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Abstract

Alterations in internal states, such as elevated arousal level and increased anxiety or fear, triggered
by alerting environmental cues are required for behavioral state transitions promoting survival.
However, the specific brain region that plays an interfacing role between alerting stimuli and
internal states remains to be identified. Here, we report that the medial sector of the auditory
thalamus (ATm), which consists of a group of non-lemniscal thalamic nuclei, can fulfill this
function. VGIuT2-expressing ATm (ATm""T2%) neurons receive direct and strong inputs from
both visual and auditory midbrain regions, and project to multiple downstream structures critically
involved in brain state regulation. Their activity was correlated with, and indispensable for, both
blue light- and sound-induced NREM sleep-to-Wake transition, and their arousing effects were
mainly mediated by, but not limited to, the temporal association cortices. ATm""™* neuron
activation in awake behaving mice induced pupil dilation and behavioral responses suggestive of

anxiety. Blocking the neurotransmitter release of ATmYOuTz*

neurons receiving auditory inputs
selectively abolished loud noise-triggered escape behavior but not locomotion. Thus, the ATm is

an interface in mouse brain that can transform alerting environmental cues into internal arousal

and emotional state alterations that promote survival.
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Introduction

Proper brain states are required for adaptive expression of behaviors in ever-changing environment.
Brain state at any given time can be determined as a point in a high-dimensional space 1, and
arousal is one of the dimensions that has undergone extensive studies 2%, This is not only because
arousal is relatively easy to be observed externally, but also because it powerfully modulates
perception, cognition, and behavior L. Through decades of studies, it is clear now that arousal level

is strongly regulated by intrinsic factors such as circadian rhythms 2, energy homeostasis ¢ and

sleep homeostasis . Besides, changes in arousal level are also commonly observed when one is

8 9

exposed to behaviorally meaningful environmental cues, especially the alerting ones
Furthermore, since dimensions in the brain state space are often interdependent or correlated, the
variations in arousal level are often concomitant with those in other dimensions such as the valence
of emotion 12, How altering sensory cues trigger coordinated shifts in the two important dimensions,
arousal and emotion, of brain state is still poorly understood.

The thalamus is considered as a critical hub region in the brain 1. The sensory division of the
thalamus is particularly relevant with the two questions raised above, because it receives direct
sensory inputs from the periphery and relays sensory information to a variety of cortical and
subcortical targets. Within the sensory thalamus, subnuclei are generally divided into the following
two types: lemniscal (first-order) and non-lemniscal (higher-order) thalamic nuclei 1% 13 1%,
Neurons in the lemniscal thalamic nuclei, such as the ventral division of the medial geniculate
body (MGBvV) and the dorsal lateral geniculate nucleus (dALGN), predominantly respond to sensory
stimulus of a single modality. As the last stop before stimulus feature-related information reaches

the cortex, the lemniscal sensory thalamus has been thought to play a central role in gating

conscious perception during sleep 12. Interestingly, a seminal work conducted within the auditory
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cortex of marmoset monkeys demonstrated that sound-driven responses averaged across neuronal

16 consistent with the

population did not significantly decrease when the animal fell asleep
findings made by PET imaging in human subjects L. Since the primary sensory cortices are
predominantly activated by their corresponding lemniscal thalamic nuclei, these results suggest
that the latter may not contribute to sensory evoked arousal. Echoing with this assumption,
optogenetic stimulation of the ventrobasal complex (VB), the primary somatosensory thalamus, in
mice failed to induce sleep-to-wake transition in two recently published independent studies %12,
although microarousals were reported in another study using similar stimulation approach 2.
Compared with neurons in the lemniscal thalamus, those in the non-lemniscal division exhibit
remarkably different characteristics. For example, they receive inputs from cortical and subcortical

sensory regions of multiple modalities 2L 22 23

, and many of them are preferentially activated by
novel stimuli 2, suggesting that they are suitable for detecting sudden environmental changes. The
medial sector of the auditory thalamus (ATm), which consists of the posterior intralaminar
thalamic nuclei, peripeduncular nucleus, medial division of the MGB and suprageniculate nucleus,
has long been defined as a part of the non-lemniscal auditory thalamus 2> 2%, Most of the neurons
in the ATm express VGIuT2 (ATmYS"T2"), These neurons receive direct and strong inputs from
the superior and inferior colliculus 2L, which are visual and auditory midbrain, respectively. In turn,
they make dense projections to both the temporal association cortex and ectorhinal cortex
(TeA/ECT), which are extensively connected with cortical and subcortical brain regions associated
with arousal 2, and to subcortical regions mostly known for emotional and behavioral state
modulation, including but not limited to the ventromedial hypothalamus (VMH), tail of the
striatum (TS), bed nucleus of the stria terminalis, lateral amygdala, basomedial amygdala and

medial amygdala 2. Based on this unique input-output architecture of ATm" ™" neurons, we
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hypothesize that the ATm serves as an interface between external sensory world and internal brain

states, and that it may play a pivotal role in mediating sensory evoked behavioral state transitions.

