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In brief

The ability to rapidly wake up from sleep
upon threat signals is critical for animal
survival. In this study, Wei et al. report
that the pontine central gray (PCQG) is a
critical node of a fast-execution alerting
system and globally broadcasts alerting
auditory signals to a distributed brain
network to promote awakening.
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SUMMARY

Sleeping animals can be woken up rapidly by external threat signals, which is an essential defense mecha-
nism for survival. However, neuronal circuits underlying the fast transmission of sensory signals for this pro-
cess remain unclear. Here, we report in mice that alerting sound can induce rapid awakening within hundreds
of milliseconds and that glutamatergic neurons in the pontine central gray (PCG) play an important role in this
process. These neurons exhibit higher sensitivity to auditory stimuli in sleep than wakefulness. Suppressing
these neurons results in reduced sound-induced awakening and increased sleep in intrinsic sleep/wake cy-
cles, whereas their activation induces ultra-fast awakening from sleep and accelerates awakening from anes-
thesia. Additionally, the sound-induced awakening can be attributed to the propagation of auditory signals
from the PCG to multiple arousal-related regions, including the mediodorsal thalamus, lateral hypothalamus,
and ventral tegmental area. Thus, the PCG serves as an essential distribution center to orchestrate a global

auditory network to promote rapid awakening.

INTRODUCTION

Sleep is characterized by a reduction in behavioral responsive-
ness to environmental stimuli’? and increased arousal thresh-
olds.>* The ability to rapidly arouse from sleep upon sensory
events in a dangerous situation is critical for animal survival.?*""
Although both external stimuli (e.g., tactile, acoustic, and vi-
sual)®>'%"2'3 and internal states (e.g., hunger, thirst, and sexual
drive)' can enhance arousal and affect sleep, relative to internal
states, sensory-stimuli-induced awakening from sleep usually
exhibits a shorter latency. The properties of sensory stimuli,
such as stimulus intensity,'®'® as well as internal sleep states
such as non-rapid eye movement (NREM) and rapid eye move-
ment (REM) sleep, can both have impacts on the probability of
awakening.'®> For mammals, the auditory system acts as a
crucial, vigilant guardian during sleep, alerting the animal to po-
tential dangers—including approaching predators—and facili-
tating rapid awakening.” However, the neural circuits respon-
sible for sound-induced awakening remain not well understood.

The central auditory system consists of two major ascending
pathways. First, the canonical auditory neuroaxis carries audi-
tory information from the cochlear nucleus (CN), to various audi-
tory nuclei in the brainstem, to the medial geniculate nucleus of
the thalamus, and finally to the auditory cortex (AC) where audi-
tory perception is generated.'” Second, the reticular-limbic
pathway stems from the CN and navigates through the pontine

reticular nucleus (PRN), pontine central gray (PCG), medial
septum (MS) before reaching the entorhinal cortex and hippo-
campus.'®'9 Rather than sound perception, this pathway is
thought to be associated with emotion, arousal, attention, and
memory'”'%2° and to play a significant role in the processing
of emotionally salient sounds, including those indicative of
danger, e.g., loud noise.'®?° The PCG, a salient structure in
the dorsal pons, has been identified as an essential node in
this pathway.'” It is also considered a major component of the
ascending reticular activating system (ARAS), which plays a crit-
ical role in maintaining arousal and integrating multisensory infor-
mation.”’* Notably, the PCG has been found to respond to
multisensory stimuli and provide sensory inputs to the MS in
the basal forebrain.'®?> The latter is involved in modulating
cortical electroencephalograms (EEGs) and arousal state.?®®
These lines of evidence suggest a link between PCG activity
and vigilance state, raising a possibility that PCG and its down-
stream targets may contribute significantly to sound-induced
awakening.

By exploring PCG-mediated central auditory pathways, our
study reveals that this structure plays an essential role in trans-
mitting auditory signals and facilitating rapid sleep-to-wake tran-
sitions upon alerting acoustic events. More specifically, its gluta-
matergic neurons mediate the sound-induced awakening:
optogenetic activation of these neurons induces sleep-to-wake
transitions with extremely short latencies, whereas inactivation
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of them reduces the probability of sensory-induced awakening
from sleep. These neurons also contribute to auditory-induced
awakening from anesthesia. In addition, we found that the base-
line activity of these neurons correlates with intrinsic sleep/wake
states: they are more active during wakefulness than during
sleep. Silencing of these neurons reduces wakefulness and in-
creases sleep during natural sleep/wake cycles. Furthermore,
these PCG glutamatergic neurons elevate their sensitivity to
auditory stimuli during NREM sleep relative to wakefulness.
Finally, the PCG transmits auditory signals to a multitude of
arousal-related brain regions, including the mediodorsal nucleus
of the thalamus (MD), lateral hypothalamic area (LHA), and
ventral tegmental area (VTA), which contributes to its wake-pro-
moting effect. Together, our results suggest that the PCG serves
as an important hub of ascending brainstem circuits to broad-
cast auditory signals to a large, distributed arousal system and
to mediate rapid sound-induced awakening from sleep.

RESULTS

PCG is a primary auditory input source to the MD

As the MD has recently been suggested to be involved in sound-
induced arousal from slow-wave sleep,? this structure provides
an entry point when we explore the neural pathways for auditory-
induced awakening. Two routes may potentially convey auditory
information to the MD (Figure 1A). First, the MD may receive input
from the mesencephalic area (equivalent to the midbrain reticular
nucleus, MRN),?° which is hypothesized to receive input from
the inferior colliculus (IC)*° and/or the nucleus of the lateral
lemniscus (NLL)*° along the canonical auditory neuroaxis. Sec-
ond, the observation that the MD receives substantial axonal
projections from the PCG?° suggests that the MD may receive
auditory signals from the PCG and be part of the reticular-limbic
pathway along which the PCG receives input from the PRN and
the latter from the CN."® To decipher the source of auditory input
to the MD, we examined auditory responses in the MD, MRN,
and PCG of awake, head-fixed mice with multichannel single-
unit recordings (Figure 1B). Auditory stimuli (white noise of vary-
ing intensities and pure tones of varying frequencies and inten-
sities) were delivered through a speaker in the contralateral field.

¢ CellP’ress

Figure 1C shows spike response properties of an example MD
neuron. It exhibited a phasic response to noise bursts with an
onset latency of 13 ms (Figure 1C, left). By contrast, it did not
respond well to pure tones and no clear frequency-responsive
area (FRA) was detected (Figure 1C, right). The intensity
threshold for the noise response was at around 50-60 dB sound
pressure level (SPL) (Figure 1D). Overall, noise-evoked spike re-
sponses were observed in about 33.3% (29 out of 87) of re-
corded MD neurons (Figure S1B). In comparison to MD, MRN
neurons appeared to respond less well to noise, without re-
sponding to tones (Figure 1E). In the noise-responsive MRN pop-
ulation (34.4%, 42 out of 122 cells) (Figure S1C), the neurons ex-
hibited a much higher intensity threshold than those in the MD, at
approximately 70-80 dB SPL (Figure 1F). This suggests that in
naive conditions MRN is unlikely a major input source to drive
auditory responses of MD neurons.

The PCG consists of two primary neuronal types: glutamater-
gic (Vglut2+) and GABAergic (Vgat+).?° In order to be able to
identify cell types, we performed optrode recording in Vglut2-
Cre animals injected with adeno-associated virus (AAV) encod-
ing Cre-dependent channelrhodopsin 2 (ChR2), following our
previous study.?® Out of 195 units recorded in PCG, 105 neurons
were identified as Vglut2+ (i.e., opto-tagged) neurons and 60%
of them (63/105) were activated by noise stimuli, with an appar-
ently moderate intensity threshold (Figures 1G and 1H). For the
remaining non-tagged cells, only 8.9% (8/90) responded to noise
stimuli (Figure S1A), which is consistent with our previous finding
that GABAergic PCG neurons essentially do not respond to noise
sounds.?® Thus, the overall fraction of responsive neurons in
PCG is 36.4% (71/195) (Figure S1A). For this responsive popula-
tion, a significantly shorter response latency (Figure 1), lower in-
tensity threshold (Figure 1J), and higher response level (Figure
1K) was observed compared with MD neurons. By contrast,
MRN neurons exhibited a much higher intensity threshold and
lower response level than those in the MD (Figures 1J and 1K).
Together, these data suggest that, in naive conditions, the
PCG is much better positioned than the MRN to deliver auditory
information to the MD. To test this possibility, we pharmacolog-
ically silenced the PCG by administering muscimol, an agonist of
GABA receptors, via implanted cannulas. We found that the

Figure 1. A potential auditory circuit to the MD

(A) Potential auditory circuits to the MD. Solid line indicates confirmed connectivity, while dashed line represents undetermined connectivity.
(B) Left: schematic of recording setup. Right: diagram showing multichannel recording sites in MD and MRN of wild-type animals or optrode recording in PCG of

Vglut2-Cre animals.

