unreinforced trials produced an
overall decrease in behavioural response on the next trial, character-
ized by a decrease in hit and false alarm rate and a lower value for the
regressionintercept (8,) (Methods) (Fig.2c, Extended DataFig.2a,b),
whereas punishment trials produced anincrease in hit rate, the regres-
sionslope of lever press probability versus go tone intensity (8,,) andin
d-prime (Fig. 2b, ¢, Extended DataFig. 2a, b). These changesin hit rate
and d-prime were relatively independent of the no-go tone intensity
of the previous trial (Extended Data Fig. 2c—e). After rewarded trials,
we observed a change in hit rate that was dependent on the go tone
intensity of the previous trial (Extended DataFig. 2a, d) but no change
when effects were pooled across go tone intensity (Fig. 2c). We next
determined whether LC-NA activity during a certain trial outcome was
necessary for producing the serial response bias effect (Fig. 2d). Silenc-
ing LC-NA activity during a punishment (false alarm) trial abolished
the increase in hit rate and response bias on the next trial (Fig. 2e, f),
but silencing during a rewarded (hit) or unreinforced trial did not,
on average, affect the bias on the next trial (Extended Data Fig. 2f-i).
To test whether the effect of whole-trial LC-NA silencing was owing
to therole of LC-NA encoding a punishment response or to an overall
decreaseinarousal, we performed the same experiments while limiting
theinhibition period to the reinforcement epoch (Fig. 2d, g, Extended
Data Fig. 2j, k). Silencing LC-NA during the reinforcement recapitu-
lated the effects of whole-trial inhibition on the hit response in the
subsequent trial (Fig. 2g, Extended Data Fig. 2j, k). We next evaluated
whether this effect of previous trial outcome diminished over training
as the punishment and reward became less novel, but found no clear
relationship between training session number and rate of false alarms
or hits following punishment or reward (Extended Data Fig. 21, m).
Theseresults thus provide direct evidence for the role of LC-NA activ-
ity inintegration of reinforcement signals to increase performance
accuracy on the subsequent trial.

Tofurtherinvestigate the role of LC-NA insignalling reinforcement,
we next tested whether giving an unexpected reward on arandom
subset of correct-rejection trials influenced performance (Extended
Data Fig. 3a). Following a rewarded correct-rejection trial, the false
alarmrateincreased compared with an unreinforced correct-rejection
trial (Extended Data Fig. 3a, b). Photoinhibition of the LC during a
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Fig.2|LC-NA activity promotes serial response bias. a, Serial response bias
was calculated as the change in P(press) on the subsequent trial following
either punishment, reward or no reinforcement. P(press) for trials following
punishment (red), reward (blue) and no reinforcement (grey) are shownin
comparisonto P(press) following a shuffled order for one mouse. b, P(press)
bias calculated by subtracting shuffled data from P(press) of trials following
punishment. ¢, Changein false alarm, hit rate and d-prime following
punishment, reward and no reinforcement. Pvalues calculated using two-tailed
Wilcoxon test of data versus shuffled. d, Timing of LC-NA photoinhibition
during full-trial or reinforcement-only inactivation experiments. e, Effect of
LC-NA full-trial inactivation on the P(press) bias of the next trial following a
punishment. Dataare displayed asinb. Pvalues calculated using one-tailed
Mann-Whitney U-test compared with control bias (b) for s,, intensities greater
than5dB.f, g, Effect of LC-NA whole-trial (f) or punishment-only (g)
photoinhibition onthe changeinfalse alarmand hitrate, calculated asin
cfollowing punishment trials. Pvalues in fand g calculated using one-tailed
Wilcoxontest. Datacomparable tod-gfor other trial typesare shownin
Extended DataFig.2g-k.n=18 mice (b, c), 6 mice (e) and 5 mice (f,g). Dataare
mean +s.e.m (b, e) and mean + 95% confidence intervals determined by
bootstrapping(c).

rewarded correct-rejectiontrial reversed thisincreasein false alarmrate
(Extended DataFig. 3c), suggesting that LC-NA activity following asur-
prising outcome, regardless of valence, contributes to serial response
biases. Consistent with arole for LC-NAin encoding unexpected reward,
silencing LC-NA activity during the reinforcement epoch at the first
stage of training (go trials only; Extended Data Fig. 1a), when receiv-
ing areward is unexpected, slowed the acquisition of the association
between lever press and reward (Extended Data Fig. 2n, o). Together,
these datasuggestarolefor LC-NAinencoding unexpected outcomes
toinfluence task performance and learning.

Two components of LC-NA phasic activity

To investigate how LC-NA activity supports both behavioural execu-
tion and performance optimization, we recorded the spiking activity
of LC-NA neurons in mice performing the task. Using photo-tagging,
acombination of single-unit electrophysiology and optogenetics’, we
recorded identified LC-NA neurons (Fig. 3a, b, Extended Data Fig. 4a-f).
By aligning the spiking activity of LC-NA photo-tagged units to the
timing of press for either false alarm or hit trials, we observed two tran-
sient peaks in LC-NA activity: the first peak preceded the timing of the
lever press and the second peak followed the timing of reinforcement
delivery (Fig. 3¢, Extended Data Fig. 4g). Comparing the firing rates
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Fig.3|Transient LC-NA neuronal activity is linked with executionand
reinforcement surprise. a, Recording the spiking activity of LC-NA neurons
using photo-tagging. b, Units included for analysis spiked reliably after the
onset of laserillumination, and their light-elicited waveform matched
non-light-evoked spikes (blue versus black linesininset). ¢, Mean firing rate of
LC-NA photo-tagged unitsaligned to lever press during false alarm and hit
trials. The population average (solid line) and the corresponding s.e.m. (shaded
area) areshownatthebottom.d, Average firing rate activity duringa300 ms
window after the tone. Pvalues are shown; two-tailed Wilcoxon signed-rank
test with Bonferroni correction. BL, background level. e, Pre-trial tonicactivity
calculated overalswindowbeforethelight cue, preceding any of the 4 trial
types. Post-trial tonicactivity calculated overa2 s window, 3 s after the tone.
Pvalues calculated using a Kruskal-Wallis test. f, g, Spike rate of LC-NA neurons
during hit or false alarm trials averaged before press (f) and after reinforcement
(g) for alltone intensities. Pcalculated using two-tailed Mann-Whitney U-test.
h, Averagefiring rate as afunction of tone intensity for three LC-NA neurons.
Single dotsrepresent average for each tone intensity. Solid lines were obtained
with least-squares linear regression. Shaded areas indicate the 95% confidence
interval of the regression. Pvalues test the significance of the correlation.

i, Slope of the spike rate versus no-go (left) or go (right) tone intensities for
different behavioural epochs. Slope of baseline activity isshown as control.
Punish., punishment. Pvalues calculated using two-tailed Mann-Whitney
U-test with Bonferroni correction. n =45 units from 9 mice (d-fand calculation
of pre-pressactivityini), and 27 units from 5 mice (calculation of reinforcement
activitying, i). Box and whisker plotsindicate the median, the 25th and 75th
percentile and the minimum to maximum values of the distribution (d-g, i).

during hit trials versus miss trials or false alarm versus correct-rejection
trials, we found that the first LC-NA peak was absent in trials with only
the go or no-go tone and no action, indicating that this LC-NA activity
was notsimply due to the presence of the tone (Fig.3d, Extended Data
Fig.4h).Untargeted electrophysiological recordings of LC neurons have
indicated that baseline or tonic activity could be related to different
levels of cognitive performance’®. However, our targeted recordings
of LC-NA activity did not show any relationship between tonic activity
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and task performance, suggesting that reinforcement during the task
doesnot affect behaviour in subsequent trials through changes in tonic
LC-NA activity (Fig. 3e, Extended Data Fig. 4i). Using a delay between
lever press and reinforcement delivery clearly revealed the reward
response of LC-NA neurons (Extended Data Fig. 4j). LC-NA activity
before the press was not significantly different in false alarm versus
hittrials (Fig. 3f), but was larger following punishment than following
reward (Fig.3g). Thus, LC-NA spiking activity is tightly correlated with
itsbehavioural function by signalling both behavioural executionand
positive or negative reinforcement.

We next examined the relationship between phasic LC-NA spiking
activity and the level of stimulus evidence. For many individual LC-NA
neurons, as well as LC-NA neurons on average, pre-press spiking rate
correlated positively, whereas post-reward spiking rate correlated
negatively, with go tone intensity (Fig. 3h, i, Extended Data Fig. 4k-n).
Thus, pre-press LC-NA activity seems to encode evidence uncertainty,
whereas post-reward LC-NA activity encodes the degree of unexpected
reinforcement. Inthis respect, we found amodest relationship between
LC-NA activity and the level of training for the post-reward LC-NA
response, indicating adecreaseinactivity when expectedness of reward
increases (Extended Data Fig. 40). We did not observe any correlation
between no-go tone intensity and post-punishment spike rate, dem-
onstrating that in our task a reward is expected upon movement and
punishmentis unexpected regardless of no-go tone intensity (Fig. 3h, i,
Extended Data Fig. 4n). Because aversive stimuli have been shown to
elicit strong global LC-NA activation, we questioned whether the high
levels of LC-NA activity observed after a false alarm were owing to the
aversive nature of the punishment, or were a result of the surprise of
the reinforcement. We therefore measured LC-NA activity following
anunexpected water reward during correct-rejection trials, which we
previously showed leads to behavioural changes on the subsequent trial
(Extended Data Fig. 3a—c). We observed phasic activation following
rewarded correct-rejection trials, with activity levels similar to those
ofthe same units onafalse alarmtrial (Extended DataFig.3d-f). Thus,
LC-NA activity reflects post-reinforcement surprise. Together, these
datademonstrate that LC-NA neurons encode behavioural execution
through reward expectation, as revealed by the relationship between
pre-press spike rate and tone intensity, as well as unexpected rein-
forcement, as revealed by the high post-reward spike rate for low go
tone intensity and high post-punishment spike rates for no-go tones
regardless of intensity.

