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Sleep involves a relative disconnection from the environment, yet sensory

stimuli can still trigger awakenings. The mechanism underlying sensory vigi-
lance and stimulus discrimination during sleep remains unclear. Here, we
showed that neutral auditory stimuli evoked responses across parallel auditory
and non-auditory pathways, including the auditory cortex and thalamus, the
hippocampus and centro-medial thalamus (CMT). Using a convolutional
neural network, we identified CMT activity as the most discriminant hub for
auditory-evoked sleep-to-wake transitions among all recorded structures.
Furthermore, we found that prior associative learning of auditory cues with
danger (conditioned stimulus, CS+) resulted in increased awakening upon CS+
exposure during NREM, but not REM, sleep. These sleep-to-wake transitions
were blocked by optogenetic silencing of CMT neurons during CS+ exposure
in sleeping mice. Altogether, these results suggest a central role of the CMT
neurons in the residual processing of behaviorally-relevant information in the
sleeping brain functioning as one of the major hubs for awakening in response

to danger.

The sleeping brain maintains a residual ability to respond to external
sensory information despite reduced responsiveness to the
environment”. Accordingly, auditory-evoked responses persist in
thalamo-cortical circuits during NREM*”* and REM sleep®, supporting
cognitive processes such as word-pair learning and semantic
discrimination’".

During wakefulness, auditory information follows a well-defined
pathway, propagating from the inferior colliculus to the medial geni-
culate nucleus (MG) of the thalamus, and then reaching the auditory
cortex, where it is processed for perception and higher-order
interpretation”. Evidence suggests that this pathway remains active
during sleep, with auditory-evoked responses persisting in the audi-
tory thalamus® and auditory cortex”>”, although with state-
dependent modulation.

In sleep, auditory processing is more complex, as the brain must
not only encode sensory input but also determine whether to trigger
an awakening. This decision-making process involves additional cir-
cuits, including brainstem arousal centers such as the locus coeruleus
(LC)* and the mesencephalic tegmentum® as well as the mediodorsal
thalamus, which integrates sensory and arousal signals™ ™. Sleep-to-
wake transitions depend not only on sensory input but also on brain
state, ongoing activity, oscillatory dynamics, and auditory cue
saliency>*'*'82°, This selective vigilance is critical for survival, allowing
awakening to personally relevant auditory stimuli, such as a baby’s cry
or one’s name” %, Auditory fear conditioning studies indicate that the
discrimination of danger-associated stimuli relies on subcortical cir-
cuits, with the medial sector of the auditory thalamus (ATm), including
the posterior intralaminar nucleus (PIN), relaying auditory signals from
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the inferior colliculus directly to the amygdala™*. This subcortical
pathway bypasses the auditory cortex, enabling rapid defensive
responses to salient auditory cues.

Yet, the brain mechanisms underlying the discrimination of
auditory cues with content-relevant information—e.g., danger versus
safety—during sleep remain unclear. Here, we investigated the brain
and behavioral responses of sleeping mice subjected to re-exposure to
danger or neutral auditory cues and identified the brain-wide
mechanisms responsible for sensory integration during sleep.

Results

Hierarchy of brain responses to auditory stimuli across sleep-
wake states

We first recorded neural responses evoked by neutral auditory stimuli
across sleep-wake states in freely-moving mice. Chronic multi-site
single-unit and local field potential (LFP) electrodes were stereo-
tactically implanted in the primary auditory cortex (Aul) and the dorsal
medial geniculate (AMG) nucleus of the auditory thalamus together
with electroencephalogram/electromyogram (EEG/EMG) electrodes
(see “Methods,” Fig. 1a). Additional electrodes were implanted in the
hippocampus (HP) and in the central medial thalamus (CMT), as these
structures are either not associated with the processing of auditory
stimuli or regulate fear during wakefulness and sleep-wake transitions,
respectively'®7?°32, After habituation to the recording conditions,
neural and LFP responses to auditory stimuli in these structures were
recorded across wakefulness, NREM, and REM sleep (100 ms duration;
1, 2.5, and 5kHz frequency randomly delivered at 30, 55, and 80 dB
over an hour, see “Methods”; Fig. 1a).

To test the implication of CMT neurons in auditory-evoked awa-
kenings in a data-driven approach, we trained a convolutional neural
network (CNN) using LFP recordings to identify which brain structure
showed the highest discriminative activity between auditory-evoked
NREM sleep-to-wake transitions (*NREMs-WAKE, Fig. 1b) as compared
to those that did not wake the animals up (*NREMs-NREMs, Fig. 1b).
After training, the network reached a mean AUC score of 0.82 + 0.01 on
the trained recordings, 0.81+0.01 on the validation sets, and
0.81+0.02 on the test experimental sets, indicating robust differences
in local neuronal activity between “NREMs-NREMs vs *"NREMs-WAKE
transitions at single-trial level (see “Methods”; Supplementary Table 1e
and Table 1). For both ANREMs-NREMs and *NREMs-WAKE transitions,
the sigma-filtered CMT recorded LFPs showed the highest saliency as
compared to other recorded sites, including cortical frontal (F) and
parietal (P) EEGs (Fig. 1c in 9-16 Hz, Supplementary Fig. 1a in 1-20 Hz
and, and Supplementary Fig. 1b in 10-40 Hz, respectively). Consistent
with this result, we found that CMT showed an activation profile that
significantly differed between *NREMs-NREMs vs ANREMs-WAKE tran-
sitions upon auditory stimuli, while all other structures tested had
similar profiles (Fig. 1d), identifying the CMT nucleus as the most dis-
criminant structure in determining awakening upon auditory stimuli.

We further trained the neural network on baseline recordings (i.e.,
in the absence of auditory stimuli) as a control condition to predict
spontaneous NREMs-WAKE vs NREMs-NREMs transitions (Supple-
mentary Fig. 1c). Artificial sham stimuli were used for trial extraction,
network training (see “Methods”), and control analysis. The perfor-
mances of the baseline network on the training, validation, and test
sets were 0.90+0.01 (training), 0.73+0.06 (validation), and
0.73+0.05 (test), respectively (Supplementary Table 1a). This was
significantly lower (t-test, t=3.25, p<0.05) in comparison to the
training with auditory stimulations, where performances were
0.80 £ 0.01 (training), 0.80 + 0.02 (validation), and 0.79 + 0.01 (test).
The AUC score for the baseline recording was particularly low for the
majority of folds, whereas the AUC scores for the stimulation case were
elevated (always >0.75) and consistent across folds (Supplementary
Table 1a), further confirming the prediction that CMT neurons con-
tribute to auditory stimuli-evoked arousals. CNN trained on

electrophysiological recordings filtered in the slow wave range
(0.5-4 Hz) suggested a predominant drive by CMT, but also dMG and
frontal EEG as compared to Aul and parietal EEG (Supplementary
Fig. 1d). Consistent with the CNN model, we found that spindle rate
showed a significant increase in CMT during “NREMs-NREMs as com-
pared to ANREMs-WAKE transitions, and, to a lesser extent in other
recorded structures (HP, dMG) except for the Aul cortex (Fig. 1e). Note
that similar observations were made for spindles detected from frontal
and parietal EEG electrodes (Fig. 1e). Accordingly, the probability of
ANREMs-WAKE transitions was significantly higher when auditory sti-
muli were phase-locked to the UP phase of local CMT slow waves
(Fig. 1f), presumably because of CMT neuron hyper-excitability’. In
contrast, this effect was not significant for other recorded sites (HP,
dMG) while it was opposite for Aul (DOWN phase) when neurons are in
a low-excitable state (Fig. 1f). While we cannot fully discern ongoing
slow waves from auditory-evoked slow waves due to the prominent
influence of auditory stimuli on all electrophysiological recordings, the
observed region-specific differences in polarity, particularly the pro-
nounced thalamic modulation of the UP state in the CMT, is consistent
with evoked responses and k-complex-related activity reported
previously>,

Animals showed a rapid habituation to auditory stimulations
(Fig. 2a-d) and each of these reliably evoked local field potentials
(LFPs) and single-unit responses (Fig. 2e, and f,g, respectively) from all
recorded sites and stimuli (Supplementary Fig. 2, Supplementary
Fig. 3, Supplementary Fig. 5, Supplementary Fig. 5, Supplementary
Fig. 6). Auditory-evoked LFP responses in all regions of interest
exhibited short latencies (<50 ms) during wakefulness, NREM, and
REM sleep (Supplementary Fig. 2b). Interestingly, high amplitude
potentials and increased spiking activities were recorded from CMT in
responses to auditory stimuli as compared to those recorded in HP and
dMG in particular during NREM sleep, even if not significantly (Sup-
plementary Fig. 2b, c¢). Note the reverse polarity in Aul LFPs accom-
panied by a decrease in spiking rate in response to auditory stimuli
during NREM. Importantly, the spiking rate of CMT neurons was sig-
nificantly higher for auditory stimuli that evoked “NREMs-WAKE as
compared to “NREMs-NREMs (Fig. 2h). This was specific to CMT neu-
ron activities as evoked LFPs and spiking rates recorded from other
structures remained unchanged during *NREMs-WAKE or “NREMs-
NREMs transitions (Fig. 2i-k), confirming the CNN analysis in identi-
fying the CMT nucleus as the most critical structure in triggering
awakening in response to auditory stimuli.