(C) Left: raster plot (upper) and peri-stimulus spike-time histogram (PSTH) of spike responses to white noise (80 dB SPL, 50 ms) for an example MD neuron. Pink
shade marks the duration of sound stimulation. Right: color-coded spike rates in response to tones of different frequencies and intensities (i.e., frequency

response area, FRA) for the same cell shown on the left.

E) Similar to (C) but for an MRN neuron.

F) The average rate-intensity function for MRN neurons (n = 24 cells).
G) Similar to (C) but for a PCG neuron.

H) The average rate-intensity function for PCG neurons (n = 21 cells).

(
(
(
(
(
(

D) Spike rates evoked by noise at different intensity levels (i.e., rate-intensity function) averaged for the responsive neurons in MD (n = 20 cells).

I-K) Average onset latency of spike responses to noise (at 80 dB SPL) (l), average intensity threshold (J), and mean response level (at 80 dB SPL) (K) for MD, MRN,

and PCG neurons. *p < 0.05, **p < 0.001, one-way ANOVA and Tukey’s post hoc test; n = 29 in MD, 42 in MRN, and 71 in PCG.
(L) Raster plot (upper) and PSTH (lower) of spikes for an example neuron in MD before (left) and after (right) silencing PCG with muscimol. Gray shade marks the

duration of noise stimulation.

(M) Representative confocal image of fluorescent muscimol in PCG. Scale bar, 200 um.
(N) Noise-evoked firing rates of MD neurons before and after silencing PCG with muscimol. ***p < 0.001, paired t test, n = 12 cells.

All error bars represent SD.
See also Figures S1 and S2.
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Figure 2. PCG transmits auditory signals to a multitude of brain regions
(A) Potential circuits for the propagation of auditory signals via PCG. Solid line indicates a confirmed pathway, while dashed line represents an unconfirmed

pathway.

(B and C) Comparison of onset latency of spike responses to noise (at 70 dB SPL) (B) and intensity threshold (C) for evoking a response among different brain
regions. *p < 0.01, **p < 0.001, one-way ANOVA and Tukey’s post hoc test; n = 71 cells in PCG, 53 in LHA, 30 in LPO, 20 in PVT, and 35 in VTA.

(D) Schematic of recording in each PCG target region while silencing PCG with muscimol.

(E) Raster plot and PSTH of spikes for an example neuron in PVT, LHA, LPO, and VTA, respectively, before (upper) and after (lower) silencing PCG with muscimol.

Gray shade marks the duration of noise stimulation.

(F) Noise-evoked firing rates before and after silencing PCG in different target regions. **p < 0.01, ***p < 0.001, paired t test; n = 10 cells in PVT, 11 in LHA, 10in

LPO, and 9 in VTA.
All error bars represent SD.
See also Figure S2.

response to auditory noise in the MD was markedly decreased
as compared with the pre-administration condition (Figures
1L=1N). This result confirms that auditory responses in the MD
are primarily driven by the input from the PCG.

The PCG broadcasts auditory information to a
distributed brain network

Previous anatomical results have indicated that PCG axons proj-
ect profusely to a multitude of brain regions, encompassing not
only the MD but also the MS, paraventricular nucleus of the thal-
amus (PVT), LHA, lateral preoptic area (LPO), and VTA.?° We
wondered whether, similar to the MD (Figures 1L-1N) and
MS,"® the PCG could also drive auditory responses in these
other target regions (Figure 2A). We thus carried out multichannel
recordings in the PVT, LHA, LPO, and VTA (Figure S2). Neurons
in these regions also exhibited responses to auditory noise. The
response latencies and intensity thresholds were comparable
among these regions but were all significantly longer and higher
than those in the PCG (Figures 2B and 2C). We further silenced

4600 Current Biology 34, 4597-4611, October 21, 2024

the PCG with muscimol (Figure 2D) and found that the auditory
responses in the PVT, LHA, LPO, and VTA were all markedly
decreased (Figures 2E and 2F). These results thus support the
notion that the PCG serves as an important hub in the ascending
pontine auditory pathway by broadcasting auditory information
to a large, distributed brain network (Figure 2A).

PCG plays a crucial role in sound-induced awakening
from sleep

Because the multiple PCG targets, including the VTA, PVT, LHA,
LPO, and MD, are related to arousal,”**'*°* we wondered
whether PCG could play a role in sensory-induced awakening,
in particular, upon unexpected acoustic events. To test this pos-
sibility, we monitored the sleep/wake state in freely moving mice
with simultaneous electroencephalogram (EEG) and elec-
tromyography (EMG) recordings (Figure 3A). The mice were
subjected to intermittent sound stimuli (white noise, 1-s dura-
tion at 30-70 dB SPL, with 60-180 s inter-stimulus intervals;
STAR Methods). The auditory stimulation could result in rapid
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Figure 3. PCG contributes to sound-induced awakening from sleep

(A) Experimental setup. Noise was delivered from the speaker on top of the testing chamber, and the freely moving mouse was continuously monitored with EEG,
EMG, and video recording.

(B) Representative EEG power spectrum (top), EEG (middle), and EMG (bottom) traces from a mouse showing a transition to wakefulness from NREM (left) or REM
sleep (right). Vertical gray bar marks the duration of noise sound (60 dB SPL). Scale bar, 1 s.

(C) Average probability of awakening (%) from NREM (orange, n = 4 mice) or REM sleep (purple, n = 4 mice) induced by noise at different intensities. Black circles
represent data of individual subjects.

(D) Schematic silencing of PCG with muscimol in wild-type mice.

(E) Representative EEG and EMG traces for an example mouse in the saline control (upper) vs. muscimol (lower) silencing condition. Gray box marks noise (60 dB
SPL, 1-s duration) stimulation. Scale bar, 1 s.

(F) Probability of awakening (%) from NREM (left, n = 4 mice) or REM sleep (right, n = 4 mice) induced by noise in the saline and muscimol condition. ***p < 0.001;
n.s., not significant, p > 0.05, paired t test.

(G) Experimental timeline for TRAPing. A TRAP2::Ai14 mouse was placed in a soundproof room and was given an injection of 4-OHT (50 mg/kg) after 60-min noise
stimulation. After 7-9 days, the animal was sacrificed.

(H) Representative confocal images of the PCG and its surrounding structures in mice that received no noise stimulation (left) or received noise stimulation (right).
Scale bar, 200 um. Red, tdTomato-indicative c-fos expression.

(I) Quantification of the number of TRAPed cells in different brain regions (n = 3 mice for each brain region). ***p < 0.001, t test.

All error bars represent SD.

See also Figure S3.
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blue arrow depicting the onset of LED stimulation.

<
97(? c}\?g'

(F) Latency to wakefulness from NREM (left) or REM sleep (right) after the onset of LED stimulation. ***p < 0.001, t test; NREM, n = 4 and 6 mice for eYFP and ChR2
group, respectively; REM, n = 3 and 4 mice for eYFP and ChR2 group, respectively; each dot indicates one single trial.