Modular response of LC-NA neurons

Next, we tested the extent to which the observed spiking activity in
the LC during our task is represented homogeneously across LC-NA
neurons. By examining the signal during false alarm or hit trials in our
targeted spike recordings of LC-NA neurons, we found subpopula-
tions of LC-NA neurons exhibiting heterogenous activity pre-press or
post-reinforcement (Extended Data Fig. 4p-r). Ten out of ten LC-NA
neurons showed phasic post-punishment responses, 43 out of 45
neurons showed different levels of pre-press responses and 16 out of
27 neurons showed post-reward responses (Extended Data Fig. 4q).
Trial-to-trial reliability was similar for non-responsive and responsive
neurons (Extended Data Fig. 4r). To further characterize the level of
heterogeneous activity among LC-NA neurons, we used two-photon
micro-endoscopy to image the population activity of LC-NA neurons
expressing the genetically encoded calcium indicator GCaMP6m
(Fig. 4a, b, Extended Data Fig. 5a, b). Simultaneous recordings of
LC-NA neurons during the go/no-go task showed that some cells had
decorrelated activity, especially during hit trials (Fig. 4c, Extended
DataFig. 5c, d). We measured the level of signal correlations for all of
the 197 pairs of LC-NA neurons recorded during the task for different
trial types and found that the false alarm signal was much more highly
correlated compared to the hit signalamong LC-NA neurons (Fig. 4d).
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The higher level of decorrelation observed during hit trials could not
be explained by differences in licking onset (Extended Data Fig. 5e).
These data suggest that the reward signal is discretely encoded in a
subset of LC-NA neurons, whereas the false alarm response is globally
represented in the LC-NA population.

To further explore this heterogeneity, we analysed the behavioural
correlates of the activity of single LC-NA neurons using amultiple linear
regression model. Task-relevant variables, including the timing of the
light cue, tone, lever press and reinforcement were used as regressors
for model fitting (Extended Data Fig. 6a-c) and were evaluated using
fivefold cross-validation (Extended Data Fig. 6d, e). We determined
the contribution of each of these variables by measuring the change
in explained variance of the model when removing one regressor at
atime (Fig. 4e, Extended Data Fig. 6f). By sorting the contribution of
different regressors for each neuron, we found three clusters character-
ized by having a disproportionate fraction of their explained variance
attributed to the pre-press, reward or punishment activity (Fig. 4€). As
predicted by signal correlation analyses (Fig. 4d), the largest differ-
enceinsignalamongthese three clusters was during press and reward,
whereas the punishment signal remained similar regardless of cluster
identity (Fig. 4f, g). To examine whether this heterogeneity is aresult of
neuronal identity, or if the responses of individual neurons are them-
selves heterogenous across days, we tracked the responses of the same
neurons over multiple sessions (Extended Data Fig. 5f-1). We found that
the response profiles of LC-NA neurons were stable across sessions,
showing little change in within or between session trial-to-trial corre-
lations, or in signal drift index across days (Extended Data Fig. 50, p).
These results suggest that LC-NA neurons form distinct groups with
respect to encoding of action execution and positive reinforcement,
whereas the negative reinforcement signal is globally encoded in LC-NA
neurons.

Spatial dynamics of LC cortical outputs

Although neuronal activity in cortex has been linked to task execu-
tion®**° and response bias* **, the cellular mechanisms producing
this activity are unknown. We therefore investigated how the hetero-
geneous activity at the level of LC neurons maps onto distinct LC-NA
cortical outputs during our task to facilitate behavioural performance.
Retrograde and anterograde tracingsinvolving the motor cortex (MC)
and the prefrontal cortex (PFC) have suggested that partially overlap-
ping sets of LC neurons target these two areas***, Our dual retrograde
tracing experiments combining retrograde virus transportand ‘retro-
beads’ showed that only about half (48.8 + 5.6 %) of LC-NA neurons that
project to either the posterior forelimb area of the MC or the dorso-
medial PFC (dmPFC) also projected to the other area (Extended Data
Fig.7), consistent with modularity of LC projections to discrete cortical
targets. To examine whether these two regions receive similar LC-NA
activity, we used two-photon axonal imaging of calcium dynamics of
LC-NA projections through a cranial window located above either MC or
dmPFC. (Fig.5a-c, Extended Data Fig. 8a-i). To validate the technique,
we compared axonal GCaMP7b activity with the activity of the geneti-
cally encoded fluorescent noradrenaline sensor (GRABy;) and found
that LC-NA axonal calcium signals reflect the underlying noradrena-
line release in the cortex (Extended Data Fig. 8j-0). By comparing the
activity of LC-NA axons projecting to MC or dmPFC (LC-NA:MC versus
LC-NA:dmPFC), we observed a significant increase in activity at the
time of press for axons targeting the MC (Fig. 5d, e). To measure the
behavioural correlates of single LC-NA axons, we used amultiple linear
regressionmodel as described above (Fig. 5f; see also Fig. 4e, Extended
Data Fig. 6). The linear model contribution of the press was larger in
LC-NA:MC axons, whereas the contribution of punishment was larger
in LC-NA:dmPFC axons (Fig. 5g, h).

Finally, since LC-NA activity before the press is disproportionally rep-
resented inthe two cortical areas, we measured the effect of silencing
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the timing of press for false alarm and hit trials. Pairs of columns represent two
simultaneously recorded cells (LC-NA+1vs LC-NA+2 or LC-NA+3 vs LC-NA+ 4)
recorded from two mice (session1vssession 2). Dataare mean +s.e.m.d, Signal
correlation obtained by calculating the Pearson correlation of the average
signal of all pairs of LC-NA neurons recorded during false alarm trials, hit trials
or abaseline period taken during the inter-trialinterval (ITI). Kruskal-Wallis

LC-NA axonal activity in MC versus dmPFC. First, we examined the role
of MC in the task by pharmacologically silencing MC with muscimol
(Extended Data Fig. 9a—c). Consistent with the known involvement of
MCinregulating movement, focalinactivation of MC caused significant
impairment of behavioural responses, affecting all behavioural metrics
(Extended Data Fig. 9d-f). We thenlocally photoinhibited LC-NA axons
inMC or dmPFC (Fig. 5i, Extended Data Fig. 9g, h). Photoinhibition of
LC-NA axonsin MC decreased average hit rate while leaving false alarm
rate and d-prime intact, whereas photoinhibition of LC-NA axons in
dmPFC produced no significant effect (Fig. 5j). The decrease in hit
rate for LC-NA:MCinactivation was mainly owing toadecrease inlever
press probability for low intensity go stimuli (Fig. 5k). These results
show that, consistent with the predominance of pre-movement LC-NA
activityin MC, inactivating LC-NA outputsin this area affects movement
execution particularly with low-evidence stimulus. Inactivating LC-NA
axonsin MC or dmPFC during the punishmentsignal did notimpair the
increase in performance accuracy on the subsequent trial observed
after punishment (Extended Data Fig. 9i). These results are consistent
with the observation that the punishment signal is distributed globally
across cortex, and silencing LC-NA axons in one area alone does not
reduce the full effect of the signal.

Discussion

Here, using a learned behaviour dependent on LC-NA activity, we
demonstrate two concurrently encoded functions for the LC-NA sys-
tem: task execution and performance optimization. Furthermore,
we provide evidence that—at the level of LC-NA outputs—functional
modularity exists and supports, at least partially, distinct aspects of
learned behaviour. Recordings of LC-NA neurons demonstrate the
temporal signatures of noradrenaline activity during the behaviour,
characterized by two transient peaks, one preceding behavioural execu-
tion and another following reinforcement (Extended Data Fig. 10a).
We demonstrate that this activity is projected heterogeneously to
the cortex such that pre-movement noradrenaline release primarily
targets motor regions, facilitating its role in behavioural execution,
whereas the negative reinforcement or punishment signal produces
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test for comparing the three distributions. CDF, cumulative density function.
e, Left, multiple regression linear model to predict the behavioural correlates
of LC-NA neurons during the task (Extended Data Fig. 6). Right, average calcium
activity for all 65 LC-NA neuronsrecorded separated by each cluster.EV,
explained variance.f, Average activity aligned to lever press for each cluster.

g, Areaunder the curve (AUC) of the normalized AF/F curve during press and
after reward or punishment for each cluster. Pvalues calculated using one-way
ANOVA. n=197 pairsfrom3 mice (d). n=26,15and 24 LC-NA cells from 3 mice
for press, reward, and punishment clusters respectively (e-g). Box and whisker
plotsindicate the median, the 25th and 75th percentile and the minimum to
maximum values of the distribution.

broad neuromodulation thatis probably used simultaneously by sev-
eral regions to bias subsequent behaviour (Extended Data Fig. 10b).

LC-NA activity prior to task executionis low when stimulus evidence
is low (Extended Data Fig. 10a). This pre-execution activity promotes
reward-seeking actions, as demonstrated by the decreased behav-
ioural response to low sensory evidence during LC-NA photoinhibition.
Given that increasing LC-NA activity improves sensory-motor resp
onses?*%52745 | C-NA activity probably provides the necessary gain
modulation in target areas such as the MC (Extended Data Fig. 10b)
to increase the probability of lever press with low-evidence stimulus.
Since LC-NA activity is most critical for low-evidence stimulus trials,
which elicit only modestincreases in LC-NA activity, the effects of LC-NA
on behavioural execution appear to reflect the encoding of stimulus
uncertainty, potentially spanning encoding of effort or engagement,
asrecently suggested®.

LC-NA activity following arewardis high with low-evidence stimulus,
and the activity following a punishment is highest in magnitude and
relatively independent of the level of stimulus evidence (Extended Data
Fig.10a).In this surprise-encoding model of LC-NA activity, punishment
followinglever movement produces alargeincreasein noradrenaline
forawiderange of no-go toneintensities, since abehavioural response
is associated with expectation of reward and a punishment is always
unexpected. This role of LC-NA in signalling surprise is consistent with
its proposed roleinimplementing unexpected uncertainty”. Although
we cannot dissociate the surprising from the aversive nature of pun-
ishmentin our task, our data showing high LC-NA activity following a
surprising reward—with different effects on behaviour than an equally
high punishment signal—indicate task-specific signalling related to
reward encoding. The encoding of reinforcement surprise has also
been suggested for acetylcholine*® and serotonin*, and parallels reward
prediction error for dopamine**~°, Thus, LC-NA activity would be part
of alarger network involving several neuromodulators to facilitate
outcome evaluation and implement reinforcement learning.