Silencing of CMT neurons blocks auditory-evoked awakening
To assess the role of CMT neurons in mediating auditory-evoked
awakenings during sleep, adeno-associated viruses (AAV) AAVS5-
CamKIIl-ArchT3.0-eYFP or AAV2-CamKIl-eYFP (control) were stereo-
tactically injected into the CMT area before animals were chronically
implanted with multi-site tetrodes in the Aul, dMG, CMT, and HP, an
optical fiber above the CMT, cortical EEG and EMG electrodes (see
“Methods,” Fig. 3a). After habituation to the experimental conditions,
we observed that optogenetic silencing of ArchT-expressing CMT
neurons during auditory stimulations (Fig. 3b-d, Supplementary
Fig. 7a-c) significantly decreased the probability of auditory-evoked
ANREMs-WAKE transitions, but had no effect on awakenings from REM
sleep (Fig. 3e, Supplementary Fig. 7d). The short silencing of CMT
neurons itself had no effects on awakenings during baseline recordings
(Supplementary Fig. 7d, No Audio Stim Laser ON). Strikingly, auditory
stimuli significantly decreased the global number of slow waves during
NREM sleep in all recorded structures except the HP, an effect that was
blocked by the optogenetic silencing of ArchT-expressing CMT neu-
rons (Supplementary Fig. 7e). Note that spindle rates (Supplementary
Fig. 7f) and sleep architecture (Supplementary Fig. 7g) remained
unchanged upon optogenetic manipulations. These results indicated
that CMT neurons promote sensory-driven arousal.
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Fig. 1| Local CMT oscillations predict "NREMs-to-WAKE. a Experimental setup:
multi-site tetrode implanted in the central medial thalamus (CMT), hippocampus
(HP), primary auditory cortex (Aul), and dorsal medial geniculate (AMG), together
with EEG/EMG electrodes. Experimental timeline included recording of 1-h session
(360 pure tones randomly distributed) twice a day during wake, NREMs, and REMs
(n =14 sessions). The first day was recorded without auditory stimulation as a baseline
(Day 1-No Audio). For the remaining 14 days, recordings were made only on alternate
days when auditory stimulation was applied, resulting in 7 days of recorded data with
auditory stimulation. b Modeling pipeline used to train the Convolutional Neural
Network (CNN) and extract discriminant features. The training was done with a ten-
fold cross-validation, on LFP and EEG traces filtered in the sigma band (from 9 to

16 Hz) and extracted from -10 to 5 s relative to the sound’s onset. ¢ Mean activation
maps, quantifying the relevance of individual LFP/EEG traces across time for the
network’s classification of whether a given trial was “NREMs-NREMs (in blue, left) vs
ANREMs-WAKE (in red, middle) conditions. Right: the difference between the mean
activation maps of the "NREMs-WAKE (n =546 trials) and "NREMs-NREMs (n =1055

ANREMs-NREMs

trials) conditions. d Distribution of the mean network activation across trials per
region. e Percentage of spindle rate recorded during *NREMs-NREMs (in blue) and
ANREMSs-WAKE transitions (in red), for frontal (p = 0.0754, t=2.256, df=16) and par-
ietal EEGs (p=0.0113, t=3.191, df=16), CMT (p < 0.0001, t=6.095, df =16), HP
(p=0.0449, t =2.520, df = 16), Aul (p = 0.4945, t =1.097, df = 16) and dMG (p = 0.0315,
t=2.697, df =16). f Circular plot of the phase-locking of EEG slow waves (SWs)
recorded from EEG, HP, CMT, Aul, and dMG to *"NREMs-to-WAKE (red, n =247 SWs
from N = 5 mice) and “NREMs-NREMs (blue, n = 9397 SWs from N = 5 mice) transitions.
Data were analyzed using two-way ANOVA followed by Sidak’s multiple comparisons
test (two-sided). Exact p-values, t-values, and degrees of freedom are reported. Data
are presented as mean + S.E.M.; individual data points are overlaid, and error bars
represent the SEM. Source data are provided as a Source Data file. © 2025 Allen
Institute for Brain Science. Allen Mouse Brain Atlas. Available from: https://atlas.brain-
map.org/. a was modified from Gent et al., Nat. Neurosci. 21, 10.1038/s41593-018-0164-
7 (2018), with permission from Springer Nature.
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Table 1| Additional evaluation metrics for the trained net-
works presented in the main manuscript

Train set Validation set Test set
Precision 0.75+£0.07 0.74+£0.07 0.73+0.08
Recall 0.67+0.09 0.65+0.08 0.64+0.09
F1-score 0.70£0.03 0.68+0.03 0.67+0.04

Here we additionally report the precision, recall, and the F1-score for the train, validation, and
test sets (mean + standard deviation).

Danger-encoding cues elicit arousal during NREM, but not
REM, sleep

We next tested whether CMT neurons also contribute to processing
behaviorally relevant stimuli associated with danger during sleep by
triggering awakening. Chronic multi-site single-unit and local field
potential (LFP) electrodes were stereotactically implanted in the CMT
region, together with cortical EEG and EMG electrodes (Fig. 4a). After
recovery and habituation to the recording conditions, mice were
trained to discriminate between a conditioned stimulus (CS+, 5 kHz)
paired with mild electric foot shock and a neutral auditory stimulus (CS
-, 1kHz; see “Methods”; Fig. 4a). Mice showed no preference for either
of the CS+ or CS- during habituation (Day 1) and progressively
developed a significant increase of freezing behavior in response to CS
+, but not CS- (Day 2, see “Methods,” Fig. 4a, b). After conditioning,
animals returned to their home cage, where they were allowed to sleep.
Before conditioning, the percentage of awakenings for CS— vs CS+
stimuli was similar (Fig. 4c, Supplementary Fig. 8, a “Hab”), however,
after conditioning CS+ stimuli alone (i.e., without shocks) induced a
significant increase of “NREMs-WAKE transitions as compared to CS—
stimuli (Fig. 4c, Supplementary Fig. 8, a “Rec”).

Importantly, the spiking rate of CMT neurons was significantly
higher during CS+-evoked “NREMs-WAKE transitions as compared to
ANREMs-NREMs transitions (Fig. 4d). In addition, CMT neurons
exhibited a significant decrease in bursting activity upon CS+-evoked
ANREMs-WAKE transitions (post-tone) during the recall sessions as
compared to their activity during spontaneous (pre-tone) “NREMs-
WAKE (“CS+ Rec” in Fig. 4e) but not in "NREMs-NREM transitions
(Fig. 4f). This contrasts with their stable bursting activity in all other
conditions (Fig. 4e, f and Supplementary Fig. 8b) and suggests that
tonic activity of CMT neurons upon CS+ exposure induces arousal’®
and supports sensory integration’.