All error bars represent SD.
See also Figures S2 and S3.

awakening from both NREM (Figure 3B, left) and REM (Figure 3B,
right) sleep, with the probability of induced awakening monoton-
ically increased with increasing sound intensities (Figure 3C).
The probability did not differ between the first and second half
of the test session (Figure S3A), suggesting a lack of adaptation.
The latency to wakefulness was 52 + 29 ms for NREM sleep and
802 + 400 ms for REM sleep at the noise intensity of 70 dB SPL.
To examine the involvement of the PCG in this sensory-evoked
awakening, we locally administered muscimol to PCG (Figure 3D)
and found that the probability of the induced awakening from
NREM sleep, but not REM sleep, was significantly decreased
compared with saline control (Figures 3E and 3F). For successful
awakening trials, the latency to wakefulness from NREM sleep
was prolonged, whereas that from REM sleep was not changed
significantly (saline, 1.38 + 0.36 s; muscimol, 1.43 + 0.52 s, at
noise intensity of 60 dB SPL; t test, p = 0.69, n = 4 mice). These
results suggest that the PCG may contribute critically to audi-
tory-induced awakening from NREM sleep.

Using the targeted recombination in active populations
(TRAPs) strategy,**>® we examined neuronal activation patterns
in TRAP2 crossed with Ai14 (Cre-dependent tdTomato) mice
following 60-min noise stimulation during the light cycle (Fig-
ure 3G). After days of expression, we found a marked increase
in the number of tdTomato+ (i.e., TRAPed) cells in PCG
compared with control mice that had not experienced the noise
stimulation (Figures 3H and 3l). This increased neuronal activa-
tion is consistent with the PCG’s responsiveness to the sound
stimuli and may also reflect heightened arousal due to the noise
exposure. Increased neuronal activation was also observed in
the locus coeruleus (LC), which nevertheless had a much smaller
number of TRAPed cells compared with the PCG (Figure 3I).
Notably, some other salient nuclei in the dorsal pons, such as
the dorsal tegmental nucleus (DTN) and laterodorsal tegmental

4602 Current Biology 34, 4597-4611, October 21, 2024

(LDT), which have been reported to be involved in sleep-wake
regulation,®**° did not show significant neuronal activation by
the noise stimulation (Figure 3l). These results highlight the
PCG as a distinct dorsal pontine nucleus crucially involved in
auditory-driven awakening.

PCG glutamatergic neurons contribute to auditory-
induced awakening

Because PCG’s GABAergic neurons essentially do not respond
to noise sounds,?° we examined whether its glutamatergic neu-
rons might play a role in the induction of wakefulness by the
noise stimulation. To this end, we optogenetically suppressed
these neurons by bilaterally injecting AAV encoding Cre-depen-
dent archaerhodopsin (ArchT) (or GFP as control) into the PCG of
Vglut2-Cre mice (Figure 4A). Green light-emitting diode (LED)
light was delivered through implanted optic fibers for a contin-
uous 5-s duration that covered the noise stimulation (Figure 4B).
Compared with GFP control, the optical inhibition of PCG gluta-
matergic neurons significantly decreased the probability of audi-
tory-induced awakening (Figure 4C) and increased the latency to
wakefulness (Figure S3B) from NREM sleep, which is consistent
with the muscimol silencing result. The induced awakening from
REM sleep was not affected (Figures 4C and S3C). These results
indicate that PCG glutamatergic neurons make an essential
contribution to auditory-induced awakening from NREM sleep.

Activation of PCG glutamatergic neurons induces a
rapid transition from sleep to wakefulness

We next tested the effect of directly activating PCG glutamater-
gic neurons on sleep by injecting AAV encoding Cre-dependent
ChR2 (or eYFP as control) into the PCG of Vglut2-Cre mice (Fig-
ure 4D). Testing was performed during the light cycle of the an-
imals in which blue LED stimulation (5-ms duration at 20 Hz) was
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Figure 5. Activity of PCG glutamatergic neurons modulates intrinsic sleep-wake cycles
(A) Experimental condition: AAV1-Syn-FLEX-GCaMP6s was injected into PCG, and fiber photometry and EEG/EMG recordings were performed in Vglut2-Cre
mice. The right image shows GCaMP expression and placement of the optic fiber in an example mouse. Scale bar, 200 um.

(legend continued on next page)
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applied for 20 s (Figure 4E). Optical stimulation in both NREM
and REM sleep states induced rapid transitions to wakefulness
in ChR2-expressing, but not eYFP control, mice (Figure 4F).
Nevertheless, the latency to wakefulness was noticeably longer
for REM than NREM sleep, differing by one order of magnitude
(Figure 4F).

Activity of PCG glutamatergic neurons is modulated by
the sleep/wake state

We further examined whether the activity of PCG glutamatergic
neurons might be correlated with the natural sleep/wake state
by performing fiber photometry recording in freely moving mice
(STAR Methods). AAV encoding a Cre-dependent fluorescence
Ca?* indicator, GCaMP8s, was injected into PCG of Vglut2-Cre
mice and an optic fiber was implanted above the PCG to record
ensemble Ca®* signals (Figure 5A). The sleep/wake state was
monitored by simultaneous EEG and EMG recordings (Figure 5B).
We found that the population Ca®* activity of the glutamatergic
neurons was overall higher during wakefulness than sleep and
was higher during REM than NREM sleep (Figure 5C). In addition,
these neurons began to increase their activity at sleep-to-wake
transitions (Figures 5D and 5G) but decreased their activity at
wake-to-sleep transitions (Figure 5E). Their activity was also
increased at NREM sleep-to-REM sleep transitions (Figure 5F).

We next performed optrode recordings from ChR2-tagged
PCG glutamatergic neurons in head-fixed mice across natural
sleep-wake cycles. Vglut2+ neurons were identified by their
time-locked spike responses to LED light pulses (Figure 5H),
following our previous studies.?®?>*"**2 Consistent with the
Ca®* imaging data, these neurons exhibited a higher baseline
firing rate during wakefulness than during sleep and a higher
rate during REM than NREM sleep (Figures 51 and 5J). These
data demonstrate that the activity of PCG glutamatergic neurons
is dynamically modulated by the sleep/wake state and is highest
during wakefulness.

We also examined auditory responses of PCG glutamatergic
neurons in different sleep/wake states. In our recording, the major-
ity (65%, 26/40) of PCG glutamatergic neurons reliably responded
to noise stimulation with transient spiking in both wakefulness and
sleep (Figure 5K). The evoked firing rate displayed an opposite
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trend to the spontaneous firing rate, that is, it was lower during
wakefulness than during NREM sleep (Figure 5L). The onset la-
tency of the auditory responses, however, did not differ between
wakefulness and NREM sleep (Figure 5M). For the remaining
(35%, 14/40) neurons that were unresponsive to noise during
wakefulness, 93% (13/14) of them remained unresponsive during
sleep, whereas one neuron became responsive. Thus, the number
of responsive neurons slightly increased from wakefulness to
NREM sleep. The overall enhanced auditory responsiveness of
PCG glutamatergic neurons during sleep may facilitate their func-
tional role in promoting sound-induced awakening.

PCG glutamatergic neurons modulate intrinsic sleep-
wake cycles

To investigate the involvement of PCG glutamatergic neuron ac-
tivity in regulating intrinsic sleep/wake cycles, we used a che-
mogenetic approach to inhibit these neurons during polyso-
mnographic recordings. AAV encoding an inhibitory DREADD
receptor (hM4Di, or mCherry as control) was injected into the
PCG of Vglut2-Cre mice (Figure 5N). The DREADD agonist, clo-
zapine-N-oxide (CNO, or saline as control), was administered
30 min before the test in the dark cycle of the animals. During
a 3-h test session, the chemogenetic inhibition of PCG glutama-
tergic neurons led to significantly reduced total time in wakeful-
ness and increased total time in NREM sleep as compared with
mCherry control animals or hM4Di-expressing animals injected
with saline (Figures 50 and 5P). This was accompanied by a pro-
longed duration of NREM sleep episodes, a shortened duration
of wake episodes, and a slightly increased number of wake ep-
isodes (Figure S4). As REM sleep accounted for only a very small
fraction of sleep time (Figure 5P), the overall sleep time was
increased by the inhibition of PCG glutamatergic neurons.
Therefore, the activity of PCG glutamatergic neurons contributes
to maintaining wakefulness in normal physiological conditions.

PCG glutamatergic neurons contribute to sound-
induced awakening from anesthesia

We wondered whether PCG glutamatergic neurons could also
play arole in awakening from anesthesia. To test this possibility,
mice were exposed to isoflurane in a closed chamber (Figure 6A).