The LC-NA punishment signal is widely distributed (Extended Data
Fig.10b), and inhibiting this signal impairs performance accuracy on
the subsequent trial. Notably, our results suggest that locally depleting
aglobal LC-NA punishment signalin onetarget region does not produce
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Fig.5|LC-NA cortical outputs are modular. a, Experimental strategy to
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f, Left, the fraction of explained variance for each axon was sorted into three
clustersasinFig.4e.Right, average calcium activity for all recorded LC-NA
axons. Each clusteris separated by a dashed line within LC-NA:dmPFC (top) or
LC-NA:MC (bottom) groups. g, Comparison of the linear model contribution to
LC-NA cortical axons for press, reward and punishment predictors. h, Fraction
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strategy tosilence LC-NA axonal activity using photoinhibition. j, Average
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asignificant effect on behaviour. This finding is consistent with the
view that serial response bias leading to task optimization might be
expressed inmultiple brainareas, including different cortices* ™, the
striatum® and the hippocampus**. Thus, depleting LC-NA in only one
of these areas is probably insufficient to undermine the synergistic
effect that widespread noradrenaline release has on the multiple brain
regions that areresponsible for shifting decision strategies that under-
lie performance optimization. As a possible mechanism, LC-NArelease

may enable persistent activity***?in multiple target areas to represent

information about the erroneous action in time and to momentarily
increase goal-directed attention.
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Methods

Mice

All procedures performed in this study were approved by the Mas-
sachusetts Institute of Technology’s Animal Care and Use Commit-
tee and conformed to the Guide for the Care and Use of Laboratory
Animals published by the National Institutes of Health. Male and
female mice more than 2 months old were used in this study. Mice
were housed in aroom with reversed light/dark cycle (light off from
09:00t021:00) withcontrolled temperature and ventilation (20-22 °C;
40-60% humidity). All experiments were performed during the
dark period of the cycle. The Dbh-cre line (B6.FVB(Cg)-Tg(Dbh-cre)
KH212Gsat/Mmucd, MMRRC) was used for specific expression of vari-
ous viruses in noradrenaline-expressing (NA+) neurons of the LC. We
used the Gad2-IRES-cre (stock no. 019022, Jackson Laboratory) or the
Vgat-IRES-cre (Stock No 028862, Jackson Laboratory) lines for sparse
expression of GRABy; in cortex. Some anatomical and behavioural
experiments were carried out on C57BL/6 wild-type mice.

List of viral vectors

For LC-NA photoinhibition experiments, we used AAV2-CAG-
Flex-ArchT-tdTomato (UNC Vector Core) or AAV5-CAG-Flex-ArchT-
tdTomato (AddGene #28305-AAVS5) viruses. For axonal inhibi-
tion in the cortex, we injected a AAV8-CAG-Flex-Jaws-tdTomato
(UNC Vector Core) virus. For control optogenetics experiments,
we used a AAVI-Flex-tdTomato (AddGene #28306-AAV1). For
LC-NA photo-tagging experiments we injected a AAV1-EF1a-double
floxed-hChR2(H134R)-EYFP (Addgene #20298-AAV1) virus.
For two-photon micro-endoscopy experiments, we injected simul-
taneously a AAV5-CAG-Flex-GCaMP6m (Addgene #100839-AAVS5)
and a AAV9-CB7-CI-mCherry (Addgene #105544-AAV9) virus. For
two-photon calciumimaging of LC-NA axonsinthe cortex, we injected
the enhanced genetically encoded calciumindicator with brighter base-
line GCaMP7b* - AAV1-syn-FLEX-jGCaMP7b (Addgene #104493-AAV1).
For retrograde tracing from different cortical areas, we used a
rgAAV-hSyn-Cre virus (Addgene #105553-AAVrg). Finally, to measure
noradrenaline release in the MC, we used a AAV9-hSyn-DIO-GRAB;,,,
virus®* (courtesy of Y. Li and packaged by Vigene Biosciences).

Stereotactic surgeries

Animals were prepared similarly for all surgical procedures. Mice were
anaesthetized usingisoflurane anaesthesia (3% for induction, 1-1.5% for
maintenance) while maintaining abody temperature of 37.5 °C using a
heating pad (ATC2000, World Precision Instruments). Mice were given
pre-operative slow-release buprenorphine (1 mg kg™, subcutaneous
injection) and post-operative meloxicam (1 mg kg™, subcutaneous
injection). Mice were placed in astereotaxic frame, scalp hair removed,
and the incision site sterilized using betadine and 70% ethanol. The
skullwas exposed and the conjunctive tissue removed using hydrogen
peroxide. The skull was positioned such that the lambda and bregma
marks were aligned on the anteroposterior and dorsoventral axes. For
allsurgeries, anti-inflammatory (Meloxicam) injections were pursued
for 3 days following surgery.

Forvirus delivery, wefirstdrilled asmall craniotomy (0.5 mm) above
theregion of interest. For delivering Cre-dependent virusesin the LC,
weinjected avolume of 300-400 nl of virus (rate: 200 nlmin™), using a
glass pipette with a 50 pmdiameter tip. Coordinates for targeting the LC
virally were (inmm): anterior-posterior (AP) =5.2 to -5.0, medial-lateral
(ML): +0.9, dorsal-ventral (DV) -2.8. For retrograde labelling of LC-NA
neurons from the MC or dmPFC, a volume of 200 nl of undiluted red
retrobeads (Lumafluor) or retrograde AAV-Cre virus was injected in
either MC or dmPFC (rate: 50 nlmin™). Coordinates were (in mm): MC:
AP0t00.5;ML1.5;DV0.7and dmPFC:AP2t02.25; ML 0.3; DV 0.8. Note,
we defined dmPFC based on previous literature thatincluded second-
ary motor and anterior cingulate cortex as part of PFC in rodents*>*®.

For GRABy; cortical injections, we made 3 x100 nlinjections (rate: 50
nl min™) in various locations within the 3-mm craniotomy above the
MC. Allinjections were performed using aninfuser system (QSI 53311,
Stoelting) attached to the stereotaxic frame. For tracing experiments,
the skin was sutured after injection and we let the mice recover for
14 days. For experiments using opsins, we let the virus express for a
minimum period of four weeks. For calcium imaging experiments, we
imaged as early as two weeks. For GRABy; experiments, longer incuba-
tions of four to six weeks were required for optimal sensor expression.

To deliver light into the LC, 200-pm two-ferrule cannulas
(TFC_200/245-0.37_4mm_TS2.0_FLT, Doric Lenses) were implanted
abovethe LC (AP:-5.2t0-5.0; ML: +1.0; and DV: 2.5 um). To deliver light
into the cortex, we used single ferrule cannulas with large (400 pum)
diameter and highnumerical aperture (0.5 NA) (Thorlabs, CFML15L02).
We implanted these single ferrule cannulas bilaterally above the MC
or dmPFC using the following coordinates (in mm): MC: AP -0.5; ML:
+2;DV 0.3 at10°in the AP axis; or dmPFC: AP:1.5; ML:+0.6; DV 0.4 ata
15°in the ML axis. After implantation, dental cement (Teets Denture
Material) and Metabond (C&B Metabond, Parkell) was applied to affix
the implant to the skull. To avoid light reflection and absorption, the
transparent Metabond was mixed with black ink pigment (Black Iron
Oxide 18727, Schmincke). A custom designed head-plate*® was then
positioned over the implant and affixed to the skull using Metabond.

To perform LC single unit recording or pharmacological inhibition
in awake head-fixed mice, we implanted a head plate parallel to the
bregma-lambda axis of the skull. We used a custom design stereo-
tactic arm to align the head plate parallel to the median and dorsal
line of the skull during implantation. The head plate was attached to
the skull using dental cement. The exposed skull was protected using
rapid curing silicone elastomer (Kwik-Cast, WPI) topped with a fine
layer of dental cement.

Two-photonimaging of LC-NA somas was performed using a gradi-
entindexlens of 500 um diameter (GRINTECH, part: NEM-050-25-10-
860-DS). After drilling a craniotomy and injecting Flex-GCaMP6m and
mCherryviruses, a27G needle was lowered above the LC to make space
forlensimplantation. The lens was glued to acustom-made 3D-printed
implant guide withultraviolet adhesive (NOA 61 UV adhesive, Norland
Products). The GRIN lens was lowered slowly (<1 mm min™) above the LC
atadepth of 2.7 umfrom the surface of the brain. After implanting, the
GRIN lens and its implant guide were attached to the skull with meta-
bond mixed withblack ink pigment. Aheadplate parallel to the surface
ofthe GRIN lens was attached to the head (see paragraph on preparing
for single-unit recordings). Finally, the lid from a cut Eppendorf tube
was attached on top the GRIN lens for protection.

Two-photon calciumimagingin the cortex was done througha cranial
window. We drilled a3-mm circular window centred over the forelimb
partof MC (O mm posterior and 1.5 mm lateral to bregma) or the medial
PFC (-2 mm anterior to bregma and centred on the midline). A 3-mm
centred ona5-mm coverslip (CS-5R and CS-3R, Warner Instruments),
and glued together with ultraviolet adhesive, was positioned over the
craniotomy and attached to the skull using dental cement. For axonal
imaging, Flex-GCaMP7b wasinjected inthe LC of Dbh-cre mice, and for
GRAB\; imaging, Dio-GRABy,, Was injected within the craniotomy of
Gad2-creor VGAT-cre mice. A head plate was also attached to the skull
for head fixation.

Behavioural setup

Mice were head-fixed onabehaviourrigand confinedina polypropyl-
enetube to limitbody movements. Their left forepaw was able to move
aleverbuilt with al/16-mm-thick brass rod attached to a piezoelectric
flexible force transducer (LCL-005, Omega Engineering). A metallic lick
spoutplaced near the mouse’s mouth and connected to a custom-made
lick detector™” was used to deliver water rewards (-5 pl drop of water).
A small tube, pointing toward the mouse facial area and at a distance
of 3 cm, was used to deliver air-puff punishment (compressed air at



40 psifor 0.3 s). Voltage signals from the transducer and lick detec-
tor were recorded through a microcontroller board (Arduino UNO
Rev3). Voltage signal from the transducer were converted to lever
movement in degrees using calibration data from video analysis. A
second microcontroller board was used to control a 5mm yellow LED
light placed 8 cmiffront of the mouse, and two solenoid valves (Parker
003-0141-900) for water and air-puff delivery. Four or twelve kilohertz
sound stimuli of 0.5 s duration were delivered using a single speaker
located ata distance of 30 cm from the mouse. The speaker frequency
range was calibrated using a USB calibrated measurement microphone
(UMIK-1, Mini DSP) and the Room EQ Wizard software (version 5.19). The
sound stimulusintensities were established by asound level meter. We
used four behaviour rigs (two for general behaviour and optogenetics,
one forelectrophysiological and one for two-photonimaging). Noise
levels were comparable across all 4 rigs (in dB with Z noise frequency
weightings): 7.8 £1.1,8.8 +1.0,14.3 + 0.8, and 14.7 + 0.9 for 4 kHz; and
-4.0+1.2,-1.7+1.1,-1.9+0.9,and 0.3 + 0.7 for 12 kHz. The behavioural
setup was connected to acomputer running a custom-written MATLAB
(Mathworks) script that was able to record lick rate and lever voltage,
while controlling the timing of light cue, sound (using Psychtoolbox),
water, and reward. Behaviour rigs were assembled primarily with opto-
mechanical components (Thorlabs).

Behavioural task and training

Uponrecovery from surgical procedure, mice were gradually putona
water restriction schedule, receiving eventually 1-1.5 ml of water in total
per day. Body weight was maintained above 90% of the pre-restriction
weight.