To test whether this switch from bursting to tonic spiking activity
after fear conditioning is also associated with a reorganization of
network activity during danger vs neutral cue discrimination, we
longitudinally recorded the activity of single CMT neurons across the
behavioral conditioning and cues exposure during post-sleep using
two-photon calcium imaging in head-restrained sleeping mice. AAV1-
CaMKII-GCaMP8m was stereotactically infused into the CMT area
before EEG/EMG electrodes and an aberration-corrected endoscope
lens®” were chronically implanted (see “Methods”; Fig. 5a). After habi-
tuation to the recording conditions, we longitudinally recorded the
response of GCaMP8-expressing CMT neuron populations to CS— and
CS+ during wakefulness and NREM sleep immediately after Habitua-
tion (Day 1) and Recall (Day 3) (see “Methods”; Fig. 5b). Consistent with
previous findings, all animals that successfully learned the task
exhibited increased freezing to the CS+ during the Recall session
(Fig.5c) and stable CS-evoked calcium transients across the behavioral
task and sleep-wake states (Fig. 5d, e). Yet, the correlation of CS-vs CS
+evoked responses of the CMT neuron population during NREM sleep
decreased following “Recall” as compared to “Habituation” session,
while it remained stable when the animals were awake (Fig. 5f, g). As
previously observed, animals showed an increase of "NREMs-WAKE
upon CS+, as compared to CS-, exposure during NREM sleep after

acquisition of the fear conditioning task (Fig. 5h, Supplementary
Fig. 8c). Consistently, the activity of CMT neurons was significantly
higher for CS+-evoked "NREMs-WAKE as compared to “NREMs-NREMs
transitions after conditioning, while no difference was observed dur-
ing Habituation (Fig. 5i). Note that this analysis was restricted to the CS
+, as CS-— elicited awakening episodes were almost negligible after
conditioning. Altogether, these results suggested that the CMT neu-
ronal network undergoes a spatial reorganization, selectively during
NREM sleep, in response to danger-encoding vs neutral cues (as
represented in Fig. 5j).

Finally, we tested the contribution of CMT neurons to the dis-
crimination of danger vs neutral cues during NREM sleep. Animals
were stereotactically injected with AAV5-CamKII-ArchT-eYFP or AAV2-
CamKII-eYFP (control) into the CMT area and chronically implanted
with optic fibers above the CMT, and EEG/EMG electrodes (see
“Methods”; Fig. 6a). All animals showed similar performance in dis-
criminating CS- from CS+ stimuli after conditioning (Fig. 6b). Con-
sistent with previous findings, we observed that optogenetic silencing
of ArchT3.0-expressing CMT neurons during NREM sleep blocked CS
+-evoked *NREMs-WAKE transitions in ArchT but not in control (eYFP)
animals, as revealed by their significant decrease in CS+-evoked
ANREMs-WAKE transitions in Recall as compared to controls (Fig. 6¢c,
Supplementary Fig. 9a). None of the optogenetic manipulation affec-
ted the sleep-wake architecture (Fig. 6d, f, Supplementary Fig. 9b, c, e,
f). Consistent with our results, no behavioral differences were
observed when CMT neurons were optogenetically silenced during
REM sleep (Fig. 6e, Supplementary Fig. 9d). These results suggested
that CMT neuronal activity contributes to the awakening induced by
the perception of danger during NREM, but not REM, sleep.

Discussion

Sleep is a state associated with low awareness, or responsiveness, to
environmental stimuli in the animal kingdom. It has adapted its
architecture, timing, and habitat relative to the perceived risk of per-
turbation or danger, including temperature, light, noise, wind, or
predation®**°, This state of apparent vulnerability is compensated by a
fluctuating threshold of sensory disconnection**"*? and regular awa-
kenings, as for instance sentinels in gregarious species. Adaptive
responses during sleep are likely to engage mechanisms in the central
nervous system capable of detecting environmental threats based on
various sensory modalities’>**’, Our results revealed that centro-
medial thalamic neurons play an important role in evoking sensory-
driven awakening from NREM sleep consistent with its role in
arousal*'*?**%_ Although auditory stimuli during sleep primarily
trigger the classical auditory pathway’'*'>*¢, parallel circuits are acti-
vated and include the locus coerulus, hippocampus®, and medio-
dorsal thalamus® through mechanisms that remain to be determined.

Prediction from a CNN model and experimental validation
expands previous findings on the role of spindles in protecting sleep to
local CMT spindles in auditory-evoked awakening from NREM sleep.
Indeed, our results further show that local spindles, particularly those
originating in the CMT region, provide sensory protection during
NREM sleep, in line with previous studies showing that spindles reg-
ulate sleep stability and modulate sensory responsiveness'®". Con-
sistent with its role in arousal from NREM sleep during spontaneous
sleep, decoding analysis and optogenetic silencing revealed that
sensory stimuli selectively recruit CMT neurons during sleep as a
possible mechanism for integrating environment stimuli during sleep.
This further reflects the central role of the thalamic neurons in stress or
fear reaction’*”’, sensory encoding” and working memory****® during
wakefulness.

During sleep, the switch of CMT neuron activity from a burst to a
tonic discharge mode appears as a selective response to environ-
mental danger, consistent with a role in the “Wakeup call” hypothesis®.
Spiking patterns in thalamic neurons influence the type of information
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that is relayed to the cortex. For instance, bursting discharge enhances
stimulus detection in the visual cortex, whereas tonic firing supports
accurate, linear processing®. Recordings from mediodorsal thalamic
(MD) neurons in mice reveal that their firing mode is crucial for fear
extinction, as mutant mice with enhanced burst firing show impaired
extinction, whereas tonic-evoking microstimulation rescues this defi-
cit, highlighting the MD’s role in modulating fear responses®. During

NREM sleep, auditory tone induced a higher occurrence of bursts in
the auditory thalamus’® or cortex'. Before associative learning, we
observed post-tone bursts of activity in CMT neurons during NREM
sleep, hypothetically associated with sleep stability®. However, after
learning, CMT neurons shifted their pattern of discharge to a tonic
firing upon CS+ exposure, consistent with an arousal trigger’, and
possibly supporting a more complex emotional response such as fear
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Fig. 2 | Auditory-evoked responses in non-sensory CMT during *NREMs-to-
WAKE transitions. a Experimental setup involved implanting multi-site tetrodes in
the central medial thalamus (CMT), hippocampus (HP), primary auditory cortex
(Aul), and dorsal medial geniculate (dMG), along with EEG/EMG electrodes. Right:
representative traces from all implanted electrodes. b Percentage of total duration
of wake, NREMs, and REMs of the first day without auditory stimulations and the
subsequent 14 sessions. ¢ Frontal and parietal EEG power spectra analysis for wake,
NREM, and REM sleep. d Percentage of awakenings from NREMs (light blue) and
REMs (dark blue) across baseline (No Audio Stim) and 14 days of auditory stimu-
lation (n=14 sessions from N=5 mice). Two-way ANOVA with Sidak’s multiple
comparisons (two-sided): significant difference for NREM, 1st Day vs No Audio Stim
(p=0.0477, t=2.980, df =40). e Average LFP responses to 80 dB 5 kHz tones (in
gray) during NREMs recorded from CMT, HP, Aul, and dMG. Auditory-evoked LFPs
in which the animals continue to sleep (*NREMs-NREMs) are in blue (n =1055
stimuli from N =5 mice), others when the animals wake up (*NREMs-WAKE) in red
(n=546 stimuli from N =5 mice). f Representative single-unit auditory-evoked
responses of CMT, HP, Aul, and dMG during “NREMs-NREM s (blue) or ANREMs-
WAKE (red). g Averaged peristimulus histogram (PSTH) of recorded units (CMT

n=17; HP n=6; Aul n=12; dMG n =12) during "ANREMs-NREMs (blue, CMT n = 255;
HP n =32; Aul n=179; dMG n =165 stimuli) or "NREMs-WAKE (red, CMT n=174; HP
n=19; Aul n=115; dMG n =116 stimuli) from N =5 mice. h-k Quantification of
auditory-evoked LFP peak amplitude (left) and spike rate (right) during *NREMs-
NREMs (blue) versus ANREMs-WAKE (red). Two-sided paired t-tests for (h) CMT: LFP
p=0.0464, t =2.851, df = 4; spike rate p=0.0039, t=-3.37, df =16. i HP: LFP
p=0.1972, t=1.545, df =4; spike rate p = 0.4493, t=-0.82, df=5. j Aul: LFP
p=0.8069, t =0.2611, df = 4; spike rate p=0.8576, t=0.18, df =11. k dMG: LFP
p=0.5483, t =0.6548, df = 4; spike rate p=0.5835, t = 0.56, df =11. Data were ana-
lyzed using two-way ANOVA followed by Sidak’s multiple comparisons test (two-
sided) and two-sided paired t-tests where applicable. Exact p-values, t-values, and
degrees of freedom are reported. Box plots show the median (center line),
25th-75th percentiles (box), and minimum/maximum values (whiskers); individual
data points are overlaid. Data are presented as mean + S.E.M.; individual data points
are overlaid. Source data are provided as a Source Data file. © 2025 Allen Institute
for Brain Science. Allen Mouse Brain Atlas. Available from: https://atlas.brain-map.
org/. a was modified from Gent et al., Nat. Neurosci. 21, 10.1038/s41593-018-0164-7
(2018), with permission from Springer Nature.

or danger. Furthermore, two-photon experiments showed a spatial
reorganization of calcium responses in CMT neurons during NREM
sleep after fear conditioning that correspond to the changes of neu-
ronal firing patterns observed in electrophysiology experiments.
Overall, these findings emphasize the centro-medial thalamus’s pivotal
function in integrating sensory information and orchestrating appro-
priate responses to environmental cues, ensuring both sleep protec-
tion and effective arousal when necessary.