(B) EEG power, EEG/EMG recording, and photometry recording (AF/F) for an example animal during spontaneous sleep/wake transitions. Freq, frequency. Color
bars at the bottom label different states (gray, wakefulness; orange, NREM sleep; blue, REM sleep).

(C) Quantification of average AF/F during different sleep/wake states (n = 4 mice, 8 sessions per mouse). Each animal was tested for 2-3 sessions per day and
each session lasted for 1 h. **p < 0.01, ***p < 0.001, one-way ANOVA and Tukey’s post hoc test.

(D-G) Changes in fluorescence signals aligned to the transition between different states. Data represent mean (solid black) + SEM (shade). n = 4 mice.

(H) Top: schematic viral injection and optrode recording in PCG. Bottom: PSTH for spikes of an example ChR2-tagged PCG glutamatergic neuron in response to
LED light pulses (5-ms duration at 10 Hz, marked by blue dots). Scale bars, 10 Hz and 50 ms.

() Example EEG, EMG, and PCG unit recording traces during wakefulness, NREM sleep, and REM sleep.

(J) Average firing rates of PCG glutamatergic neurons in different sleep/wake states. Data points for the same neuron are connected with lines. *p < 0.01,

wok,

P < 0.001, one-way ANOVA and Tukey’s post hoc test, n = 13 neurons.

(K) PSTH for auditory-evoked spikes of an example PCG glutamatergic neuron during wakefulness (left) and NREM sleep (right). Gray bar marks 1-s noise

stimulation (at 60 dB SPL).

(L) Mean auditory-evoked firing rates of PCG glutamatergic neurons in different states. **p < 0.001, paired t test, n = 26 cells.

(M) Onset latencies of auditory-evoked responses of PCG glutamatergic neurons in different states. p > 0.05, paired t test, n = 26 cells.

(N) Top: schematic viral injection. Bottom: example image showing hM4D expression in PCG. Scale bar, 200 pm.

(O) EEG/EMG traces and hypnogram (bottom) during a 3-h test window after saline (left) or CNO (right, 1 mg/kg) injection for a hM4D-expressing mouse.

(P) Percentage time spent in each state. **p < 0.01, two-way ANOVA and least significant difference (LSD) post hoc test, n = 3 and 5 mice for mCherry and hM4D

group, respectively.
Error bars represent SEM in (D)-(G) and SD in (C), (J), (L), (M), and (P).
See also Figures S2 and S4.
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Figure 6. PCG glutamatergic neurons facilitate emergence from anesthesia

(A) Experimental condition: the mouse was anesthetized with isoflurane and optogenetic stimulation was applied to PCG glutamatergic neurons with simulta-
neous EEG/EMG recordings.

(B) Left: EEG power spectrum and EEG/EMG traces during wakefulness before anesthesia. Right: EEG power spectrum and EEG/EMG traces around the
termination of anesthesia (gray horizontal bar) and onset of LED stimulation (blue horizontal bar). Dashed red vertical lines depict the latency to wakefulness.
(C) Latency to wakefulness from anesthesia in three conditions: no stimulation, with LED stimulation, and with noise stimulation. Data points for the same animal

are connected with lines. **p < 0.001, one-way ANOVA with Tukey’s post hoc test, n = 6 mice for both ChR2 and eYFP groups.
(D) Experimental condition: optogenetic inhibition was applied to PCG glutamatergic neurons.
(E) Representative EEG power spectrum and EEG/EMG traces during wakefulness and around the termination of anesthesia and onset of sound stimulation

coupled with optogenetic inhibition (green horizontal bar).

(F) Latency to wakefulness from anesthesia in two conditions: without noise stimulation and with noise stimulation (70 dB SPL). *p < 0.05, t test performed
between ArchT and GFP groups; paired t test performed between two conditions for ArchT group; n = 4 and 6 mice for GFP and ArchT group, respectively.

All error bars represent SD.
See also Figure S2.

Bilateral optical activation of PCG glutamatergic neurons was
applied immediately after the termination of isoflurane anes-
thesia (Figure 6B). Compared with natural, spontaneous awak-
ening from anesthesia, the optogenetic activation significantly
shortened the latency to wakefulness, whereas this effect was
absent in eYFP control mice (Figure 6C, white and blue). Thus,
activation of PCG glutamatergic neurons greatly accelerated
the emergence from anesthesia. Sensory stimulation with sus-
tained auditory noise (at 70 dB SPL) also accelerated the emer-
gence from anesthesia, but with lower effectiveness compared
with the direct activation of PCG glutamatergic neurons (Fig-
ure 6C, brown).

We next examined whether PCG glutamatergic neurons could
contribute to auditory-induced awakening from anesthesia by
optogenetically inhibiting these neurons after expressing ArchT
(Figure 6D). Sustained auditory noise was applied immediately
after the termination of isoflurane anesthesia with green LED light
simultaneously delivered (Figure 6E). Although the latency to
wakefulness did not differ between ArchT-expressing and GFP

control animals in the no-noise (spontaneous awakening) condi-
tion, it was significantly longer in ArchT-expressing than GFP
control animals in the noise stimulation condition (Figure 6F).
Our data are thus consistent with the notion that PCG glutama-
tergic neurons can also play a role in promoting auditory-
induced awakening from anesthesia. Nevertheless, we do not
exclude the possibility that these neurons can be more generally
involved in arousal beyond sound-induced awakening.

PCG glutamatergic neurons promote wakefulness
through specific downstream projections

Finally, we examined which of the downstream projections might
play a role in the PCG-mediated promotion of wakefulness. To
test this, we optically stimulated ChR2-expressing axon termi-
nals from PCG glutamatergic neurons in each of the five target
areas: MD, VTA, LHA, LPO, and PVT. To minimize confounds
caused by potential backpropagation of action potentials,*® we
concurrently injected muscimol into PCG to silence its neuronal
cell bodies (Figure 7A), following our previous study.” In this

Current Biology 34, 4597-4611, October 21, 2024 4605



- ¢ CellPress

A B

AAV-DIO-ChR2
Muscimol

EEG EMG

Recording\L
|

Vglut2-Cre
Cc

NREM == REM == Wake 2 120

— s z

%]

— . - 2
2 80+

= Q

o = IS

@ = =
= 2 404

>

[}

C

2

(V]
36 T - 07

10s

Current Biology

E

Canonical pathway

Alerting pathway

[ MD | [LHA | [viA ]

(=80 dB)

\ o3
.

S

S

(250 dB)

E

PRN

_______

Figure 7. PCG glutamatergic neurons mediate awakening through specific downstream projections
(A) Schematic viral injection and optical stimulation of PCG-to-LHA terminals (bilateral). Muscimol was injected into PCG concurrently.
(B) EEG power spectrum (top) and EEG/EMG recording traces (bottom) for an example animal awakened from NREM sleep. Blue bar marks the optical stim-

ulation.

(C) Sleep/wake states around the optical stimulation of the PCG-to-LHA projection (blue bar) in ChR2-expressing mice (n = 4 mice, 36 trials in total).
(D) Average latency to wakefulness induced by the terminal activation in different PCG targets. **p < 0.001, one-way ANOVA with Tukey’s post hoc test. Error

bars represent SD.

(E) A working model for the PCG-mediated alerting pathway. PCG transmits bottom-up alerting sensory signals to MD, LHA, and VTA, thus activating the global
arousal-related network. This results in rapid awakening from sleep upon external events. Note that MRN has a much higher intensity threshold than PCG while
transmitting auditory signals to MD. SOC, superior olivary complex; MGB, medial geniculate body. Dash line represents unconfirmed pathway.

condition, bilateral stimulation of the PCG to MD, VTA, and
LHA projections reliably elicited transitions to wakefulness
from NREM sleep (Figures 7B-7D). By contrast, stimulation of
the PCG projection to LPO or PVT failed to induce a transition
from NREM sleep to wakefulness (Figure 7D), although the
PVT has been shown to be a critical thalamic area for controlling
wakefulness.®* Together, although the backpropagation of ac-
tion potentials cannot be completely ruled out, our data suggest
that PCG glutamatergic neurons promote wakefulness primarily
through their projections to the MD, LHA, and VTA.