Mice were trained to hold still for 1 s during the cue period (LED
on), towait for adelay to hear atone, and to push the lever depending
on stimulus identity to obtain a reward or to refrain from pushing
to avoid a punishment. Mice learned to push the lever when they
heard a go tone (12 kHz frequency) and hold still when they heard a
no-go tone (4 kHz). After the onset of the 0.5s sound stimulus, mice
had 0.8s to respond or hold still. If they pressed the lever during go
trials they received a water reward. If they pressed during a no-go
trial they received a mild air-puff punishment. Absence of response
ongo trials—miss—or holding still during no-go trials—correct rejec-
tions—were notreinforced. To vary the level of stimulus evidence, 4
intensities were used per frequency for a total of 8 different stimuli.
Toneintensities used were 5,15,25and 35 dB. These values were cal-
culated by measuring the sound pressure level for either go or no-go
frequency and subtracting the noise level of that given frequency. A
lever press (hit or false alarm) was determined when the lever position
reached a threshold value of 3 to 4° (depending on animal) from the
position at the beginning of the trial. Absence of lever press (miss
or correct rejection) was determined if the lever absolute position
stayed below avalue of 2.2°. Premature lever presses, occurring in the
delay period between light cue off and tone onset, were considered
early presses and the trial was aborted. The delay between light cue
off and tone onset was randomized following a gaussian distribu-
tion (mean: 0.65 s and standard deviation 0.15 s). Trial order was
pseudo-randomized to ensure that the same amount of go or no-go
trials were presented every fourth trials and that each tone intensity
was presented every eighth trial. Each trial was followed by a 4 s-long
inter-trial interval.

Mice were taken through two stages of training until they became
proficient at the task. During the first phase of training, mice learned
to associate a lever press with reward and to detect a go tone. In this
phase, only gotones (12kHz at 35 dB for 0.5 s) were used. The same trial
sequence as in the full task was used, but we extended the duration of
theresponse window (30 sinstead of 0.8 s). We switched the animal to
the next stage once they made more than 80% of lever presses for 50
consecutivetrials, within a period of 0.8 s after tone onset. This initial
stage of training lasted 3.9 + 0.3 sessions. During the second phase of

training, no-gotrials (tone: 4 kHzat 35 dB for 0.5 s) wereintroduced and
the response window was reduced to 0.8 s after tone onset. Training
inthe second phase lasted until mouse performance reached 85% hit
andless than30% false alarm for two consecutive sessions. This second
stage of training lasted 11 + 2 sessions. The last stage was considered the
fulltaskinwhich various intensities were introduced. For physiological
recordings,a0.25s delay between the timing of lever press and reward
or punishment was introduced at the last stage. For correct rejection
with surprising reward experiments, expert micereceived water reward
randomly on a quarter of correct-rejection trials on sessions after the
final stage of training.

Optogeneticinhibition of LC-NA activity

We used solid state laser illumination at 532 and 593 nm for activating
ArchT and Jaws, respectively (Opto Engine, MGL-111-532/1-300 mW
and YL-589-00100-CWM-SD-05-LED-F). A 200-um/0.39 numerical
aperture patch cable (Thorlabs, M72L02) was connected to the laser
output and to an intensity division cube (Doric Lenses, DMC_1 x 2i_
VIS_FC) for bilateral LC modulation. The patch cable (Doric Lenses,
MFP_200/230/900-0.37_1m_FC-ZF1.25(F)) was attached to the animal
ferruleimplant using corresponding ceramic mating sleeves. Care was
takentoblock any light emitting fromthe interface betweenthe patch
cable and the implanted ferrule, using a piece of black electrical tape
or rubber wrapped around the connection. The laser pulse duration,
frequency, and shape were controlled by a data acquisition system
(Molecular Devices, Digidata1440A) connected directly to the analogue
port of the laser power supply. Laser activation was performed on a
subset (one-third or one-quarter) of trials. We pseudo-randomized the
order of laser-on trials to ensure that photoinhibition never occurred
on two consecutive trials. For correct rejection with unexpected
reward experiments, laser inactivation of LC was performed on half
of correct-rejection trials with reward. For LC-NA inhibition during
learning experiments, a 0.25 ms delay was added pre-reinforcement,
and LC-NAinhibition was performed on every trial during the reinforce-
ment epoch, while the mice received the water reward. 15-17 mW of
power was applied for 2.5s or 2 s, for whole-trial and reinforcement
epochinhibition, respectively, followed by a 0.5 s ramp-down of the
laser power to avoid rebound of neuronal firing. The onset of laser
activation occurred during the period between the cue and tone pres-
entation (-0.5 s before tone) for whole-trial inhibition, and after the
lever press for reinforcement epoch inhibition, and lasted until the
ITI period. At the end of each experiment, the location of optic fibres
was verified with respect to neurons or axons expressing the opsin.
For control optogenetics experiment, we pooled mice injected with
a Cre-dependent tdTomato virus (N = 5) together with mice injected
with ArchT that had misplaced optic fibres, identified using histologi-
cal verifications (N=8).

Pupillometry

Pupil tracking was performed using a modified version of our previ-
ousset up”®. A high-resolution CMOS camera (DCC1545M, Thorlabs)
equipped with a1.0x telecentric lens (Edmund Optics 58-430) was
pointed at either the left or right eye depending on the experimental
setup.Infraredillumination at 780 nm was provided by alight-emitting
diodearray light source (Thorlabs LIU780A). Video acquisition of eye
images (240 x 184 pixels) was performed at 20 Hz by a custom-made
MATLAB script. Pupil diameter were calculated online during acquisi-
tionwithaleastsquarefit of ellipse of the binarized pupilimage. Timing
of laser activation was recorded using amicrocontroller board (Arduino
UNO Rev3) connected to the pupil tracking computer. The pattern of
light activation was the same as for optogenetic inhibition of LC-NA
activity during behaviour (on for 2.5s + 0.5 s ramp down). As shown
previously®”’, LC-NA photoinhibition causes pupil constriction. We
thus included only mice displaying clear pupil constriction following
optogenetic silencing of LC-NA activity.



Article

Spike recordings of photo-tagged LC-NA units

After training to proficiency on the task, Dbh-cre mice, previously
injected with Flox-ChR2 virus, were anaesthetized withisoflurane and
the dental cementand ilicone elastomer on the skull were removed. A
500-pm diameter craniotomy was performed on top of the inferior col-
liculus (from bregma: —4.9 to -5.4 mmanteroposteriorand 0.6-1.1 mm
mediolateral). The dura was punctured and the craniotomy was pro-
tected with saline and a piece of gel foam (Pfizer). The skull was covered
again with silicone and the mouse was allowed to recover for at least
2-3 hfor the anaesthesia effect to wash out completely.

The awake animal was then head-fixed and the silicone and gel foam
removed gently. A 0.9% NaCl solution was used to keep the surface
of the brain wet for the duration of the recordings. After placing the
animalintherecordingsetup, we submerged areferencessilver wirein
the saline solution on the skull surface. The position of the 16-channel
silicone probe (Neuronexus, A1x16-Poly2-5mm-50s-177-OA16LP) was
referenced on bregmaand the surface of the brain. The probe was then
lowered slowly (1 min per mm), using a motorized micromanipula-
tor (MP-285, Sutter Instrument Company), until units responding to
photo-activation were found, or until a depth of 3.5 mm was reached.
If no clear photo-tagged units were found in this AP/ML location, the
optrode was retracted slowly and the probe was inserted in another
location within the craniotomy. We used asolid-state blue laser (Opto
Engine, MBL-111-473/1~200 mW) connected viaal05-pm/0.22 numerical
aperture patch cable (M61L01, Thorlabs) to the optrode. The extracel-
lular signal was amplified using a 1x gain headstage (model E2a, Plexon)
connected toa50x preamp (PBX-247, Plexon) and digitized at 50 kHz.
The signal was high-pass filtered at 300 Hz. Time stamps of laser and
trial start were also recorded by the Plexon system for alignment.

At the beginning and end of each recording session, light pulses of
2-5msatvariouslight intensities (0.1-1 mW) were repeatedly delivered
in the tissue (frequency: 2 Hz), to perform post hoc comparison of
spontaneous and light-evoked waveform for each sorted unit. Units
were considered light-responsive if they responded significantly using
the SALT algorithm®. We also only kept units responding within an
8-ms-period after light stimulus onset, and whose light-evoked wave-
forms closely matched the spontaneous ones. Recording sessions
without light-responsive units were excluded from analysis. Spikes
were sorted offline using a fully automated spike-sorting algorithm®.,
Manual curationwas performed to remove artifacts picked by the algo-
rithms (ill-shaped units), units with low amplitude spikes, units with
lowspikerate (<0.1spikess™), or units without clear refractory period
(more than 0.5% of spikes in the <1ms refractory period of another
spike). We verified spike times with cross-correlograms to combine
units or eliminate duplicates. For each unit, we excluded parts of the
recordings with obvious drift (unit firing rate abruptly decreasing).

At the end of each session, the craniotomy was covered again with
Kwik-Cast to allow recording on the next day. For verifying the probe
location on the last day of recording, the silicone probe was gently
retracted and the recording tract was marked by re-entering the
Dil-coated probe (2 mg mI™; D3911, ThermoFisher) at the same location.
Thebrainwas collected post-experiment and immunohistochemistry
for confirming the probe location was performed.

Two-photon microscopy

After training GRIN-lens-implanted or window-implanted mice, the
fluorescence sensor signal (GCaMP or GRAB,;) was imaged using
resonant-galvo scanning with a Prairie Ultima IV two-photon micros-
copy system. We used the following list of objectives: CFI Plan Apochro-
mat Lambda 4x 0.20NA (Nikon) (micro-endoscopy experiment);
XLUMPIanFL N 20x 1.00NA (Olympus) (GRABy; experiment); and a
XLPlan N 25x1.05NA (Olympus) for axonal imaging. Two-photon excita-
tion of GCaMP or GRAB,; at awavelength of 920 nm was provided by a
Ti:sapphire tunable laser (Mai-Tai eHP, Spectra-Physics). Power at the

objective ranged from 10 to 30 mW depending on depth and expres-
sionlevels. We used 5.5x optical zoom for micro-endoscopy, 2x optical
zoom for GRAB, imaging, and 4x optical zoom for axonal imaging.
Images were acquired at 10 frames per second for micro-endoscopy
and GRAB,; experiments and 20 frames per second for axonal imaging.
A voltage signal indicating the start of each trial was recorded by the
prairie system for alignment with behaviour.