While our study highlights the pivotal role of the centro-medial
thalamus (CMT) in danger-evoked awakening during sleep, one
limitation of our approach is that optogenetic silencing may have
partially affected adjacent thalamic regions; while the viral expres-
sion and fiber placement were centered in the CMT, some off-target
effects cannot be fully excluded. Previous lesion studies implicated
subcortical circuits, including the auditory thalamus and its pro-
jections to the amygdala, in the discrimination of danger-associated
stimuli™*. Accordingly, the CMT lies at the intersection of arousal
and sensory pathways as it receives strong input from the amygdala
and other subcortical structures, and relays this information to
cortical regions including the prefrontal cortex, where it potentially
contributes to higher-order arousal and sensory integration®*".. In
this study, the absence of sensory-evoked awakenings during REM
sleep reflects the higher sensory threshold during that state in
humans and animals, presumably as a protective mechanism against
disruptive environmental stimuli*>. In addition, the restorative
functions of REM sleep are seen as prerequisites for effective waking
function with brief awakenings from REM sleep preparing the
organism for immediate fight or flight****, as compared to awaken-
ings from NREM sleep. Our results showed that awakenings with
sham stimulations are similar (+20%) for both NREM and REM sleep.
However, stimuli previously paired with mild electric foot shocks
significantly increase awakenings during NREM sleep (30-60%),
indicating a fear response that was not observed during REM sleep,
where awakenings remain at +20% regardless of previous fear
association. Opto-silencing of CMT neurons specifically altered the
percentage of awakening from NREM sleep, while it decreased
awakenings for CS+ and increasing awakenings for CS- after con-
ditioning. This suggested that discrimination occurs during NREM
sleep. Together with previous research?*?»#45255 qur study fur-
ther supports the idea that a residual vigilance remains during NREM
sleep possibly for monitoring the environment for potential threats,
while REM sleep represents a disconnected state.

Our study expands the integrative role of the CMT neurons
between subcortical nuclei, including the amygdala, and the neo-
cortex, as previously suggested®**°, Together with their role in
processing other sensory modalities during sleep (e.g., olfaction”),

our findings suggest a “sentinel” role for CMT neurons that integrate
behaviorally relevant subcortical and cortical inputs during
sleep'*%*°, Collectively, our results advocate for a residual proces-
sing of sensory information during NREM sleep and expand the
repertoire of brain mechanisms at play during sleep, such as uni-
hemispheric sleep in marine mammals®, sleep while flying in birds®,
or visual scanning in gulls®* that optimize sleep over behavioral
trade-offs to surrounding threats. These open new avenues to fur-
ther understand how information is integrated during sleep, using
mice as a simplified model for studying sensory processing and
consciousness in both healthy and diseased states.

Methods

Animals

All experimental procedures, including animal handling, surgery, and
experiments followed the Canton Bern Swiss Veterinary Office guide-
lines (license n. BE 129/2020). Adult male C57BI6 mice from Janvier
Labs (FR), 8-12 weeks old at the time of the surgery were used for
in vivo electrophysiological, optogenetic, and behavioral experiments.
Mice were single-housed in Plexiglas cages at constant temperature
(20-23 °C), humidity (40-60%), and circadian cycle (12-h light/dark
cycle, starting at 08:00 a.m.). Food and water were available ad libitum.
After surgery, mice underwent a recovery period with 3 days of sub-
cutaneous administration of analgesic (Metacam). On the 6th day, they
were chronically tethered to recording cables (and optic fibers,
respectively); the experiment started just after 10 days to let the mice
recover from the surgery and habituate to the experimental
conditions.

Viral injections

Six-week-old mice were anesthetized with isoflurane (5% for induction,
1.25-1.75% for maintenance) in oxygen and placed on a stereotaxic
frame (Model 940, David Kopf Instruments). Before all surgical pro-
cedures, saline and Metacam were administered subcutaneously to
provide hydration and analgesia. After shaving, a midline incision
along the skull was made to expose the surface, ensuring proper
positioning by aligning the Bregma and Lambda lines (around 4.6 mm
caudally). Under microscopic control, a craniotomy was performed
using a surgical drill.

Injections were carried out using a Hamilton syringe
(7000 series, model 7000.5, 0.5 uL volume) mounted on a pro-
grammable syringe pump (Pump 11 Elite Nanomite Infusion/With-
drawal Programmable Syringe Pump, Harvard Apparatus). The
viruses used were: AAV5-CamKIl-ArchT for the optogenetics
experimental groups, AAV2-CamKII-eYFP for the optogenetics con-
trol groups, and AAV1-CaMKII-GCaMP8m for imaging experiments.
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Fig. 3 | Optogenetic silencing of CMT neurons blocks “NREMs-to-WAKE tran-
sitions. a Experimental timeline and setup showing multi-site tetrodes implanted in
CMT, HP, Aul, dMG, together with EEG, and EMG electrodes. Bottom: Repre-
sentative traces from the different regions and the corresponding hypnogram with
EEG/EMG data. As shown in yellow, the laser was ON from 0.5 s before to 0.5 s after
stimulus onset (Laser, in yellow and Tone, in gray). b Representative spike rate of
eYFP- (top in black) and ArchT- (bottom in yellow) expressing CMT neurons upon
optogenetic silencing without (left) or with (right) auditory stimulation (top left
black, n=90 trials; top right black, n=100 trials, and bottom left yellow, n=12
trials; bottom right yellow, n =39 trials, respectively). ¢ Average event-related LFP
recorded in CMT in response to the auditory stimuli (Tone, in gray) and to opto-
genetic silencing (in yellow) without optical stimulation (Laser OFF, blue trace;

N =10 mice), with optogenetic silencing in ArchT mice (Laser ON, red trace; N=5)
and eYFP mice (Laser ON, black trace; N =5 mice). d Auditory-evoked spike rate
recorded from CMT neurons upon optogenetic silencing during NREMs (left) and
REMs (right) in ArchT (n =10 units from N =5 mice, average of 110 trials) and eYFP

mice (n =8 units from N =5 mice, average of 112 trials). Two-sided unpaired t-tests:
NREM: p = 0.0011, t =3.985, df =16; REM: p = 0.0028, t = 3.531, df = 16. e Percentage
of awakening from NREMs (left) and REMs (right) in ArchT (n=7028 during NREM;
n =730 during REM from N = 5 mice) and eYFP mice (n = 6429 during NREM; n = 553
during REM from N =5 mice). Dotted lines (No Audio) represent the percentage of
awakening measured in the absence of auditory stimulation for both groups, ser-
ving as a control baseline. Two-sided unpaired t-tests: NREM: p = 0.0012, t = 4.876,
df=8; REM: p =0.7981, t = 0.2644, df = 8. Data were analyzed using two-sided
unpaired t-tests. Exact p-values, t-values, and degrees of freedom are reported. Box
plots show the median (center line), 25th-75th percentiles (box), and minimum/
maximum values (whiskers); individual data points are overlaid. Data are presented
as mean + S.E.M. Source data are provided as a Source Data file. © 2025 Allen
Institute for Brain Science. Allen Mouse Brain Atlas. Available from: https://atlas.
brain-map.org/. a was modified from Gent et al., Nat. Neurosci. 21, 10.1038/s41593-
018-0164-7 (2018), with permission from Springer Nature.