DISCUSSION

In this study, we have demonstrated that a bottom-up brainstem
auditory circuit unrelated to auditory perception contributes to
sound-induced awakening (Figure 7E). As a central node in this
circuit, the PCG can propagate alerting sound signals to a variety
of downstream targets related to arousal. Using cell-type-spe-
cific approaches, we further demonstrated that the glutamater-
gic neurons in this structure play an important role in sound-
induced awakening and sleep/wake transitions. Optogenetic
activation of these neurons induces rapid transitions from sleep
to wakefulness, whereas inhibition of them reduces the probabil-
ity of auditory-induced awakening and increases the time in
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sleep during natural sleep-wake cycles. Our results suggest
that the PCG serves as a critical hub to broadcast biologically
salient auditory information to a global arousal-related network
to mediate rapid awakening from sleep in response to external
sensory events.

The PCG broadcasts auditory information to a global
arousal-related network

The ability to rapidly wake up from sleep in response to auditory
threats in a dangerous environment is critical for animal sur-
vival.>*~'" In an attempt to identify neuronal circuits that mediate
sound-induced awakening, we have discovered that PCG, which
is an important node of the noncanonical reticular-limbic audi-
tory pathway, ' plays a critical role in transmitting alerting sound
signals. Although not responsive to tone stimuli, PCG neurons
respond to noise sounds with a moderately high intensity
threshold, consistent with the notion that they are involved in
relaying information about not the auditory content but the
valence of acoustic events.?®?> Sensory stimuli that can wake
animals typically have a valence value and evoke emotional
arousal.** PCG projects axons to a multitude of brain regions
involved in arousal, including the MD, PVT, LHA, VTA, LPO,
and MS,?° suggesting that it may be able to activate a global,
distributed arousal system.
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In this study, by comparing auditory noise responses in these
different brain regions, we found that the auditory input to the
MD, a thalamic area implicated in sound-driven awakening,29
originates primarily from the PCG. Pharmacological silencing of
PCG nearly abolishes the auditory response in each of these
downstream areas except the VTA, confirming that the PCG
broadcasts the alerting auditory signals to divergent targets.
That PCG silencing only partially blocks the auditory response
in the VTA (Figure 2F) suggests additional PCG-independent
pathways to VTA, possibly via the striatum.*>™*’ Based on the
literature, nearly all these downstream areas are arousal related.
For instance, optogenetic activation of glutamatergic neurons in
the PVT induces wakefulness from NREM sleep through their
projections to the nucleus accumbens.®? Direct photostimulation
of hypocretin/orexin neurons in the lateral hypothalamus®' and
glutamatergic or dopaminergic neurons in the VTA**** also re-
sults in wakefulness from sleep. Meanwhile, calretinin+ neurons
in the MD mediate distinct levels of forebrain arousal.*® In agree-
ment with these previous results, our data demonstrate that acti-
vation of PCG glutamatergic axons in the MD, LHA, and VTA
directly promotes awakening (Figure 7D). However, activation
of PCG axons in the PVT or LPO may not be sufficient for
inducing sleep-to-wake transitions. Together, our results demo-
nstrate that PCG, via its glutamatergic neurons, broadcasts
bottom-up alerting auditory information to a global network of
arousal-related structures and that these divergent PCG-medi-
ated pathways may act synergistically to enhance arousal.

Our data show that in naive (without any particular training)
conditions, MRN is unlikely a major input source for auditory re-
sponses in MD because MRN neurons exhibit extremely high in-
tensity thresholds (around 80 dB SPL). This, however, does not
exclude the possibility that, after reinforced learning, MRN neu-
rons could gain responses to behaviorally relevant auditory
cues.®® In addition, it does not preclude a potential role of
MRN in auditory-induced awakening under extremely loud
sounds. The origin of auditory information for the MRN remains
an open question. Recent studies have proposed IC and NLL,
both of which directly receive inputs from the CN.?**° Our
anatomical results indicate that MRN also receives some axonal
projections from PCG®® and that it is one major downstream
target of PRN (data not shown). More studies are needed to
determine more precisely the auditory input source of MRN.

PCG glutamatergic neurons mediate sound-induced
awakening

In the mammalian central nervous system, several neurotrans-
mitter/neuromodulatory systems are traditionally known to be
involved in the regulation of sleep-wake transitions.**" These
include the noradrenergic neurons in the LC,%**® serotonergic
neurons in the dorsal raphe nuclei (DRN),**>> dopaminergic neu-
rons/projections mainly in the VTA and nucleus accumbens,®*%
histaminergic neurons in the tuberomammillary nucleus,® orex-
inergic neurons in the lateral hypothalamus,®” and cholinergic
neurons in the basal forebrain and brainstem.*?°4°° These sys-
tems, when artificially activated, generally promote waking from
sleep in studies of intrinsic sleep/wake transitions.”'%3#-3:60-62
However, the neural circuit mechanisms through which the
external sensory stimuli affect sleep-wake states remain
understudied.
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Our present study highlights an essential role of PCG glutama-
tergic neurons in rapid awakening from sleep upon external
acoustic events. Activating these neurons directly induces
awakening from both NREM and REM sleep, in particular ultra-
fast awakening from NREM sleep, whereas inhibiting them
significantly diminishes the probability of sound-induced awak-
ening from NREM sleep. Although these findings are consistent
with a direct role of PCG glutamatergic neurons in mediating the
sound-induced awakening, it remains possible that these neu-
rons are a critical component of a large, distributed network to
support arousal in general beyond the sound-induced awak-
ening. In addition, we have reported previously that PCG can
respond to sensory stimuli of multiple modalities,”*° raising
the possibility that this structure can play a role in arousal and
awakening induced not only by acoustic events but also by those
across different sensory modalities.

It is worth noting that inhibition of PCG glutamatergic neurons
did not completely block auditory-induced awakening or sleep-
to-wake transitions. This suggests the existence of other path-
ways. A recent study has identified the medial sector of the audi-
tory thalamus (ATm), which includes the medial geniculate body
and the posterior intralaminar nucleus, as a region mediating audi-
tory-induced awakening.®® This may constitute a separate
pathway from the one identified in our present study because
the MD thalamus, a major downstream target of PCG, is distinct
from the ATm. Additionally, the activity of noradrenergic neurons
in the LC has been shown to regulate the threshold of sensory-
evoked awakening'? and that of dopaminergic neurons in the
DRN is correlated with the probability of sensory-evoked awak-
ening."® These structures likely also contribute to sound-induced
awakening. It is also worth mentioning that inhibition of PCG glu-
tamatergic neurons did not appear to affect sound-induced awak-
ening from REM sleep (Figure 4C). Similar to our result, recent
studies have shown that optogenetic inhibition of noradrenergic
activity in the LC'? or dopamine neurons in the DRN'® does not
affect awakening from REM sleep. These findings suggest that
REM and NREM sleep could be mechanistically different.

Our previous study®® has suggested that PCG glutamatergic
neurons receive higher-structure inputs mainly from midbrain
structures, including the interpeduncular nucleus (IPN), peria-
queductal gray, superior colliculus, and MRN, all of which have
been implicated in sleep/wake regulation.”>%*°¢ |n addition,
they receive limited cortical input from the retrosplenial cortex
(RSP).%° These suggest potential top-down regulations of the
PCG function in the sleep/wake control. For example, the IPN
is involved in mood regulation®”:°® and may integrate sensory
and internal-state signals to modulate the excitability of PCG
neurons. The RSP, involved in higher-level cognitive functions,
may modulate PCG activity based on contextual and cognitive
factors.®°