Toincrease the number of simultaneously recorded cells for LCimag-
ing with micro-endoscopy, along with extracting the fluorescence
signal from the ROI around somas, we also used ROIs from portions
of dendrites emanating from somas located outside the GRIN lens
field of view. Three to five sessions were collected at different depth
(from 50 to 250 um) below the GRIN lens. Somas or dendrites with
high signal-to-noise ratio were selected for analysis. We obtained 65
ROIs using this method. To track the same ROIs over multiple sessions,
we used sessions with matching fields of view. Since it can be challeng-
ingto obtain the same field of view from one session to another, we only
selected ROIs (N =9) that were easily traceable across sessions for this
experiment. The maximal number of days aROI could be tracked was
16,and was onaverage 8 + 2 for the 9 ROIs tracked. For GRAB, imaging,
the average fluorescence signal for a450 x 450 pm area was extracted
for analysis. For axonal imaging, axons with high signal-to-noise ratio
were selected for analysis. Axonal ROIs were extracted by delineating
the whole axonal process visible ina field of view. The area of an axonal
ROl was on average 880.5 + 65.9 and 1057.8 + 96.0 um? for LC-MC and
LC-dmPFC axons (data + s.e.m.). Using these ROISs of large areas pro-
vides more accurate signal extraction thatis least dependent on micro
movements of axons duringimaging. After recording one field of view,
we moved at least 1 mm away to find new axons in the next imaging
session. Care was taken to select axons from different branches. After
acquisition, time-lapse imaging sequences were corrected for x/y move-
ment using template-matching ImageJ plugins to align images with
normalized cross-correlation®. For LC micro-endoscopy, we used the
static mCherry signal for x-y drift correction. For GRAB; and axonal
imaging, a stack of the average of all time points was used as a refer-
ence for motion correction. For GRIN, axonal and GRABNE imaging,
animals with uncorrectable level of motion, especially in the z-axis,
were excluded from analysis. The AF/F = (F - F,)/F,signal was calculated
foreach ROl extracted. Average fluorescence intensity was used as the
reference value (F,) for GRAB, experiments, and the tenth percentile
of fluorescence intensity was used for F, for micro-endoscopy and
axonal imaging experiments.

Histology

Mice were transcardially perfused with cold 0.9% NaCl followed by 4%
paraformaldehyde (PFA). Brains were collected and post-fixed in 4%
PFA overnight at 4 °C. Brains were then sectioned with a vibratome at
100-pm thickness.

Before antibody labelling, sections were incubated in blocking solu-
tion (0.1% Triton X-100, 3% BSA in PBS) for 2 h, with shaking at room
temperature. Sections were then incubated in the blocking solution
containing primary antibodies overnight at 4 °C. The following pri-
mary antibodies were used: 1:1,000 chicken anti-tyrosine hydroxylase
(Aves Labs TYH) and 1:500, rabbit anti-GFP-Alexa Fluor 488 conjugated
(ThermoFisher A-21311) and mCherry Alexa Fluor 594 conjugated (Life
Technologies M11240). Sections were then washed in the blocking
solutionand incubated in the blocking solution containing secondary
antibodies for2-3 hatroom temperature. For the secondary antibod-
ies, we used goat anti chicken 647 nm (ThermoFisher) at a dilution of
1:500. Sections were then washed and mounted in Vectashield hard set
mounting medium with DAPI (Vector Laboratories H-1500). Images of
stained sections were acquired using a Leica confocal microscope with
10x or 20x% objective lens. Confocal images were processed with the
ImageJ software. Since the retrobead labelling appeared to infect more
LC neurons, to measure the overlap between LC:dmPFC projecting



and LC:MC projecting neurons we quantified the population of LC-NA
neurons projecting to both MC and dmPFC as the percent of rgAAV+
cellsthatalso contained retrobeads. We alternated theregioninjected
with retrobeads versus rgAAV-Cre (MC or dmPFC) to make two groups
and calculated the proportion for both groups. Sections wereimaged
using a confocal system (TCSSP8, Leica) running the Leica Application
Suite X (v3.1.5.16308) with 10x/0.40 numerical aperture or 20%x/0.75
numerical aperture objectives (Leica).

Reversible pharmacological inhibition of cortical activity

Mice were trained on the go/no-go behaviour as described previously.
A day before pharmacological inhibition, a bilateral craniotomy was
performed above the forelimb MC (AP: O; ML: £1.5in mm) or dmPFC
(AP:2.0; ML: £0.3 in mm) and covered with Kwik-Cast. On the day of
experiment, 40 nl of a saline solution (0.9% wt./vol. NaCl), with or
without the GABA, receptor agonist muscimol (5 pg pl™; Sigma M1523-
5MG), was injected (rate: 40 nl min™) at a depth of 0.5 mm in one of
thetworegions. The bilateralinjections were performed with a glass
pipette witha30-50 pm diameter. Behaviour was tested 90 to 120 min
after the injection. The same mouse was tested again after saline or
muscimol injection on consecutive daysin a counter-balanced design.
The order of saline versus muscimol session was randomized across
mice. For analysis, we compared the behavioural performance dur-
ing muscimol versus control (saline). For measuring the extent of
our injection, we injected 40 nl low-molecular-weight fluorescein
(Sigma F6377-100G) at the same concentration as muscimol (44 mM,)
ineither MC or dmPFC insome mice. We estimated the spread of our
injection to be -1 mm>.

Analysis of behaviour, optogenetics and pharmacological
manipulations

To quantify behaviour, probability of pressing for each go and no-go
intensity was fitted with a logistic regression model:

ln(Ppress/(1 - Ppress)) =ﬁo +ﬁgosgo + ﬁno_gosno—go 1

where P, (or P(press)) is the probability of pressing the lever for a
given tone intensity, s,, and s, are the intensity of the go or no-go
frequency respectively. Parameters B, B,,, and B,,.,, are the bias, the
slope of the go, and the slope of the no-go curve respectively. Alter-
natively, we also quantified mice sensitivity to s,, using d-prime using
norminv(hit rate)-norminv(false alarmrate). For the d-prime calcula-
tion, we pooled the false alarmrate for the 4 5., tone intensities. The
average d-prime was computed by calculating the mean d-prime for
all4 s,, tone intensities.

To quantify the effect of photoinhibition on behavioural response,
we extended the model to include the effect of laser activation:

ln(F{aress/(l - Ppress))
=ﬁ0 +Bg05go +ﬁn0_gosno—go (2)
+ L(BL + ‘BgofLSGO + ﬁnofgofLsno‘go)

where L equals 1 on laser activation trials and O otherwise. The effect
of laser activation was then measured by the change in P, for s,, or
Sno-go fOT laser off versus laser ontrials. We also compared f parameters
for laser off versus laser on trials. We excluded portions of behaviour
where animal early-pressed (a press during the fore-period delay) on
more than 40% trials, calculated with a 50-trial moving average. For
pharmacologicalinhibition experiments, we fitted P, during separate
sessions with equation (1), and compared the fitted data for control
(saline) versus muscimol-injected sessions. To quantify P, ats=0
dB (P,) we used the following equation:

Py=1/(1+ePo) 3)

where f3, is calculated using equation (1) or (2). The effect of LC-NA
photoinhibition on false alarm, hit rate and d-prime during high or low
toneintensities was calculated by averaging these metrics for 5-15dB
(low) or 25-35 (high intensity).

To quantify serial response bias, we measured the change in hit,
false alarm and d-prime following a reward (hits), punishment (false
alarms), or no reinforcement (combined misses and correct rejec-
tions). We also estimated P, on the following trials using equa-
tion (1). The fitted (P,.,) or unfitted (hit, false alarm and d-prime) data
was compared to selecting the same trial type from a shuffled trial
sequence (shuffled 50 times). The serial response bias, or press prob-
ability bias, was calculated by subtracting subsequent hit, false alarm,
d-primeor P, of the normal sequence from those values calculated
from the shuffled sequence. We excluded parts of a session where the
hitrate was lower than20% and false alarm rate was higher than 70%,
calculated using a 50-trial averaging window. To evaluate the effect
of silencing LC-NA neurons on serial response bias, we compared
the shuffled-subtracted hit, false alarm, d-prime and § parameters
forlaser-off versus laser-on trials. Since the .., parameter was not
affected by trial history, we removed it from equation (1) to quantify
the effect of LC-NA photoinhibition.

Analysis of LC-NA single unit data

Spike delay to laser activation for photo-tagged LC-NA units was cal-
culated as the average timing for the first peak after the light onset.
The photo-evoked jitter was defined as the standard deviation of this
peak onset distribution. Session averages and population averages
were displayed using a spike density function:

r0=}, (fot-t)) (4)

where r(¢) is the instantaneous spike rate, ¢;is the time if the ith spike.
Sum is over the total number of spikes. f; represents the following
gaussian kernel:

W x exp(-t2/20%) (5)

fo(t-¢t) =
o
The parameter owas set to 50 ms. To calculate the response for dif-
ferent behavioural events (press or reinforcement), we averaged the
spike count during a window preceding or following the event for dif-
ferent trial types. We used awindow from -0.25t0 -0.05 s before press,
from 0.05to 0.15s after water reward delivery, and from O to 0.1s after
air-puff delivery. Note that we used a different window to calculate
reward versus punishment activity. Indeed, transient activity after a
reward is delayed in time, since water has to come out of the spout
and the animal has toinitiate licking, whereas, for punishment, the air
puffis almost instantaneous. For calculating the amplitude of press,
reward, and punishment related spiking activity, we used a baseline
window of -2.5to -1s before press. To test if the response of aneuron
was significant, we used an unpaired Student’s t-test comparing the
spike rate distribution of baseline versus different epochs of the task
asdescribed above. To do so, we used neurons that were recorded for
atleast 10 repetitions of the same trial type. To compare the activity
after tone for hit, miss, false alarm, and correct-rejection trials, we used
awindow of 0 to 0.3 s after tone onset and compared it to a baseline
window of —0.6 to —0.3 s before tone onset. For calculating baseline
tonicactivity, we used als window before the light cue ora2 swindow
taken 3 s after the tone. To evaluate the relationship between go/no-go
toneintensity and spike rate, we fitted aleast-square slope to the spike
countobtained foreachtoneintensity and compared with the slope of
the baseline period of -2.5to —1s before press. Fano factor, ameasure
of variability of spiking, was calculated using the variance/mean of the
number of spikes during the pre-press or post-reinforcement windows
defined above.



Article

In some experiments, we did not use a delay between the timing
of press and reinforcement (n = 18 units recorded without delay ver-
sus 27 with a 0.25 s pre-reinforcement delay) (Extended Data Fig. 3i).
We included both delay and non-delay experiments for calculating
pre-press or post-tone LC-NA single unit activity. For calculating activ-
ity following reinforcement, we only included experiments where we
used a 0.25s pre-reinforcement delay.