Each virus was injected into the central medial thalamus (CMT) at
coordinates 1.58 mm anterior-posterior (AP), 0.75 mm medial-lateral
(ML), and 4.1 mm dorsal-ventral (DV) at a 10° angle, based on Pax-
inos’ and Franklin’s mouse brain atlas. The injection volume was 200
nL delivered at a rate of 50 nL/min. To ensure optimal viral diffusion,
the needle was kept in place for at least 10 min post-injection
before being slowly withdrawn. All plasmids were obtained from
the University of Zurich Viral Vector Facility, ensuring high-quality
viral preparations optimized for specific neuronal targeting and
expression.

AAV5-CamKII-ArchT. This viral vector was used for optogenetics
experiments to achieve cell-specific expression of ArchT (archae-
rhodopsin), a light-activated proton pump, under the control of the
CamKIl promoter to target excitatory neurons.

AAV2-CamKII-eYFP. This control vector was used in optogenetics
experiments to express enhanced yellow fluorescent protein (eYFP)
under the CamKII promoter, serving as a fluorescence-based control.

AAV1-CaMKII-GCaMP8m. This vector was used for imaging experi-
ments, expressing GCaMP8m, a genetically encoded calcium indicator,
under the CamKIl promoter for monitoring neuronal activity in exci-
tatory neurons.

Tetrode implantation

Electrodes used for EEG and grounding signals were made of stainless-
steel screws, for EMG signals instead were used bare-ended steel wires.
Tetrodes were obtained with four strands of 10-um tungsten wire
(CFW0010954, California Fine Wire), which were twisted and con-
nected to an electrode interface board by gold pins (EIB-36-PTB,
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Fig. 4 | CMT neurons modulate safety vs danger perception during NREMs.

a Experimental timeframe of fear conditioning and electrophysiological record-
ings. b Percentage of behavioral freezing upon CS- and CS+ exposure during
Habituation (p = 0.9986, t = 0.048, df=20) and Recall (p <0.0001, t=10.98, df =
20) sessions (N = 6 mice). ¢ Percentage of awakening between the CS- and CS+:
Delta values are calculated as the difference between [percentage of awakening for
CS+]-[percentage of awakening for CS-] during Habituation (Hab, p = 0.2164,
t=1.649, df=20) and Recall (Rec, p=0.0195, t =2.855, df =20) sessions (N=6
mice). d Average spike rate of CMT neurons upon CS+ exposure during Habituation
(n=11 units from N = 6 mice, p=0.2476, t =1.565, df =21) and Recall (n =13 units
from N = 6 mice, p=0.0041, t = 3.512, df = 21) sessions. e Mean bursting rate of CMT
neurons upon CS- and CS+ exposure in Habituation (n =11 units from N =6 mice,
CS- p=0.0003, t=4.603, df =15; CS+ p=0.0146, t =2.720, df =17) and Recall
(n=13 units from N =6 mice, CS- p =0.0413, t=2.197, df=18; CS+ p=0.0290,
t=2.454, df =13) sessions for "NREMs-WAKE transitions for spontaneous (Pre-tone,

light red) versus evoked (Post-tone, dark red) burst activity. f Mean bursting rate of
CMT neurons upon CS- and CS+ exposure during Habituation (n =11 units from
N =6 mice, CS- p=0.0011, t =4.013, df =15; CS+ p=0.4237, t =0.819, df =17) and
Recall (n =13 units from N = 6 mice CS- p = 0.1897, t =1.363, df = 18; CS+ p = 0.2918,
t=1120, df =9) sessions for “NREMs-NREMs transitions for spontaneous (Pre-tone,
in light blue) vs evoked (Post-tone, in dark blue) burst activity. Data were analyzed
using two-way ANOVA with Sidak’s multiple comparisons test for (b—d), and two-
sided paired t-tests for (e, f). Exact p-values, t-values, and degrees of freedom are
reported. Box plots show the median (center line), 25th-75th percentiles (box), and
minimum/maximum values (whiskers); individual data points are overlaid. Data are
presented as mean + S.E.M. Source data are provided as a Source Data file. © 2025
Allen Institute for Brain Science. Allen Mouse Brain Atlas. Available from: https://
atlas.brain-map.org/. a was modified from Gent et al., Nat. Neurosci. 21, 10.1038/
$41593-018-0164-7 (2018), with permission from Springer Nature.

Neuralynx). One tetrode (so four electrodes) was implanted per region
of interest. Anesthesia was induced using isoflurane in oxygen and
maintained using a mix of medetomidine (0.27 mg/kg), midazolam
(5 mg/kg), and fentanyl (0.05 mg/kg). As described above, the animals
were placed on the stereotaxic frame, and the holes for the position of
the electrodes were drilled. The preparation consisted of the implan-
tation of two EEGs, one placed in the skull above the frontal lobe and
one above the parietal lobe; the ground screw was placed above the
cerebellum, and the two EMG wires were sutured to the trapezoid
muscle. Tetrodes were implanted unilaterally in CMT (1.58 AP, 0.75 ML,
4.1DV,10° angle), HP (2.2 AP, 1.5 ML, 1.9 DV), Aul (2.6 AP, 4.5ML, 2DV),
and dMG (3.2 AP, 2.2 ML, 3.7 DV). For optogenetic experiments, an
optic fiber of 200 pm diameter was additionally implanted in CMT via
attachment to the respective tetrode in ArchT and eYFP mice. Once the

electrodes were fixed by applying Tetric EvoFlow cement by Ivoclar
Vivadent, the EEGs (frontal, parietal, and the ground) and the EMG
wires were connected to the interface board. To finalize the surgery,
Paladur methacrylate cement was applied to fix the implant and pro-
tect the skull surface. Anesthesia was terminated by injecting Atipa-
mezole, Naloxone, and Flumazenil subcutaneously.

Endoscope implantation

For CMT 2-photon imaging experiments, 6-week-old male mice
were anesthetized with an intraperitoneal (i.p.) injection of a mix
containing medetomidine (0.27 mgkg™), midazolam (5mgkg™),
and fentanyl (0.05mgkg™) in sterile NaCl 0.9% (MMF-mix).
Analgesia was achieved by local application of 100 ul of lidocaine
(lurocaine, 1%) and subcutaneous (s.c.) injection of metacam
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(meloxicam, 5mgkg™). 40ul of dexamethasone (Methameson,
0.1mg ml™) was administered intramuscularly (i.m.) in the quad-
riceps to prevent inflammation potentially caused by the friction
of the drilling. A heating pad was positioned underneath the
animal to keep the body temperature at 37 °C. Eye dehydration
was prevented by topical application of eye ointment. The skin
above the skull was disinfected with modified ethanol 70% and
betadine before an incision was made. An 800-um-diameter cra-
niotomy was drilled above the CMT. A small track was made with
a 0.7 mm sterile needle through the tissue (down to 2.8 mm from
the brain surface) to aid endoscope insertion. A custom 500-um-
diameter aberration-corrected microendoscope (type II)*” was

slowly inserted (rate: 1um/s) above the CMT, as previously
described®®. Custom microendoscopes were based on a GRIN rod
and a corrective polymer lens providing an enlarged field-of-view
(FOV) and more homogeneous spatial resolution across the FOV,
compared to uncorrected endoscopes®’. The implant was
cemented to the skull with dental acrylic and dental cement. For
polysomnographic recordings, three EEG electrodes made of
stainless-steel screws were placed in the skull to record EEG sig-
nals (screw #1: AP: +2.5ML: +3.0 mm; screw #2: AP -2.3mm,
ML £ 2.0 mm; reference screw: AP —4.3 mm, ML +0.5 mm) and two
EMG bare-ended wires were sutured to the trapezius muscle of
the neck to record muscle activity signals.
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Fig. 5 | Single-cell and population activity of CMT neurons across fear con-
ditioning and sleep. a Schematic of the experimental procedure. (Bottom)
Expression profile of GCaMP8-expressing CMT neurons. b Representative AF/F
activity profiles of a population of CMT neurons in response to CS— and CS+ sti-
mulations during wakefulness and NREM sleep. ¢ Freezing percentage upon CS—
and CS+ presentation during Habituation and Recall (N = 4 mice; one-way ANOVA, F
(7,21) = 0.6765, CS— vs CS+ Hb p = 0.5219; CS- vs CS+ Rec p = 0.0057). d Mean CS—
and CS+ evoked AF/F activity profiles during wakefulness (light gray) or NREM sleep
(dark gray) after Habituation or Recall test (n =89 neurons from N =4 mice).