A fast-execution alerting system via PCG

Apart from the circadian regulation of sleep, a fast-execution
alerting system is required to rapidly wake animals from sleep
in response to imminent threats, such as approaching preda-
tors.>#1970 Whether there are specific brain structures devoted
to this function has not been clear. In the present study, we found
that the PCG-mediated awakening from NREM sleep is sub-sec-
ond, with much shorter latencies to wakefulness (~100 ms on
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average) than those reported for other systems. For instance, la-
tency to wakefulness has been reported to be ~20-30 s for hy-
pocretin/orexin neurons®' or ~1-5 s for neurotensin neurons’"
in the lateral hypothalamus, ~4 s for norepinephrine neurons in
the LC,°® ~5-15 s for cholinergic neurons®®’? or ~3-5 s for PV
neurons '’ in the basal forebrain, ~2 s for dopamine neurons in
the VTA,** and ~1.7 s for neurons in the ATm.®® The ultra-fast
awakening by activating PCG suggests a reliance on fast neuro-
transmission rather than slower neuromodulatory effects, as well
as on feedforward rather than feedback circuits. Consistent with
a bottom-up nature of sensory relay, '® the PCG responds rapidly
to auditory stimuli, with a latency as short as 7 ms (Figure 11). As
such, it is strategically positioned to function within a rapidly re-
sponding alerting system, allowing animals to react immediately
to imminent threats even during sleep. The enhanced sensory re-
sponses of PCG glutamatergic neurons during sleep relative to
wakefulness (Figures 5K and 5L), which suggests heightened
sensitivity to external events, may further facilitate such a func-
tional role. Activating one PCG target, MD,?° or another thalamic
area, the centromedial thalamus,”® also results in awakening
with longer latencies (in seconds). This further suggests that
potentially synergistic actions of multiple PCG downstream tar-
gets can ensure the extremely fast wake-promoting effect.

PCG glutamatergic activity modulates intrinsic sleep/
wake cycles
In addition to sensory-induced awakening, we discovered that
the function of PCG glutamatergic neurons is also linked to the
intrinsic states of vigilance: their overall activity level is highest
during wakefulness and lowest during NREM sleep. Changes in
their baseline firing rate are associated with spontaneous transi-
tions between sleep/wake states. Moreover, inhibition of these
neurons reduces wakefulness and prolongs the time in NREM
sleep. These data demonstrate that the activity of PCG glutama-
tergic neurons can modulate natural sleep-wake cycles and high-
light their potential role in maintaining the baseline arousal state.
Thus, these PCG neurons can generally promote wakefulness.
In summary, our study elucidates an important role of PCG in
transmitting alerting auditory signals to a global arousal-related
brain network and its critical role in mediating fast sound-
induced awakening from sleep. Through this PCG-mediated
ascending alerting system (Figure 7E), external sensory events
can rapidly impact on arousal and internally regulated sleep.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies

Fluorescent Nissl Stain Invitrogen RRID: AB_2572212

Bacterial and virus strains

AAV1-CAG-FLEX-GFP-WPRE
AAV1-EF1a-DIO-hChR2-eYFP
AAV1-EF1a-DIO-eYFP
AAV1-CAG-FLEX-ArchT-GFP
AAV1-Syn-FLEX-GCamp6s-WPRE-SV4
pAAV-EF1a-DIO-hM4D (Gi)-mCherry
pAAV- EF10-DIO-mCherry

A gift from Hongkui Zeng

A gift from Karl Deisseroth

A gift from Karl Deisseroth

A gift from Edward Boyden

A gift from Douglas Kim & GENIE Project
A gift from Bryan Roth

A gift from Bryan Roth

Addgene viral prep # 51502-AAV1
Addgene viral prep # 20298-AAV1
Addgene viral prep # 27056-AAV1
Addgene viral prep # 29777-AAV1
Addgene viral prep # 100845-AAV1
Addgene viral prep # 50461
Addgene viral prep # 50462

Chemicals, peptides, and recombinant proteins

Dil
Muscimol, BODIPY TMR-X Conjugate
Clozapine-N-oxide

Invitrogen
Invitrogen
Tocris

D282
M23400
34233-69-7

Experimental models: Organisms/strains

Mouse: C57BL/6J

Mouse: VGIuT2-ires-Cre mice
Mouse: Fos?ACreERT2 (TRAPD)
Mouse: Ai14

The Jackson Laboratory
The Jackson Laboratory
The Jackson Laboratory
The Jackson Laboratory

RRID: IMSR_JAX:000664
RRID: IMSR_JAX: 016963
RRID: IMSR_JAX: 030323
RRID: IMSR_JAX: 007914

Software and algorithms

Data acquisition with Labview

Custom-written MATLAB code for analysis

Allen Reference Atlas

Offline sorter

Prism

Fiji

Original code for analysis of sleep data

LabVIEW
MATLAB
McLaughlin et al.®”

Plexon
GraphPad

NIH
https://zenodo.org/records/12697334

http://www.ni.com/en-us/shop/labview.
html; RRID: SCR_014325

http://www.mathworks.com/;
RRID: SCR_001622

http://www.brainmap.org/;
RRID: RRID: SCR_008848

http://plexon.com/; RRID: SCR_000012

https://www.graphpad.com/scientific-
software/prism/; RRID: SCR_002798

https://fiji.sc/; RRID: SCR_002285
https://zenodo.org/records/12697334

Other

Free Field Speaker
Sound-Attenuation Booth

NI board for sound generation
Optrode

Multi-channel silicone probe

Tucker- Davis Technologies, MF1
Gretch-Ken Industries

National Instrument

Neuronexus Technologies
Neuronexus Technologies

N/A

N/A

PCI-6731

A1x64-Poly2-6mm-23 s-160-OA64LP
A1x64-Poly2-6mm-23 s-160-A64

EXPERIMENTAL MODEL AND SUBJECT DETAILS

All experimental procedures in this study were in accordance with the guidelines for the care and use of laboratory animals of the US
National Institutes of Health (NIH) and were approved by Animal Care and Use Committee (IACUC) of the University of Southern Cal-
ifornia. The Vglut2-ires-Cre (stock # 016963), Ai14 (Cre-dependent tdTomato reporter line, stock # 007914), Fos?ACreERT2 (TRAPD,
stock # 030323), and C57BL/6J (stock # 000664) mice were used and obtained from the Jackson Laboratory. Mice were housed at
18—-23°C with 40—60% humidity in a 12h light/dark cycle (light on at 6:00 am, light off at 18:00 pm) with ad libitum access to food and
water. Experiments were performed in adult male and female mice (2—3 months old).
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METHOD DETAILS

Viral injection

AAV1-CAG-FLEX-GFP-WPRE (Addgene, 51502), AAV1-EF1a-DIO-hChR2 (H134R)-EYFP-WPRE (Addgene, 20298), AAV1-EF1a-
DIO-EYFP-WPRE (Addgene, 27056), pAAV-CAG-ArchT-GFP (Addgene, 29777), pAAV-EF1a-DIO-hM4D (Gi)-mCherry (Addgene,
50461), pAAV-EF1a-DIO-mCherry (Addgene, 50462) and AAV1-Syn-FLEX-GCaMP6s-WPRE-SV4 (Addgene, 100845) were used
in this study. Stereotaxic injection of viruses was conducted as we previously described.”*’> Mice were positioned on a warming
pad and anesthetized throughout the entire surgical procedure with 1.5% isoflurane (dissolved in oxygen) through inhalation. Sub-
sequently, buprenorphine was administered subcutaneously following the induction of anesthesia. Following aseptic measures, a
minor incision was made in the skin, and the muscles were gently displaced to expose the skull. For virus injection, a craniotomy
window of approximately 0.2 mm in size was made over the designated target region (PCG, AP -5.5 mm, ML +0.4 mm, DV
-3.2 mm), and the virus was delivered through a pulled glass micropipette with beveled tip (~20 pm diameter) by pressure injection
via a micropump (World Precision Instruments). Stereotaxic coordinates of injection were based on the Allen Reference Atlas www.
brain-map.org. A volume of 50 nL was administered to each injection site, and the pipette remained stationary for 5 minutes before
gradual withdrawal. Following this, the scalp was sutured, and antibiotic ointment was applied to the wound. Ketoprofen was admin-
istered at a dose of 0.5 mg/kg for the three days following the surgical procedure. The viruses were expressed for a minimum of
3 weeks before behavioral or recording experiments.