Analysis of calcium and GRAB,; signals

For LC somas, LC axons, and cortical GRABy; imaging, the AF/F signal
fromeach ROlwas compared together by scaling the signal to the maxi-
mum value. To do so, we calculated the session average aligned to the
timing of lever press for hit and false alarm trials, measured the peak
intensity for any of these trial types, and divided the session average
by this peak. To measure response to different behavioural epochs, we
calculated the AUC for awindow of -0.5t0 0.2 s for pressand 0.2to1s
for outcome (reward or punishment). To calculate signal correlations
of LC-NA neurons, we computed the Pearson correlation coefficient
ofthe signal duringa-1to2.5swindow aligned to lever press for each
pair of simultaneously recorded LC-NA neurons. For comparison, we
also measured the signal correlation during the inter-trial interval.
To compare signal reliability across sessions, we used the 9 ROIs that
were tracked over multiple sessions. We set the first day of tracking the
ROl as day 0 and we calculated the signal drift index for subsequent
sessions from the signal obtained at day 0. Signal drift index allow us
to measure the trial-to-trial correlations across session and compare
it for different ROI®®. Signal drift index (SDI) was calculated using the
following equation:

SDI = (CC, ~ CCpg)/(CCyys + CCp) (©6)

Where CC,, and CC,, represents the average trial-to-trial correlation
within session and between the current and day O sessions, respec-
tively. For field of view with multiple axons, trial by trial correlation was
calculated forall trial types. The centre of mass of each axon was used
to calculate the distance between axons. To measure the within-axon
correlation, we selected two segments of an axon (average size:
310 +20 um?) and calculated the correlation coefficient between the
average signal from this segment and the signal from the whole axon.

To compare axonal calcium imaging to GRAB,; signal, we computed
first the average GRAB,; signal from the MC aligned to lever press for
all four mice tested. We then compared the session average of each of
the LC-NA:MC axons (n = 43) imaged to the average GRAB; signal. To
measure the timing of correlation of axonal calcium with GRAB;, we
computed the normalized cross-correlation. To measure the overall
correlation between axonal and noradrenaline release, we computed
Pearson’slinear correlation coefficient between each axon and GRAB;.

Multiple regression linear model
We modelled the LC-NA signal during behaviour by using a multiple
regression linear model®* . In this model, we assumed that LC-NA
activity canbe explained by the combination of temporalfilters aligned
to the timing of different task events. These temporal filters were fitted
by creating a design matrix using the timing of light cue, tone onset,
lever press, reward, and punishment as regressors. Each regressor was
convolved by aset of basis function, which consisted of a pulse function
centred at the time of the event. Multiple copies of this function were
created each shifted in time by one time-point to cover an appropriate
time-period for each behaviour event. We used a period from0to1.5s
for light cue, from -0.2 to 1.3 s for tone, from -1.1to 0.3 s from press,
andfrom-0.1to 1.4 s for both reward and punishment predictors. Our
design matrix used a total of 79 predictors.

To calculate the different temporal filters, we resampled the
AF/F signal to a resolution of 10 Hz. We filtered the calcium data
with a second-order lowpass Butterworth filter with a 4 Hz cut-off

frequency. Predictors were z-scored before fitting. We then obtained
the maximume-likelihood fitted coefficients for each predictor of the
design matrix by using elastic net regression (MATLAB’s lassoglm
function; with parameters distribution set to normal, alphasetat 0.5,
andlambda set to 5 x107*). To quantify the explanatory power of each
task event, we computed the overall explained variance using fivefold
cross-validation. Cross-validation folds were balanced to have similar
number of trial types (hit, miss, correct-rejection and false alarm tri-
als) and left out of fitting procedure. Thus, each model was fitted and
tested on separate set of data, removing concerns of overfitting. The
overall explained variance was calculated by averaging all 5 values of
explained variance obtained with cross-validation.

To assess the contribution of each behavioural epoch, we created
reduced modelsin which one of the behavioural variables was removed.
Todoso, wesetall predictors representing that variable to zeroin the
design matrix. We computed the explained variance using fivefold
cross-validation of that reduced model. Thelinear model contribution
(LMC) was calculated by:

LMC =1~ EVgeduced model/ EVrull mode (7)

Where, EVgequced model ANA EVeyimoder 1S the explained variance of the
reduced and fullmodelrespectively. LMC values for the five behavioural
variables was calculated for each cell individually. To identify clusters
of LC-NA neurons based on the LMC of each of the five variables, we
ranked cells by their peak linear model contribution.

Statistics and reproducibility
Throughout the paper we used non-parametric two-sided Wilcoxon test
or Mann-Whitney test for evaluating P values of paired and unpaired
populations respectively. P values for experiments with multiple
conditions were computed using Kruskal-Wallis or ANOVA one-way
analysis of variance with Tukey post hoc test. For Pvalues computed
using ANOVA, data distribution was assumed to be normal, but this
was not formally tested. P values were adjusted with Bonferroni cor-
rection when using Wilcoxon test for multiple comparisons. Pvalues
for binomial distribution were obtained using the normal approxima-
tion to binomial test. For measuring the effect of photoinhibition of
behavioural response, or P,,.s,, We used hierarchical bootstrapping.
Null distribution of AP (Pyess 1aseroft = Poress Laseron) Was calculated by resa-
mpling with replacement the mice and sessions 10° times. Two-sided P
values were defined as the likelihood of obtaining AP lower or higher
than the actual probability, under the null hypothesis that photoin-
hibition did not change the probability of lever press. Significance
levels were setas*P < 0.05,*P < 0.01and ***P < 0.001. To calculate 95%
confidenceinterval ofadistribution we used bootstrapping, where we
resampled with replacement the data10° times. Sample sizes were not
pre-determined before data acquisition. Data collection and analysis
were not performed blind to the conditions of the experiments.
Representative in vivo images as well as histological experiments
wererepeated independently in different mice with similar results for
Fig. 4b (n=11imaging sessions), Fig. 5b (n =18 LC:dmPFC and n =18
LC:MCimaging sessions), Extended DataFig. 1k (n = 7 mice), Extended
Data Fig. 4a (n =9 mice), Extended Data Fig. 5a (n = 3 mice), Extended
DataFig. 7b (n =8 mice), Extended DataFig.8d, g (n =18 LC:dmPFCand
n=18LC:MCimagingsessions), Extended DataFig. 9c (n = 6 mice) and
Extended Data Fig.10a, b (n =7 mice).

Reporting summary
Further information on research design is available in the Nature
Research Reporting Summary linked to this paper.

Data availability
Source dataare provided with this paper.
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authors uponreasonable request.
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Extended DataFig.1|See next page for caption.



Extended DataFig.1|Learning and execution of the go/no-go auditory
detectiontask. a, Probability of lever press (P(press)) for go or no-go trialsasa
function of number of sessions after both trial types were introduced. Eachline
represents asingle mouse. b, Cumulative distribution of number of sessions to
train mice. The dashed line indicates the mean for all mice. ¢, P(press) for
different go/no-go toneintensities across sessions. d, P(press) for different go
orno-go tone intensities (S¢, Or Sy,c, respectively). Single dots correspond to
the average performance for each tone intensity for either no-go (descending
order) or go (ascending order) frequency. Single lines show unfitted single
mouse data. FA: false alarms e, P(press) as a function of go/no-go tone intensity
(circle) and their respective fitted data (solid line) for two example mice

The fitwas obtained usinglogistic regression for P(press) usingsg, or Sy,c, as
regressors (see Methods). Betaweights for eachregressor areindicated on the
graph. Note the contrastbetween theintercept (8,) and slope (8,,) parameters
ofthelogisticregression between mouse 1and 2. f, Distribution of the different
Bparameters forall mice. B, is theinterceptand ,,and ,,,,are the slopes
resulting from the logistic regression of P(press) Vs Sy, OF Sgo- *: P=3.96*10~*
(B,),0.0067 (B,,),and 3.96*10 * (B,,,,) calculated using two-tailed Wilcoxon
testof median against zero with Bonferroni correction. g, d-prime for different
toneintensities. Single lines show single mouse data. h, Top: an example
session of mouse lever speed duringhitor correctrejection trials aligned to
tone onset. Bottom: correspondinglick rate for the same session. i, Example
session of mouse lever speed sorted for different go/no-go tone intensities.

j,Leverspeed andreactiontime as afunction of go/no-go tone intensity.

k, Example of optical fiber location withrespect to the LC visualized with
ArchT-tdTomato. Scale bar:1mm. |, Probability of pressing (P(press)) for
different go or no-go tone intensities (s, Or Sy,c, respectively) for 3 example
sessions duringlaser on versus laser offtrials. Each dot displays the average,
and eachsolid linedisplays the results of the logistic regression for P(press)
usingsg, Or Sy,c, as regressors. m, Average false alarm, hit rate, and d-prime for
laser offversuslaser on trials for high and low stimulus intensity trials in
control mice. n,P(press) at 0 dBintensity obtained by fitting the behavior with
alogisticregression for control mice. o, Effect of LC-NA photoinhibition on
P(early press) - or premature pressing during the delay period between the cue
andthe tone onset. p, Effect of LC-NA photoinhibition onreaction time. Values
duringlaserontrials are subtracted from laser offtrials. FA: False alarm.

q, Session averages of pupil size traces aligned to the onset of laser illumination
or control - laser off - trials. r, Average pupil size for a4-second window during
laser on or offtrials. *: P= 0.016 using atwo-tailed Wilcoxon test.s, Change in
falsealarm and hit rate at low tone intensities versus change in pupil size. Each
dotrepresentsthe values forone mouse. Pvalue for Pearson correlation = 0.41
and 0.75for FA or hit versus pupil constriction respectively. n=19 micein
a-d,f,g,17 miceinj,13miceinl,m,and 7 miceino-s.Dataina,d,e,g,j, pare
mean + 95% confidence intervals determined by bootstrapping. Dataincand
qaremeants.e.m.Boxand whisker plotsindicate the median, the 25th and
75th percentile and the minimum to maximum values of the distribution (f).
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Extended DataFig. 2| Effect of LC-NA photoinhibition onbehavior.

a, P(press) bias calculated by subtracting shuffled data from P(press) of trials
following reward (blue - middle) and no reinforcement (gray - right). b, Change
inbetaweights obtained with logistic regression of P(Press) versus go/no-go
toneintensity subtracted from the shuffled data. *: P= 0.02; ***: P=3.9*10"*