e Quantification of average integral values (AF/F*s) in response to CS— or CS+
during wakefulness (light gray) or NREM sleep (dark gray) after Habituation or
Recall test (n=89 neurons from N =4 mice). f Left: Representative correlation
between vectors of AF/F response amplitudes; Color-coded population matrices of
correlation coefficients upon CS- and CS+ presentation after Habituation or Recall
test in wakefulness (middle) or NREM sleep (right). g Quantification of correlation
coefficients represented in (f) (n =89 neurons from N =4 mice; one-way ANOVA; F
(3, 15) = 38.45; CS-vsCS+Hab vs HabvsRec p = 0.02; CS-vsCS+Rec vs HabvsRec

p =0.04). h Percentage of awakening between the CS- and CS+: Delta values are
calculated as the difference between [percentage of awakening for CS+]-[percen-
tage of awakening for CS-] during Habituation and Recall sessions (N =4 mice;
paired t-test p = 0.0451, t =3.319, df = 3). i Average CS+ evoked AF/F activity profiles
during awakening from NREM sleep (red) or maintained sleep (blue) after Habi-
tuation or Recall test (n =289 neurons from N =4 mice; one-way ANOVA, F (3,

211) = 8.869; p = 0.000015). j Graphical representation of CMT neurons spatial
reorganization after Recall test, selectively during NREM sleep. Circles represent
neurons; filled circles represent selectivity to CS- (light red) or CS+ (light green),
respectively. Data were analyzed using one-way or two-way ANOVA with Tukey post
hoc test or two-sided paired t-tests, as appropriate. Exact p-values and degrees of
freedom are reported. Box plots show the median (center line), 25th-75th per-
centiles (box), and minimum/maximum values (whiskers); individual data points
are overlaid. Data are presented as mean + S.E.M. Source data are provided as a
Source Data file. © 2025 Allen Institute for Brain Science. Allen Mouse Brain Atlas.
Available from: https://atlas.brain-map.org/. a was modified from Aime et al., Sci-
ence 376, 10.1126/science.abk2734 (2022), AAAS.

In vivo electrophysiological recordings

For all the experiments, mice were connected to a tether, digi-
tizing head stage (RHD2132, Intan Technologies), and recordings
were done at 20 kHz using an open-source software from Intan
Technologies (RHD2000). For the optogenetic experiments
additionally to the tetrodes cables, the mice were connected to
patch cords coated with black tubing. All the connections within
the optic fiber and patch cord, as well as the cement of the
implants, were covered by a black varnish in order to reduce the
possible excess of light that could disturb the natural sleep of the
animals. The experiment started after 10 days, and the auditory
stimulation protocol was delivered for 14 sessions after a day of
baseline recording. Two sessions have been performed each day,
1h in the morning and 1h in the afternoon.

Auditory stimulation

All the experiments were conducted in the same recording room with
the same researcher working on them. The mice were in their home
cage for the duration of the experiment. All sounds were programmed
in MATLAB, where one channel was routed before to the PulsePal
system and then to 8 speakers (one speaker per each recorded animal),
and the other channel of the PulsePal was routed to the electro-
physiology acquisition system. The sounds were played free field
through a speaker mounted 30 cm above the animal. For optogenetic
experiments, an additional channel was connected from the PulsePal
to the lasers, in order to have a precise synchronization of all the
outputs. Auditory stimuli included pure tones of 100 ms duration and
were interrupted by random gaps of the silence of variable duration
(from 1 to 205s). All the stimuli were presented at three different
intensity levels (30-, 55-, and 80-dB SPL) and at three different fre-
quencies (1, 2.5, and 5 kHz).

In vivo optogenetics

For in vivo optogenetic-silencing recording, 2 weeks after viral vector
injection, a tetrode was implanted in the CMT (same electrode speci-
fications as in the tetrode implantation section), coupled with a 100-
pm diameter optic fiber mounted 100-pm above the top electrode
contact. Light intensity at optic fiber tips was measured with a power
meter (Thorlabs PM100OD) before optic fiber insertion (output
~30 mW). We used 532 nm (green light, for optogenetic inhibition)
diode laser (Laser Glow). The same protocol mentioned above (in vivo
electrophysiological recording) was performed with the difference
that the laser was delivered 500 ms before and 500 ms after the
auditory stimuli onset.

2-photon laser scanning microscopy
Head-fixed mice were placed and trained under the microscope every
day for at least 6 days prior to the experiment, and then longitudinally

imaged using an in vivo 2PLSM (Scientifica HyperScope) equipped with
a x16 objective (0.8 NA, Nikon). Scanlmage Software (Vidrio Technol-
ogies, LLC) was used to control the microscope, the acquisition para-
meters, and the TTL-driven synchronization between the acquisition
and EEG/EMG recordings. GCaMPs were excited using a Ti: sapphire
laser operating at A=910 nm (InSight X3, Spectra-Physics) with an
average excitation power at the focal point lower than 50 mW. Time-
series images were acquired within a field-of-view of 117 x 117 ym
(512 x 512 pixels). All image analyses were performed using Fiji Image)
and a custom routine in MATLAB. Each imaging session contained a
random presentation of intermingled auditory cues (1 or 5 kHz) during
wakefulness or NREM sleep and automatically aligned to the acquired
images with a custom-made MATLAB script. No photo-bleaching or
photo-toxicity was observed. Acquired images were then corrected by
adjusting XY motion artifacts using Suite2p Software®’. Regions of
interest (ROIs) of cell bodies were selected and drawn manually. All
pixels within each ROI were first averaged, providing a single time
series of raw fluorescence. Raw calcium traces were then normalized to
“F” estimated through a Gaussian distribution-based approach, as
previously described”. Normalized traces are referred to as “AF/F”
throughout the paper.

Ca2+ event detections. Calcium events were detected using MATLAB
custom scripts. Each ROl AF/F trace was analyzed separately after
motion correction. Traces were first up-sampled via interpolation to be
smoother, with cubic spline interpolation (spline function in Matlab).
The baseline median (M) and noise level (E) for each trace are esti-
mated iteratively by computing the median and standard deviation of
the signal. Over three iterations, data points exceeding twice the
standard deviation are excluded from the subsequent estimation of M
and E. Candidate calcium events were identified via the use of the find
peaks function in Matlab, using twice the estimated M+E as a
threshold for minimum peak height, and M+E as minimum peak
prominence.

The characteristics of the candidate events, such as duration, peak
amplitude, and integral were computed. Each measured characteristic
was then compared with minimum and maximum physiological char-
acteristics, and if not respecting these, excluded. The candidate events
were then filtered and confirmed as Ca2+ events if their measured
characteristics were satisfying some minimum physiological para-
meters. Physiological parameters used for filtering candidate events
were: Minimum Duration of an Event =1 [s]; Maximum Duration of an
Event =20 [s]; Maximum Ratio between rise and decay duration=1/3
Minimum Peak Amplitude =2 [a.u. (AF/F)]; Minimum 10 Integral =1
[a.u. (AF/F) x s]. The measured events were grouped, and an average
measure of events per cell, per sleep state (as defined by the sleep
hypnogram obtained from the EEGs and EMG scoring), was computed
within 15 s of each auditory stimulus presentation.
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Fig. 6 | Optogenetic silencing of CMT neurons blocks danger vs safety dis-
crimination during NREMs. a Experimental schematic showing injection sites and
chronic optic fiber implant and EEG/EMG electrodes (left). Right: experimental
timeframe including the Habituation, Conditioning, and Recall sessions on separate
days and optogenetic silencing window. After memory recall, one group of mice
were re-exposured to a randomized sequence (crossed arrows) of CS- and CS+
during NREMs (NREMs-specific auditory stim: eYFP N =5 mice; ArchT N =6 mice)
and another group of mice during REMs (REMs-specific auditory stim: eYFP N=5
mice; ArchT N =5 mice). b Percentage of freezing behaviors upon CS- and CS+
exposure during habituation and recall days (N = 21 mice; two-way ANOVA, column
factor: p<0.0001, F(7, 66) =1711; row factor: p = 0.1041, F(10, 66) =1.680).