Optogenetic manipulation

For optogenetic manipulations, optical fibers were implanted into the targeted region two weeks following the viral injection (PCG,
bilateral implantation, AP —5.5 mm, ML +1.75 mm, DV —3.1 mm, with a 15° angle; MD, bilateral implantation, AP —1.2 mm,
ML +1.5 mm, DV —3.0 mm, with a 15° angle; PVT, unilateral implantation, AP —1.2 mm, ML +0.6 mm, DV —2.7 mm; with a 10° angle;
LHA, AP —1.5mm, ML +1.2 mm, DV —4.7 mm, with a 10° angle; LPO, bilateral implantation, AP +0.2 mm, ML +1.2 mm, DV —4.5 mm,
with a 10° angle; VTA, AP —3.2 mm, ML +1.5 mm, DV —4.3 mm, with a 10° angle). The animals were anesthetized with 1.5% isoflurane
and underwent surgery involving the drilling of a small hole. Optic cannulas (200 um core, NA = 0.22, RWD Inc.) were then inserted to
the desired depth and secured in place using dental cement. The animals were given a one-week recovery period before the
commencement of experiments. Before conducting behavioral tests, mice were acclimated to optical cables for three days without
LED stimulation. To avoid any light leakage, black tape was utilized to conceal the connection point between the optical cable and the
implanted ferrule. For optogenetic activation experiments, a blue LED source (470 nm, 20 Hz, 5-ms duration, Thorlabs) was used. For
optogenetic silencing experiments, continuous green light (530 nm, Thorlabs) was delivered. The light intensity at the fiber tip was
approximately 7-10 mW. All the control groups received the same experiment procedures and light stimulation. After each experi-
ment, the animals were transcardially perfused and the locations of the viral expression and the track of optical fibers were examined.

Awake head-fixed animal preparation

For awake recording from head-fixed animal preparations, the procedures closely followed those described previously.?>"%"” Mice
were placed on a heating pad and anesthetized with 1.5% isoflurane. Subsequently, a screw was affixed to the surface of the skull
using dental cement to facilitate head fixation. One day prior to recording, a craniotomy window was carefully crafted over the desig-
nated recording region. (MD: AP —1.2 mm, ML +0.6 mm, DV —3.1 mm; LPO: AP +0.2 mm, ML +0.5 mm, DV —4.7 mm; LHA: AP
—-1.5 mm, ML +1.1 mm, DV —-5.1 mm; PVT: AP —1.2 mm, ML +0.6 mm, DV —2.95 mm with 10° angle; VTA: AP —3.2 mm;
ML +0.3 mm; DV —4.5 mm; MRN: AP -3.0~ -4.5 mm, ML +1.3 mm, DV -3.6 mm; PCG: AP —5.5 mm, ML +0.4 mm, DV -3.1 —
—3.4 mm). Silicone adhesive (Kwik-Cast Sealant, WPI Inc.) was applied to cover the craniotomy window until the recording sessions.
Following the surgical procedures, animals were given a one-week recovery period before the recording experiments. During this
time, mice were habituated to the recording setup.

Sound generation and stimuli

All experiments were conducted in a sound-attenuation booth (Acoustic Systems). The sound stimulation and data acquisition were
generated by custom-written codes in LabVIEW (PCI-6731 NI board for sound generation, 16-bits output, 1MHz sampling rate, Na-
tional Instruments, Austin, TX). For in vivo multichannel recordings, the experimental sequence remained consistent for each re-
corded cell: initial assessment of the response to 80 dB SPL noise (~200 trials, with a 5-s inter-stimulus interval), subsequent
FRA mapping (repeated 3 times), and examination of the rate-intensity function. For FRA mapping, pure tones (2-64 kHz at 0.1-octave
intervals, 50-ms duration, 3-ms ramp) at eight, 10 dB-spaced sound intensities (0-70 dB SPL) were delivered in a pseudo-random
sequence. For testing the rate-intensity function, broadband white noise (2-64 kHz) at eleven intensities (0-100 dB SPL spaced
at 10 dB), with the inter-stimulus interval set as 5-s. For auditory-induced awakening experiments, broadband white noise
(2-64 kHz) at various intensities (30-70 dB SPL) were applied with intervals randomly chosen between 60-180 s, from an open field
speaker (MF1, Tucker- Davis Technologies) placed 30 cm above the testing chamber.

EEG and EMG electrodes implantation
Two weeks following AAV viral injections, mice were implanted with EEG and EMG electrodes under isoflurane anesthesia for poly-
somnographic recordings. EEG and EMG signals were recorded from stainless steel screws inserted on the skull and two flexible
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silver wires inserted into the neck muscle, respectively. Electrodes were connected to EEG/EMG headmounts (Omnetics, A79022-
001). Optic fibers or drug cannulas were positioned bilaterally above the target region during the EEG and EMG implantation. All elec-
trodes and optical fibers were fixed to the skull with dental cement. After surgery, mice were allowed to recover for at least one week
before experiments.

EEG/EMG data acquisition, processing, and sleep-wake state classification

Following the recovery period, mice were familiarized with the recording chamber, and EEG and EMG electrodes were connected via
a small connector. The Open-Ephys system was used to record and monitor the EEG and EMG signals, with a sampling rate of 1 kHz
and bandpass filtered at 0.5-500 Hz. High-resolution videos were recorded, and mice underwent a 30-minute habituation period in
the recording chamber with bedding materials present, before the start of data collection. Auditory-induced awakening and optoge-
netic experiments were conducted in a sound-attenuation room during the light cycle of animals.

For sound-induced awakening experiments, 30-70 dB SPL broadband white noise (1-s duration, with inter-stimulus intervals
randomly chosen between 60-180 sec) were applied randomly at irregular intervals to prevent adaption (Figure S3A). For sound-
induced awakening experiments combined with optogenetic silencing, the laser was applied for 5 s continuously. For optogenetic
activation experiments, bilateral optical stimulation (20 Hz, 5-ms pulses for 20-s) was applied, repeated about every 5 minutes.
Control mice underwent the same procedure. Continuous monitoring of EEG and EMG signals was performed throughout the
experiments.

States were analyzed and characterized for a 5-s window, sequentially shifted by 2.5-s increments using an automated threshold
algorithm. The brain states were classified into wake, NREM and REM states (wake: desynchronized EEG and high EMG activity;
NREM: synchronized EEG with high-amplitude, low-frequency [0.5-4 Hz] activity and low EMG activity; REM: high power at theta
frequencies [6-12 Hz] and low EMG activity).”®”® Since EEG/EMG activity was recorded continuously for 3 hours in the chemogenetic
experiments, every six consecutive 5-sec segments of categorized states was further classified into a 30-sec epoch based on the
predominant states within these six 5-sec segments, thus smoothing the state fragmentation.®®° For sound-induced awakening,
only trials conducted with the animal having been in a sleep state for at least 10-s were analyzed in this study. Successful sound-
induced awakening trials were characterized by a marked desynchronization of EEG activity and increased EMG activity”® occurring
within 3.5 s after the onset of auditory stimulation and persisting for at least 3 s. If these criteria were not met, the trial was categorized
as a failed awakening trial. All sleep scoring was performed by a custom MATLAB script. For EEG spectrogram, we decomposed
EEG signals into time-frequency using Morlet wavelet, following a previous study.'® Time-varying energy is then smoothed by a mov-
ing average filter with a span of 2 s for each frequency step to enhance visualization.

Anesthesia experiments

Anesthesia experiments were conducted during the dark cycle of animals. The mice were placed in a transparent and clear rectangle
chamber connected to an isoflurane vaporizer. EEG and EMG electrodes were connected to flexible recording cables via a
connector, and baseline EEG and EMG activities were recorded. Following 5 minutes of free exploration in the anesthesia chamber,
the mice were induced with 5% isoflurane and maintained under 1.5% isoflurane anesthesia. The anesthetized state was confirmed
by the loss of the righting reflex. After 20 minutes of exposure, isoflurane delivery was stopped, and optical stimulation (20 Hz, 5-ms
duration) was applied until the righting reflex was regained. The control group received the same optical stimulation parameters. In
experiments involving auditory-induced arousal from anesthesia, broadband white noise (70 dB SPL) was applied until the righting
reflex was regained. To test the involvement of PCG glutamatergic neurons in auditory-induced arousal, continuous green LED light
(530 nm) was applied alongside the sound presentation. The latency to wakefulness from anesthesia was defined as the time elapsed
until EMG activity resumed. Viral expression and implantation locations were verified after the experiments.