(Bgo - post-punishment) and 6.3*107* (B, - post-noreinf.) values calculated using
two-tailed Wilcoxon test of data versus shuffled. c-e, Effect of tone intensity on
performance bias on the subsequent trial. Difference in false alarm or hit rates
and change in d-prime are shown following punishment (c), reward (d), and
unreinforced trial (e). Pvalues calculated with two-tailed Wilcoxon test of data
versus shuffled (*) or one-way repeated measurement ANOVA of deltarate
versustoneintensity (#) inc-e.*: P=0.0096,0.0065,and 0.028 (c, left toright);
*:P=0.012,0.0074,0.022,and 0.028 (d, left toright); *: P=0.0005,0.0014,
0.0074,0.0021,0.0096,0.0002,0.048,0.018,0.025,and 0.018 (e, left to right);
#:P=0.038and 0.018 (d, false alarm and hit). f, Effect of photo-inhibiting LC-NA
onthenexttrial’s P(press) bias. Dataare displayed the same way asin

abut for P(press) bias following LC-NA silenced trials. Left - post-reward and
right - post-noreinforcement. g, Change in hit (left) or false alarm (right) rate

following rewarded and non-reinforced trials with whole-trial LC-NA inhibition.
h, Change ind-prime following rewarded and non-reinforced trials with
whole-trial LC-NAinhibition.*: P=0.031using one-tailed Wilcoxon test (laser on
vs.off).i,Changeininterceptterm (f,) and slope (8,,), calculated asin

(b), with or without LC-NA photoinhibition onthe previoustrial. Eachline
represents abetaweight from one mouse for laser on/off trials.*: P= 0.031using
one-tailed Wilcoxon test (laser on vs. off). j, Change in false alarm and hit rate
following rewarded trials with LC-NA inhibition during the reinforcement
epoch.k, Changein d-prime following punished or rewarded trials with LC-NA
inhibition during thereinforcementepoch.l, Changeinfalsealarmand hitrate
following false alarm trials as a function of days from the first go/no-go training
session.m, Changein false alarm and hit rate following rewarded trialsas a
function of days from the first Go/No-go training session. Data were binned by 5
sessionsinl, m.n, o, Effect of LC-NA photoinhibition during all reward
epochsduring the go-only stage of learning for 3 mice compared with the data
of LC-NAintact mice. Reaction time (n) and P(press) (0) are plotted across
training sessions for control mice and mice receiving LC-NA photoinhibition.
n=18miceina-eandl-o0.n=5miceinf-k.Dataare meants.e.m.ina-f,1-o.



a

) AP(press) Laser on
Corr. rej. 1
—>» onnext Post |
wirewarg O! trial? ol ?
1 I 039, 06 °0.75 *r2g
| 3 S 5 @
I e g % % 05 &
— 2 0. 8
2 | 25 & o =5
g | EC0f -4 |-Tlog Ewo2s 3T
g | 45 3 Qg + 3
. % ® 8 o0 3°
¥ post O 8 - g
a o @
° 35 0 s 08 0§ 02 -
) s s & & Laser: OffOn Off On  Off On
€ “Siego (dB) 50 > O'Q FA Hit  D-prime
. - e f
Correct rejection Correct rejection
14 . + reward
25 40
** ¥ Water Air puff {\'\'\{
] K ]
= 5 Rew o
- £ CR g2 ! f
4641 : 1 } ® -
307 | \ -
o 1 1 1 K .
@ 1 | 1 Time from reinforcement (s) x@f\ : \&Q‘\'
0 PAp et SN i W & ¥

Time from tone (s)

Extended DataFig. 3 | Effect of unexpected reward on correctrejection
trials. a, P(press) for trials following correct rejection trials (grey) or correct
rejection trials with asurprising reward (purple). b, Effect of an unexpected
reward onacorrectrejection trial on false alarmrate, hitrate, and d-prime on
thesubsequenttrial.*: P=0.011using the normal approximation to binomial
test forrewarded versus unrewarded post-correctrejection data. ¢, Effect of
LC-NA photoinhibitiononcorrectrejection trials with a surprising reward on
false alarmrate, hitrate, and d-prime. P=0.031, 0.563,and 0.031 for false alarm,
hitand d-prime using one-tailed Wilcoxon test (laser on vs. off). Dataare from

Smice.d, Spikeraster plotaligned to timing of tone for example unit on correct
rejectiontrials (left), and correctrejection with reward trials (right). Session
averaged firing rateisshownat the bottom e, Comparison of session average
firing rate of asingle unit on false alarm, reward, correct rejection, and correct
rejectionwithreward trials. f, Comparison of spike rate during correct
rejection with reward and false alarm trials for 3 units. Dataare from
concatenating 7658 and 128 control and surprise trials respectively from
Smiceina,b.n=5miceinc,and3 unitsinf.Dataaremean+s.e.minb,f.
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Extended DataFig. 4 |Spikingactivity of photo-tagged LC-NA neurons
during the task. a, Example of two recording sites during the go/no-go task.
Dbh-cre mice were injected with Flox-YFP-ChR2 virus; the 16-channel optrode
was coated with Dil to mark the recordinglocation. Scale bar: 0.5 mm.b, The
waveform of the photo-tagged unitsrecorded for this study. The non-laser-
evoked - or spontaneous - waveformis compared to laser-evoked waveform
foreach unit. c,Scatter plot of average firing rate and spike duration for all
photo-tagged unitsin comparison with 141 non-identified units obtained
duringthe same sessions. d-f, Average photo-evoked spike latency (d), jitter
(e), and photo-evoked vs. spontaneous waveform correlation (f) for photo-
tagged units. Each dotrepresentsa unitand the corresponding mean +s.e.m.is
shownontheleftside of eachgraph. g, Spike raster plot aligned to the timing of
lever press for false alarm and hit trials. Session averaged firing rate is shown at
thebottom. Top panel - Timing of tone, lever press, and reinforcement. For the
recordings shownin this panel there was a delay of250 ms between press and
reinforcement.h, i, Meanfiring rate of LC-NA photo-tagged units aligned to
tone onset (h) or light cue (i) for hit, miss, false alarm, or correct rejection trials.
Jj.Meanfiringrate of LC-NA photo-tagged units aligned to lever press during
falsealarm and hit. The population average (solid line) and the corresponding
s.e.m. (shaded area) are shown at thebottom.k, I, Raster plots of spike time-
stamps and the underlying average firing rate for two example neurons plotted
forall 4 go-toneintensities. m, n, Mean firingactivity for a200-ms window
before press oral00-ms window after reinforcement for go (m) or no-go trials
(n). Pvalues were calculated using two-tailed Wilcoxon signed-rank test

(vs.baseline) with Bonferronicorrection. In order of tone intensity,
P=2.0*10"*,1.1*10"%,3.1*10 8, and 2.1*10 ® for pre-press (m) and P= 0.013,
9.7*10™,0.0028, and 0.038 for post reward (m); P=2.5*107,3.9*1075,2.5*10°,
and 2.3*107*for pre-press (n) and P=4.4*107%,6.8*107°,0.0053,and 0.0037 for
post-punishment (n). 0, Average LC-NA response as a function of animal’s
exposure to the behavior, measured with the number of expert sessions (or
sessions with 4 tones). Each dotis the average response of all LC units for a
givensession. Pvalue for Pearson correlation = 0.151,0.068 and 0.8205 for pre-
press, post-reward or post-punishment versus number of sessions with 4 tones.
p, 3example units showing heterogeneous encoding of press, reward, and
punishment by single LC-NA neurons. Top panel shows spike raster plots
aligned to time of press for three individual neurons on false alarm and hit
trials; bottom panel shows the average firing rate. ¢, Percentage of responsive
units during pre-press (43/45), post-reward (16/27), and post-punishment
(10/10). Different shades of gray indicate units responding with high phasic
bursts (absolute firing rate above 5 Hz) and units that are significantly
responsive but withalower response (< 5Hz).r, Trial-to-trial spiking variability,
measured with Fano factor, versus average response rate for pre-press, post-
reward, and post-punishment. n =45 unitsacquired over15sessionsin 9 mice
inb-f, h, i, 0, for calculation of press activityinm, n, q, r.n =27 units acquired
over15sessions 9 mice, used for calculation of reinforcement activity in

m,n, q,r.n=18 unitsacquired over 6 sessionsinSmiceinj. Box plot parameters
asinExtended DataFig.1.
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Extended DataFig. 5| Recording LC-NA calcium activity with two-photon
micro-endoscopy. a, Example coronalsslice stained with DAPIshowing the
location of the micro-endoscope (GRIN lens) with respect to the LC.Scalebar:
1mm.b, Example of GCaMP6m AF/F signalsintwo LC-NA neuronsrecorded
simultaneously. Arrow highlights the most decorrelated calcium transientsin
eachcell. c, Raster plot aligned to timing of press during hit or false alarm trials.
Pairs of columns represent two simultaneously recorded cells (LC-NA+1vs.2or
3vs.4) recorded from two mice (session1vs. 2). Session averages for these two
pairsof LC-NA cells are showninFig.4c.d, Population averages for same ROIs
asinFig.4e;aligned to tone for hit, miss, correctrejection, and false alarm
trials. Black dashed lines delineate the three clusters (see Fig. 4). e Timing of
calcium spike versus average time from first lick for calcium imaging animals.
f-n, Datafromexample LC-NA ROIs tracked over several sessions. Example ROI
fromreward (f-h), punishment (i-k), and press (I-n) cluster (see Fig. 4e-g)

tracked for 3 sessions over 7 days for false alarm and hit trials. For each ROI,

we show raster plots of hitand false alarm trials aligned to timing of press
(f,i,1), corresponding session averages (g, j, m), and the within-session (WS)
and between-session (BS) correlation coefficient (h, k, n) from day O separated
for false alarmand hit trials. o, WS and BS correlation coefficient from day O
separated for false alarm (top) and hit trials (bottom). P=0.243 and 0.864 using
2-way ANOVA assessing the effect of days from first recording over correlation
coefficient. p, Signal driftindex. P= 0.753 using 2-way ANOVA assessing the
effect of days from first recording over signal driftindex. P = 0.753 using 2-way
ANOVA assessing the effect of days from first recording over signal driftindex.
n=65RO0OIsfrom3miceind.n=128 ROIs from 1l mice (GRIN and axonal data
included)ine.n=9ROIsfrom2mice tracked over 10+ daysin o, p. Dataare
meants.e.m.ino,p.
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Extended DataFig.6|Modelingbehavioral correlates of LC-NA activity
using amultiple linear regression model. a, The timing of light cue, tone
onset, lever press, reward, and punishment were used as regressors to predict
the AF/F signal of LC-NA neurons. b, Each regressor was convolved by
rectangular functions evenly spaced in time to produce the predictor matrix.
¢, By using Lassoregression to weight each of the 79 predictorsin predicting
LC-NA neuron AF/F signal, we obtained aset of betaweight functions. This
graphshowsthe grouped average of beta weight for each of the Sregressors
aligned to the timing of lever press (n =142 LC-NA cells). d, Cumulative

distribution of the explained variance (E.V.) obtained using 5-fold
cross-validation of our modeled AF/F. We predicted 41.7,44.7, and 45.4% of the
E.V.fortheLC,LC:dmPFC, and LC:MC conditionsrespectively. Asacomparison,
we show the E.V. obtained fromamodel wheretrial orders were shuffled.

e, Comparison of the real versus modeled AF/F for 4 trials takenin 3 example
ROIs. f,Scatter plots of the partialmodel - model with one regressor removed -
versus the fullmodel E.V. (obtained with 5-fold cross validation). n = 65 (3 mice),
34 (4 mice),and 43 (4 mice) LC,LC:dmPFC, and LC:MCROlsrespectivelyin
dandf.
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Extended DataFig.7|Retrograde tracings of LC-NA neurons projecting to
dmPFCorMC. a, Schematic of experimental design for tracing experiments.
Weinjected rgAAV-Cre and retrobeads into dmPFC or MC and quantified
co-labeled TH+neuronsinthe LC.b, Representative image of TH+ LC neurons
(blue) with neurons projecting to dmPFC labeled with YFP and neurons
projectingto MClabeled withred retrobeads. Arrows indicate example
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neurons, one labeled with just YFP (outlined arrow), another withboth YFP and
retrobeads (filled arrow). Scale bars: 100 pm left panel, 50 pm right panels.