c Percentage of awakening between the CS— and CS+: Delta values are calculated as
the difference between [percentage of awakening for CS+]-[percentage of awa-
kening for CS-] during Habituation (Hab) and Recall (Rec) sessions for the NREM-
specific group (two-way ANOVA: interaction p < 0.0001, F(1, 18) = 34.83; column
factor p <0.0001, F(1, 18) = 78.79; row factor p = 0.1833, F(1, 18) =1.915). d Total

percentage duration of wake, NREMs, and REMs in eYFP (N =5 mice) and in ArchT
(N =6 mice) mice during optogenetic silencing of ArchT-expressing CMT neurons
during Habituation and Recall recordings for the NREM-specific group. e Same as in
(c) but for the REMs-specific group (eYFP N =5 mice; ArchT N =5 mice; two-way
ANOVA: interaction p = 0.3104, F(1, 16) = 1.098; column factor p = 0.2196, F(1,

16) =1.632; row factor p = 0.8422, F(1, 16) = 0.041). f Same as in (d) but for the REMs-
specific group (eYFP N =5 mice; ArchT N =5 mice). Data were analyzed using two-
way ANOVA with Tukey post hoc test (*p < 0.05; *p < 0.0L; **p <0.001;

***p < 0.0001). Data were analyzed using two-way ANOVA with Tukey post hoc test
or two-sided paired t-tests, as appropriate. Exact p-values, test statistics, and
degrees of freedom are reported. Box plots show the median (center line),
25th-75th percentiles (box), and minimum/maximum values (whiskers); individual
data points are overlaid. Data are presented as mean + S.E.M. Source data are
provided as a Source Data file. © 2025 Allen Institute for Brain Science. Allen Mouse
Brain Atlas. Available from: https://atlas.brain-map.org/.

For population analysis, vectors containing AF/F neuron response
amplitude upon auditory stimulation were computed. Pearson corre-
lation analyses were then computed between vectors representing
different auditory stimuli (CS— or CS+) at different times (Habituation
or Recall) and during different states (Wake or NREM sleep).

Fear conditioning

After a baseline of 2 h per 14 days (same protocol as mentioned before
in the section on auditory stimulation), the mice were habituated by
gently handling them for 5 min on 5 consecutive days, then on day 28,

the fear conditioning protocol started. On the first day of the proce-
dure (Habituation) at ZTO, a foreign cage with a metal grid as a floor
(Context A) was wiped with 70 % ethanol, and the mice were placed in
it. The walls were marked with stars to provide additional contextual
information. The mice were first given 3 min of time to explore the
novel environment, followed by playing a first auditory stimulus (CS-)
consisting of 27 pure tones of 100 ms duration at 1kHz (80 dB SPL)
played over 30 s for 5 times with a variable interstimulus interval (ISI)
between 10 and 30s. Then, a second auditory stimulus (CS+) was
played under the same conditions but at 5 kHz (80 dB SPL). 24 h later,
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the acquisition of fear memories was performed by wiping context A
with 70% ethanol again and subsequently placing the animals in the
same cage with the metal grid. After 3 min, CS- and CS+ were played
intermixed. An unconditional stimulus (US) was paired with CS+ by
applying an electric foot shock through the metal grid on the floor at
0.5 mA for 1s, starting when CS+ ended. Another 24 h later (Recall), a
novel cage (Context B) was wiped with 1% acetic acid, and mice were
placed in it. After 3 min of exploration, CS— and CS+ were presented to
the mice with the same protocol as during habituation. Freezing
behavior was measured as a measure of learning performance. It was
scored manually as the absence of any movement except breathing.
Freezing to CS—-/CS+ was measured during the time the tone was
playing, and only the first two rates of CS— and CS+ were considered.
Freezing was quantified as the total time of freezing during the total
playing time of the tones. If mice showed generalization by freezing to
both CS- and CS+ during wakefulness on day 3 (Recall), they were
excluded from the experiment (m=7 out of 27). The mice that were
able to discriminate between the CS- and CS+ during recall time,
underwent the last part of the experiment. Immediately after the cued
recall memory test, the mice returned to their home cage, where they
were recorded and re-exposed to the safety (CS-) and dangerous (CS+)
sound for 2/4 h while they were sleeping. We tested two different
modulations: the first group of mice was exposed to a NREMs-specific
auditory stimulation with CMT optogenetic-silencing (n=11), and the
second group to REMs-specific auditory stimulation with CMT
optogenetic-silencing (n =10).

Data analysis

Pre-processing of LFP data and peaks analysis. Following the
acquisition, LFP raw recordings were sampled at 1000 Hz and re-
referenced with a common average reference to reduce possible
volume conduction. The data were then z-scored. After detecting LFP
responses to auditory stimulation, a comprehensive analysis was car-
ried out to examine the timing and amplitude of the peaks, calculating
the average of all trials per mouse. The onset of the LFP peak was
defined as the first negative peak after the auditory stimulation at 0 ms,
corresponding to the early response within the O to 50 ms time win-
dow. No threshold was applied for this step, as the analysis focused on
the distinct negative peak following the auditory stimulation. The
second peak, corresponding to the late component of the auditory-
evoked response, was analyzed within the 50 to 100 ms time window.
For both components, we calculated the latency and amplitude of the
detected LFP peaks, representing early and late responses, respec-
tively. These analyses are presented in Supplementary Fig. 2b, c.

Sleep scoring. Sleep scoring was performed manually, based on fre-
quency and amplitude characteristics of the EEG and EMG in custom
software written in MATLAB, which allowed for more flexible and
accurate scoring based on continuous data rather than segmented
epochs. NREMs was identified by high amplitude, synchronous activity
in the EEG with a prominent delta (0.5-4 Hz) frequency power, and low
EMG activity; REMs was defined by high synchronous theta (6-9 Hz)
and flat EMG; wake was characterized by an increase in EMG activity
with a low-amplitude, high-frequency (>6 Hz) EEG.

Arousal threshold analysis. Arousals were determined using EMG
recordings. In cases where EEG and EMG arousals did not occur
simultaneously, we specifically relied on EMG data to identify arousal
events. This approach ensured accurate detection of arousal based on
muscle activity, even when discrepancies in timing occurred between
EEG and EMG signals. We analyzed the averaged LFP activity in
response to the stimuli splitting the recording into two groups, based
on the behavior of the animals: "NREMs-NREMs transitions, are the
events in which the animals were not waking up from O after 5 s of the
auditory stimulations, and *"NREMs-WAKE transitions are the events in

which the animals were waking up from O to 5s after the auditory
stimulation. As previously described in the section “Sleep scoring,” the
different states (WAKE, NREMs, and REMs) were defined manually by
the EEG/EMG recording.

To assess how the animals were awakening from sleep in response
to the different tones used in the fear conditioning protocol (CS- and
CS+), we used a similar analytical approach as described earlier, mea-
suring the events in which the animals woke up within 0-5 s after the
stimulation. However, in this case, we calculated the percentage of
trials in which the animal woke up in response to each tone (CS- or CS
+), which was obtained by dividing the number of trials in which the
animal woke up for the specific tone by the total number of stimula-
tions, i.e., the sum of the number of CS- and CS+ trials. It is important
to mention that the protocol included an equal number of CS—and CS+
tones. Next, we computed the difference in awakening between the CS
- and CS+ tones by calculating the delta of awakening, which is
obtained by subtracting the percentage of awakening in response to
the CS- tone from the percentage of awakening in response to the CS+
tone. This analysis allowed us to determine whether the animals
exhibited a differential response to the two tones, as indicated by a
higher percentage of awakening for the CS- tone compared to the
CS+ tone.

Slow wave detection. Individual slow waves were detected during
NREM sleep using the SWA-MATLAB toolbox®, with detection para-
meters adjusted for rodents based on settings described by Panagio-
tou et al. and Facchin et al.*>, The negative envelope of the LFP signal
was calculated and filtered between 0.5 and 4 Hz using a Chebyshev
Type Il filter design. Consecutive zero-crossings were then identified,
and slow waves were detected if the duration between the negative-
going and subsequent positive-going zero-crossing was between
100 ms and 1s. The peak negative amplitude of the wave was required
to be at least three standard deviations from the median amplitude of
all negative peaks in the recording. This amplitude threshold mini-
mized the influence of individual differences in electrode reference
type, reference distance, and electrode depth, which could affect the
recorded amplitude.