Pharmacological silencing

For pharmacological silencing of PCG, mice underwent a drug cannula implantation surgery one week before the pharmacological
manipulation. The surgery procedure was similar to optical fiber implantation as described above. Mice were anesthetized with iso-
flurane and a drug cannula (internal diameter: 140 um) was implanted into the PCG (AP —5.5 mm, ML +1.75 mm, DV —3.1 mm, with a
15° angle). A fluorescent muscimol (Bodipy Tmr-x Conjugate, 1.5 mM, Invitrogen) was infused to silence PCG. Using a thin pipette
connected to a microinjector, the drug was injected into the targeted region through the implanted drug cannula. A volume of 100 nL
was slowly delivered during the injection process. The evoked spiking responses were recorded and compared before and after the
drug application. The mouse was perfused transcardially to examine the location of cannula and drug spread after the recording
experiment.

Chemogenetic silencing

For DREADD experiments, virus encoding Cre-dependent inhibitory DREADD receptors (hM4Di) was stereotaxically injected into
PCG of Vglut2-Cre mice bilaterally. To examine the role of PCG glutamatergic neuron activity in natural sleep-wake cycles, mice ex-
pressing hM4D-mCherry or mCherry alone received intraperitoneal injection of CNO (i.p., 1mg/kg) or saline (100 nL).>” EEG and EMG
recordings began 30 minutes after the drug injection and continued for 3 hours during the dark cycle (7:00 pm and 10:00 pm). Veri-
fication of viral expression was conducted post-experiment.
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In vivo multichannel electrophysiological recordings

All the in vivo recordings were performed in a sound-attenuation room (Acoustic Systems) as previously described.'®?° The animal
was head-fixed on the recording setup and the silicon seal was removed, then a 64-channel silicon probe (A1x64-Poly2-6mm-23s-
160-A64, NeuroNexus Technologies) was lowered into the target brain structure. To capture PCG glutamatergic neuron activity
throughout natural sleep-wake cycles, an optrode (A1x64-Poly2-6mm-23s-160-OA64LP, the distance between the tip of the optic
fiber and the probes is 200 um, NA 0.22, Neuronexus Technologies) connected to a LED light source (480nm, Thorlabs) via an optic
fiber was lowered into the target brain structure. To identify ChR2-tagged neurons, 10-Hz (5-ms pulse duration, controlled via an Ar-
duino microcontroller) LED pulse trains were delivered intermittently. EEG and EMG signals were conducted using an Open-Ephys
system simultaneously. All signals were saved for offline analysis. The silicone probe was coated with Dil (Invitrogen) to label the elec-
trode track. Animals were transcardially perfused and the locations and tracks of the electrodes were examined.

Fiber photometry recording and data analysis
To obtain calcium signals, 480 nm LED light (Thorlabs) was bandpass filtered (ET470/24M, Chroma), focused by an objective lens
(Olympus), and coupled through an optical fiber (O.D.= 400um, NA = 0.48, 1 m long, Doric) connected to an implanted optic fiber
(400um, NA = 0.5, Thorlabs) via a ceramic sleeve. To avoid photobleaching, the LED power was set at 0.02 mW. The fluorescence
calcium signal was bandpass filtered (ET525/36M, Chroma) and collected by a photomultiplier tube (H11706-40, Hamamatsu), and
then passed through an amplifier (Model SR570, Stanford Research System) and low-pass filtered (30 Hz). Then the current output
was converted to a voltage signal by a data acquisition card (PCI-MIO-16E-4, National Instruments). The photometry voltage signals
were digitized at 250 Hz and recorded by LabView software. The EEG and EMG signals were recorded by the Open Ephys system
simultaneously. Data were obtained using custom LabVIEW software and off-line analyzed using custom MATLAB scripts.

For data analysis, photometry data were exported to MATLAB for further analysis. AF/F was calculated as (F — F0) / FO, where FO is
the median fluorescence signal of each session. For analyzing the state transition, we determined each state transition and aligned
AF/F in a = 60 s window around that point was calculated.

TRAP induction

Drug preparation

4-Hydroxytamoxifen (4-OHT; Sigma, Cat# H6278) was dissolved at a concentration of 20 mg/mL in ethanol by shaking at 37°C for
15 minutes. Corn oil was then added to achieve a final concentration of 10 mg/mL 4-OHT, and the ethanol was removed by vacuum
centrifugation. All injections were administered intraperitoneally (i.p.). A dosage of 50 mg/kg 4-OHT was administered in all TRAP
experiments.*”"®

Auditory stimulation

TRAP mice were housed in a sound-proof box for 12 hours. Auditory stimulation was performed in a sound-attenuation room during
the light phase. The loudspeaker was placed above the animal’s cage. On the TRAPing day, mice were exposed to 60 min broadband
white noise (70 dB SPL, 2-64 kHz) and injected with 50 mg/kg 4-OHT (i.p.) right after auditory stimulation. Mice were returned to their
homecages 12 hours after the injection 4-OHT. They were euthanized 7-9 days post-TRAPing. Control mice were treated with the
same procedures but without auditory stimulation.

Histology, imaging and quantification

After completing all experiments, animals were deeply anesthetized with isoflurane and transcardially perfused with phosphate-buff-
ered saline (PBS), followed by 4% paraformaldehyde (PFA). The brain was carefully extracted and post-fixed in 4% PFA for 24 hours
at 4°C. Subsequently, the brain was coronally sectioned into 150-pum-thick slices using a vibratome (Leica Microsystems). The free-
floating sections were washed three times with PBS for 10 minutes each and then stained with Nissl reagent (Neurotrace 620,
ThermoFisher, N21483) and Triton-X100 (10%) (Sigma-Aldrich) for 2 hours at room temperature while being shielded from light using
aluminum foil. Finally, all slices were examined using a confocal microscope (Olympus FluoView FV1000). To count the TRAPed+ cell
in different brain structures, at least three 150-um-thick sections were collected from each mouse and imaged by confocal micro-
scope (Olympus FluoView FV1000) with a 10x objective under Z-stacks. The total number of tdTomato+ cells in each brain region
were manually counted.

QUANTIFICATION AND STATISTICAL ANALYSIS

Data analysis

For multichannel recordings, spike trains were sorted offline. The signals were filtered through a bandpass filter (0.3-3 kHz). The
64-channel probes were grouped into four tetrodes and then performed semiautomatic spike sorting by using Offline Sorter (Plexon)
following our previous studies.?®?*>"® To identify the units driven directly by ChR2 activation, we analyzed the onset latency of spikes
relative to the onset of light stimulation. Only spikes with latency < 3-ms were considered as being directly stimulated in this study.
The average waveforms were computed and compared between LED-evoked and auditory-evoked spikes. Sound responsiveness
of a neuron was defined by the criterion that the evoked firing rate, measured within a 50-ms window after the stimulus onset, ex-
ceeded the average baseline firing rate (measured during the 100-ms time window before the stimulus onset) by 3 standard devia-
tions of baseline fluctuations. The response onset latency was identified by the time point at which spiking activity first exceeded the
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average baseline firing rate (measured during the 50-ms time window before the stimulus onset) by 3 standard deviations of baseline
fluctuations, within 1-ms bin. FRAs were reconstructed according to the array sequence. The Z-score was calculated as the evoked
firing rate (calculated within a 50-ms window after the stimulus onset) divided by the standard deviation of the baseline firing rate
(calculated within a 50-ms window before the stimulus onset). To analyze the spontaneous firing rate of PCG glutamatergic neurons,
the animal’s brain state was first divided into wake, REM and NREM states based on the EEG and EMG signals. Then the sponta-
neous firing rate in PCG glutamatergic neurons was compared between different brain states.

Statistics

Shapiro-Wilk test was first used to examine whether samples had a normal distribution. In the case of a normal distribution, para-
metric tests were used. For two groups comparison, paired or unpaired two-tailed student’s t test was used. One-way or two-
way ANOVA followed by LSD or Tukey post hoc comparison was used for multiple comparisons. Significance level was marked
as *: P < 0.05; *: P < 0.01; and **: P < 0.001. Data are presented as mean = SD, unless otherwise indicated. Statistical analyses
were performed with GraphPad Prism version 10.
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