¢, Quantification of the percent of YFP+ cells co-labeled with retrobeads when
rgAAV-Crewasinjected indmPFCand retrobeads were injectedinMC (group 1;
n=4mice) and whenrgAAV-Crewasinjectedin MCand retrobeads were
injectedindmPFC (group 2; n =4 mice). Dataare mean+s.e.m.inc.
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Extended DataFig. 8| LC-NA axonal imaging correlates highly with cortical
NErelease. a, Raster plots aligned to the timing of lever press during hit or false
alarm trials for LC-NA:dmPFC and LC-NA:MC axons. b, Corresponding session
average (shaded areasindicates.e.m.) for the two examples shownina.

¢, Population activity of all LC:dmPFC and LC:MC axons for hit, miss, correct
rejection, and false alarm trials, aligned to time of tone. d, Example ROl of two
axonsrecorded simultaneously. and the distance between them. Scale bar: 50 pm.
e, Raster plots aligned to the timing of press during hit trials for the two axons
shownind.f, Trial by trial correlation versus distance between axons for all
simultaneously recorded axonsin the LC-NA:MC and LC-NA:dmPFC conditions.
Pvalue for Pearson correlation = 0.537. Note the similar trial-by-trial
correlation between the two conditions. g, Example ROl of two segments from
thesame axon fromthe LC-NA:MC condition. Scale bar: 50 um. h, Session
average during hit (left) or false alarm (right) for the two axonal segmentsin

g, compared with the signal from the entire axon. i, Comparison of the
correlationbetween the signal fromanaxonal segment and the signal from the
entirevisible part of the axon. Note the high correlation for both conditions

FA Hit

Lags (LC-axons - GRAB,) (s)

indicating that within-axon Ca*" dynamics are low.j, Strategy and schematic for
sparse labeling and imaging of GRAByg,, in the cortex. k, GRABy,, AF/F signal
forafull 450 x 450 um field of view in the MC. Dashed lines indicate timing of
lever press for hit or false alarm trials. 1, m, Average GRABy;,,, signal on hit, miss,
correctrejection, and false alarm trials, aligned to time of toneinland the
timing of pressinm. Solid lines and shaded areas display mean +s.e.m.

n, Normalized cross-correlation (xcorr) of axonal AF/F versus average
GRABy,, AF/Fas afunction of lag between the two signals during false alarm
(FA) and hit trials. 0, Pearsonr correlation for axonal AF/F versus average
GRAByg,m AF/F during false alarm and hit trials. 33/44 LC:MC axons were
significantly correlated with GRAByg,,, signal (P < 0.05, two-tailed, from
Pearson’s correlation). n=43LC:MC and 34 LC:dmPFC axons from 4 mice each
inc.n="71axonal pairsinf.n=8 LC:MCand 7 LC:dmPFC axons from 4 mice each
ini.n=average GRABy,, signal from4 miceinl,m,n,0.n=43LC:MCaxonsin
m,o.Dataare meants.e.m.inb, I, m,n.Box plot parametersasin Extended
DataFig.1.
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Extended DataFig.9|MCisinvolvedinthebehavioral response.
a,Muscimol (GABA , receptor agonist) or saline (control) were locally injected
inthe MC of bothhemispheres.b, 90 to120 min after injection, we tested the
mouse performance on the go/no-go auditory detection task. ¢, Coronal slices
atthelevel of MCshowingthe extent of our local injection with fluorescein, a
fluorophore with asimilar molecular weight than muscimol. Scale bars:1mm.
d, Probability of pressing (P(press)) for different go or no-go tone intensities
(86, O Syoco respectively) for an example mouse. Each dot displays the average,
and eachsolid line displays the results of the logistic regression for P(press)
using Sg, Or Sy.g, as regressors. e, Change in P(press) following muscimol
injectionsin MC from saline injected controls. Dataare mean + 95% confidence
intervals determined by bootstrapping. Pvalues were calculated using

two-tailed Wilcoxon signed-rank test (vs. baseline). f, Change in average false
alarm, hitrate, and d-prime following muscimol injectioninMC. P=0.031 (false
alarm), 0.016 (hit), and 0.016 (d-prime) using one-sided Wilcoxon test of saline
versus muscimol condition. g, Coronal sectionsat the LC, MC - forelimb, and
dmPFClevels showingJaws-tdTomatoin LC and fiber location above MC and
dmPFC. Scale bars =1 mm. h, Example axonal expression of Jaws-tdTomato in
thedmPFC.Scalebar =20 pm. i, Effect of LC-NA photoinhibition on the change
ind-prime following different trial types. Delta d-prime was calculated by
subtracting the average d-prime measured after a certain reinforcement to the
global d-prime measured by shuffling trial sequences.n=6miceine,f.n=7
and 5Smice for LC-NA:dmPFC and MC photoinhibition respectivelyini.
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Extended DataFig.10 |Summary of spatiotemporal dynamics of LC-NAin
learned behavior. a, Inasensory-motor task, LC-NA neurons are transiently
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response scales downwith sensory evidence. Negative reinforcement
producesthelargest LC-NAresponse during the task regardless of sensory
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evidence.b, Temporal (top) and spatial (bottom) dynamics of LC-NA during
learned behavior. LC-NA signals to cortical outputs are targeted modularly to
motor cortex during press and distributed focally or broadly following reward
or punishmentrespectively. These distinct spatiotemporal dynamics facilitate
task execution (lever movement) and serial response bias.
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Sample size No statistical measures were used to pre-determine sample size. We used sample sizes similar to the literature in the field (refs. 8, 38, 41, and
46). For all experiments, we also used sample sizes to provide at least 80% power to detect an effect.

Data exclusions  For behavioral analysis, we excluded parts of the sessions with poor performance (average hit rate lower than 40%, average false alarm rate
higher than 50%, or premature lever presses in more than 40% of trials).
We verified that the targeting of the locus coeruleus region was successful with pupilometry and immunohistochemical techniques.
Experiments where electrodes, fiber optics, microendoscope, and viral delivery were mis-targeted or where no significant pupil constriction
was observed during LC-NE silencing were excluded from analysis.
For 2-photon imaging, we excluded sessions with excessive movement of tissue with respect to the cranial window, as determined by visual
inspection of the images, as well as the delta F/F traces. Only sessions that were stable for the entire session were used. The criteria for
exclusion were pre-established.

Replication All experiments were reproduced using biological replicates. Attempts at reproduction were successful. We used a range of 3 to 19 mice per
condition for all experiments.

Randomization For each behavioral session, trial order was pseudo-randomized to ensure that the same amount of go or no-go trials were presented every
fourth trial, and that each tone intensity was presented every eighth trial. We also pseudo-randomized the order of laser-on trials to ensure
that photoinhibition never occurred on two consecutive trials. The delay between light cue off and tone onset was randomized following a
gaussian distribution (mean 0.65s and standard deviation 0.15s). For muscimol experiments, the order of saline versus muscimol sessions was
randomized. Male or female mice were randomly selected for each experiment.

Blinding Data collection and analysis was not performed blind.
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Antibodies

Antibodies used Primary antibodies:
Chicken anti-tyrosine hydroxylase (TYH, Aves Labs), dilution: 1:1000
Anti-GFP-AlexaFluor 488 conjugated (ThermoFisher, #A-21311), dilution: 1:500
mCherry- AlexaFluor 594 conjugated (ThermoFisher, #M11240), dilution: 1:500

Secondary antibody
Goat anti-chicken 647 nm (ThermoFisher, #A21449), dilution: 1:500

Validation Chicken anti-tyrosine hydroxylase (TYH, Aves Labs)
validated in: Carter, Matthew E., et al. "Tuning arousal with optogenetic modulation of locus coeruleus neurons." Nature
neuroscience 13.12 (2010): 1526-1533.
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Anti-GFP-AlexaFluor 488 conjugated and mCherry-AlexaFluor 594 conjugated (ThermoFisher)

We validated these antibodies in house by using slices containing only GFP and staining for mCherry and checking for non-specific
fluorescence, and vice versa. The anti-GFP antibody has also been validated in: Huerta-Ocampo, Icnelia, et al. "Distribution of
midbrain cholinergic axons in the thalamus." Eneuro 7.1 (2020).

The anti-mCherry antibody has been validated in: Fergani, Chrysanthi, et al. "NKB signaling in the posterodorsal medial amygdala
stimulates gonadotropin release in a kisspeptin-independent manner in female mice." Elife 7 (2018): e40476.

Animals and other organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research

Laboratory animals

Wild animals
Field-collected samples

Ethics oversight

Adult mice (> 2 month old) of either sex were used in this study. Animals were housed at 20-22 °C and 40-60% humidity. We used the
following mouse lines for the specific expression of various viruses: Dbh-Cre (B6.FVB(Cg)-Tg(Dbh-cre)KH212Gsat/Mmucd, MMRRC),
GAD2-Cre (Gad2tm2(cre)Zjh/J, Jackson Laboratory), Vgat-IRES-Cre (B6J.12956(FVB)-Slc32altm2(cre)Lowl/Mwarl, Jackson
Laboratory). C57BI/6J wild-type mice were used for control experiments.

This study contains no wild animals.
This study contains no field-collected samples.

All procedures performed in this study were approved by the Massachusetts Institute of Technology's Animal Care and Use
Committee and conformed to the Guide for the Care and Use of Laboratory Animals published by the National Institutes of Health.

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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