The beginning of each slow wave was marked at the positive-to-
negative zero-crossing preceding the negative peak, while the end of
the slow wave was defined as the subsequent positive slope’s conclu-
sion. In the polar plots, statistical tests are represented by circles
numbered with 0.1, 0.2, displayed on the central polar plot. Black lines
indicate mean circular vectors. The phase in the plots adheres to the
cosine convention, where 0° represents the positive peak (UP state)
and 180° marks the peak of the negative slope (DOWN state). Insets
provide magnified views of the mean circular vectors within the unit
circle.

Spindle detection. Two methods were employed for analyzing spin-
dles. The initial approach involved using the neural network, wherein a
filtering range of 9-16 Hz, 10-20 Hz, and then from 10 to 40 Hz was
applied to expand the dataset with more values suitable for neural
network input. Additionally, a secondary analysis was conducted using
a custom-made script, wherein the spindles were detected for each LFP
channel and for the EEGs (spindleDetection_pathLoop). We detected
spindles using the wavelet method from Wamsley et al. and Bandar-
abadi et al.”*%, We extracted wavelet energy from the complex fre-
quency B-spline function with the highest normalized power. The
wavelet energy time series was smoothed with a 200 ms Hann window,
and a threshold of 3 SD above the mean identified potential spindle
events, while a lower threshold of 1 SD indicated event starts and ends.
Events shorter than 400 ms or longer than 2 s were discarded. Using
band-pass-filtered LFP signals in the spindle range (9-16 Hz), we
excluded events with fewer than 5 or more than 30 cycles. To ensure
wavelet energy increases were spindle-specific, we compared power in
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the spindle range with that in 6-8.5Hz and 16.5-20 Hz, discarding
events where spindle power was lower. We estimated spindle central
frequency via Fourier transform and assessed symmetry using the
peak position of the wavelet energy time series, with values ranging
from O to 1 (0.5 indicating symmetry). As a first step, the spindle rate
was calculated for all the different recordings (14 sessions per animal),
then averaged per mouse. Digging more into the analysis we also
wanted to analyze the role of spindles in "NREMs-to-WAKE transitions,
so we plot all the spindles found in events in which the animals were
staying in NREMs (*NREMs-NREMs) and events in which animals were
waking up (*NREM-WAKE) before (-5; 0's) and after (-5; 5s) the audi-
tory stimulation onset. Then we calculated the percentage of spindles
in "NREMs-NREMs and “NREMs-to-WAKE transitions (% = (spindles/
number of transitions) x 100).

Single-unit activity and spike sorting. Single-unit activity was detec-
ted using the Offline Sorter Application by Plexon Neurotechnology
Research System (version 4.4.1). Raw LFP data were first band-pass
filtered (500-4000 Hz, Butterworth filter) and then a threshold for
multiunit activity was set manually (depending on the recording from
-2 to -6 SD). Single-unit activity was then extracted using principal
components analysis and manually extracting clusters. The spike ratio
for the PSTH was calculated as the total number of spikes found for
each trial, divided per number of events, and averaged for all the
animals. For the quantification per animal, there were calculated the
number of spikes found during the stimulus onset (from 0 to 0.1s)
divided per event and then averaged per animal.

Burst firing of single units was detected as a minimum of three
consecutive action potentials with ISI<6ms and preceded by a
quiescent hyperpolarized state of at least 60 ms. On the basis of the
observed pattern of response, a time window (0-0.1, 0-0.2, 0-0.3,
0-0.4, 0-0.5 s) was selected to analyze the response of a given neuron.
For each cell, the values of spontaneous (before the tone) and evoked
(during/after the tone) activity obtained during maintained NREM
sleep (*NREMs-NREMs) were compared with the events with the tran-
sition to wake (*NREMs-WAKE), using paired t-test.

Decoding and feature extraction with CNNs. A Convolutional Neural
Network (CNN), with an EEGNet architecture®’, was trained to dis-
criminate the conditions “NREMs-NREMs vs. “NREMs-WAKE based on
LFP and EEG traces, extracted from a time interval of 10 s pre- to 5s
post-sound onset, using a tenfold cross-validation scheme. This net-
work has already been successfully used to discriminate electro-
physiological responses to auditory stimuli. The network was trained
on the raw LFP traces of the HP, CMT, and AU1 as well as the Frontal
and Parietal EEG channels. The data of the CMT was filtered in the
spindles range (9-16 Hz). Accuracy was computed via the area under
the receiver operating characteristic curve (AUC). The trained net-
works were then used to extract condition-specific activation maps’,
reflecting the features that were most relevant to the network’s deci-
sions, with the use of saliency map, as it is a common practice in the
field”", which were computed at the single-trial level for all correctly
classified trials and then averaged over all mice and overall ten trained
networks to increase stability, as in previous work”. EEGNet archi-
tecture was used with the standard parameters, as in its original
implementation (dropoutRate = 0.5, kernLength = 64, F1=8,D =2, and
F2=16). The data were of shape (channels=>5)x (time points=
15,001) and were given as input to the network in batches of size 32.
The network was trained for 50 training iterations with an Adam
optimizer’> with a learning rate of 0.01, and the rest of the hyper-
parameters were kept as suggested in the original publication®’. We
trained the network in a 10-fold cross-validation, where the train data
split was used for the training of the network, the validation split was
used for the evaluation of hyperparameter settings of the network, and
the test set was only considered for the overall evaluation of the

network’s performance. The train set contained 81% of trials,
amounting to 12076 over both classes, the validation set was 10% with a
total of 1491 trials, and the test set enclosed 9% of the data summing up
to 1342 trials. In the main text, we only report the AUC score for all
three sets; however we also additionally evaluated the mean precision,
recall, and the F1-score over all ten folds.

Statistical analysis. Data were compared using two-way ANOVA, or
t-tests for parametric data, with post hoc Tukey’s corrections for
multiple comparisons. Post hoc tests were selected based on the
comparison type: Sidak was used for pairwise planned comparisons,
while Tukey was applied when comparing all group combinations. The
assumption of normal distribution was made for parametric tests, but
was not formally tested. All values are reported as mean + standard
error of the mean (S.E.M.), unless otherwise specified. Sample sizes (n)
and statistical details for each experiment are provided in the corre-
sponding figure legends.

Histology

Tissue collection. At the end of all experiments, animals were
anesthetized with isoflurane as described above, and an electric
current was sent through two channels of each tetrode (30 pA, 5
pulses at 2s) in order to induce gliosis at the very end of tetrode
placement. After -2 h (time to create an internal scar), mice were
euthanized with 15mg pentobarbital i.p., and the cardiovascular
system was transfused with 30 mL of cold, heparinized phosphate-
buffered saline (PBS), followed by 30 mL of 4% Paraformaldehyde
(PFA) via puncture in the left ventricle of the heart. Brains
were removed and kept in PFA at 4 °C overnight, and then they were
cryoprotected in 30% sucrose for 48 h. Next, they were flash-frozen
in 2-methyl butane at approximately —80 °C, cut into 40 nm thick
sections, and stored in PBS at 4°C. In order to confirm tetrode
placement, the tetrodes were stained with 1,1-Dioctadecyl-3,3,3,3-
tetramethyl-indocarbocyanine-perchlorate before implantation.
After cutting the brain, sections with visible dye traces were selected
and either Nissl-stained to reveal the gliosis.

Immunohistochemistry. The viral expression specificity and efficacy
were checked histologically by double staining of free-floating sec-
tions. The brain sections were washed in PBS 0.1% Triton X-100 (PBST)
three times for 10 min each, blocked by incubation with 4% bovine
serum albumin dissolved in PBST for 45 min, and subsequently incu-
bated with anti-GFP antibodies (AB_221569, 1:500 dilution in PBST) for
24 h at 4 °C. Then, sections were washed again in PBST (three times for
10 min each) and incubated with a secondary antibody (ab150073,
1:1000 dilution in PBST) that binds to the primary antibody for 1h at
room temperature.

Fluorescence microscopy. Images were acquired by a Nikon Ti-E
microscope with a 40x resolution. For tetrode placement, a filter Cy3
was used. Instead of fluorescent staining.

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

Data availability

All raw data used for analysis are made available through the Supple-
mentary Information. Source data are provided as a Source Data
file. Source data are provided with this paper.

Code availability

All scripts used for analysis are available through a GitHub repository
(https://github.com/ZENLabCode). The code is available at: https://
doi.org/10.5281/zenodo.15467591.
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