VGluT2+

Here, we monitored the activity of ATm neurons by calcium imaging via fiber

photometry 28 and arousal level via electroencephalography (EEG) and electromyography (EMG)

recordings in sleeping mice or pupillometry in awake mice, in conjunction with optogenetic

29, 30

manipulation at circuit level for reversible control of neural activity and a constellation of

behavioral assays. We found that, in contrast to lemniscal thalamic neurons that showed state-

VGluT2+

independent population responses, ATm neurons strongly responded to sound or blue light

only when mice were awakened from NREM sleep or awake. Photoactivating ATm"°"T2* neurons
induced arousal both during NREM sleep and wakefulness, manifested by NREM sleep-to-wake
transition and pupil dilation, respectively. Photoinhibition assay revealed that ATmVYCEMT2*
neuronal activity or their signaling to the pyramidal neurons located in deep TeA/ECT was
indispensable for sensory evoked arousal in both modalities, whereas the contribution of their
signaling to tested subcortical targets showed modality preference. Besides arousal, ATm"WT2
neuronal excitation in awake mice elicited anxiety- and fear-like behaviors, suggesting an
induction of negatively valenced emotional state. Finally, blocking the neurotransmitter release
of ATmYSMT2" neurons receiving auditory inputs selectively abolishes white noise-induced escape

behavior without affecting locomotion. These findings indicate that the ATm is an interface

transforming alerting sensory signals into arousal associated with defensive emotional state.
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Results

Sensory responsiveness of ATmY¢""?* but not lemniscal thalamic neuronal population
correlates with sleep-wake states

If ATmY"T>* neurons indeed play a critical role in sensory evoked sleep-to-wake transition,
their responses to sensory stimuli during sleep ought to be distinct between trials that mice are
and are not awakened from sleep. To test this hypothesis, we unilaterally injected Cre-
dependent AAV encoding Ca** sensor GCaMP6m (AAV2/9-hSyn-DIO-GCaMP6m) into the
ATm of VGIuT2-IRES-Cre mice to selectively express GCaMP6m in VGluT2+ neurons (Fig.
la), followed by the implantation of accessories for EEG and EMG recordings and of optical
fiber targeting the ATm for photometry recordings in freely-moving mice (Fig. 1b).

Three to four weeks after the surgery, we examined sensory evoked responses of ATmYEMT2*
neurons by presenting either auditory (4 kHz tone; 65 dB SPL, 10 s duration) or visual (blue
light 31; 800 Ix, 30 s duration) stimuli. Due to the relative rareness of REM sleep, sensory
stimuli were delivered during either NREM sleep (N trials) or wakefulness (W trials) within the
light cycle (Fig. lc; Supplementary Fig. 1A). According to whether sleep-to-wake transition,
which is signaled by the appearance of cortical activation (CA) 3 (See Methods for detailed
procedure), occurred shortly after the presentation of sensory stimuli, NREM trials were further
categorized into awakened NREM (AN) and un-awakened NREM (UAN) trials. Since tone- and
blue light-induced cortical activation predominantly appeared in the first 5 s and 10 s after stimuli
presentation, respectively, our data analysis focused on corresponding time windows. We found
that although onset Ca”* signals in response to sensory stimuli was reliably observed (Fig. 1d;
Supplementary Fig. 1B), sensory evoked Ca*" signals in UAN trials exhibited strong adaptation

to continuous tone and blue light (Fig. le; Supplementary Fig. 1C, left panel), leading to
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significantly smaller signal increase when averaged across respective time window (Fig. le;
Supplementary Fig. 1C, right panel). None of these phenomena was observed in VGluT2-Cre
mice injected with AAV expressing eGFP in the ATm (Supplementary Fig. 1D). These data

demonstrated that, exactly as we expected, the sensory responsiveness of ATmYGNT2*

neurons
during NREM sleep closely correlated with the probability of sensory evoked sleep-to-wake
transition.

Compared with ATmY6MT2*

neurons, how would those in the primary sensory thalamic
nuclei, which relay stimulus feature-related information to the primary sensory cortices, respond
to sensory stimuli during NREM sleep? Although a previous study conducted in the auditory cortex
of Marmoset monkey suggested that the sound-driven responses of MGBv neurons at population
level should not be significantly different across sleep-wake states 18, direct evidence remained
lacking. Different from the prevalence of VGluT2+ neurons in the ATm, either VGIuT1+ or
VGIuT2+ cells only represent a subset of excitatory neurons in the MGBv 23, which does not
contain other subtype neurons 3. To record Ca** population signal from as many MGBv neurons
as possible, we expressed GCaMP6m in MGBv neurons by injecting AAV1-hSyn-GCaMP6m
into the MGBv of wild type (WT) mice followed by implanting optical fiber into the MGBv
(Fig. 1f). As expected, MGBv Ca*" population signal demonstrated strong onset responses to tonal

stimuli in all trials (Fig. 1g). However, in contrast to what we observed in ATmYSNT2*

neurons,
sound-evoked MGBv Ca?" signal persisted through the designated time window (first 5 s after
tone onset) in all three trial types (Fig. 1h, left panel), resulting in state-independent Ca*" signal
increase (Fig. 1h, right panel). To physiologically verify that the sound-driven Ca®" signals were

predominantly recorded from the MGBv but not the ATm, which surrounds the MGByv and is

responsive to blue light, we also recorded from the MGBv while presenting blue light during
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NREM sleep. Clearly, Ca** signal did not show onset response to blue light (Supplementary
Fig. 1E, left panel) and did not significantly increase within the designated time window (first 10
s after blue light onset) (Supplementary Fig. 1E, right panel). In control mice injected with
eGFP-expressing AAV, neither tone nor blue light induced significant Ca** signal change in the
MGBv (Supplementary Fig. 1F, G). Thus, distinct from ATmY®"T?* neurons, MGBv neurons
exhibited state-independent reliable population responses to auditory stimuli, echoing with the
phenomena observed in the primary auditory cortex of marmoset monkey ¢, Nevertheless, it is
worth noting again that responses observed at population level do not necessarily reflect those at
single neuron level.

VGluT2+

Photoactivating ATm rather than lemniscal thalamic neurons induces rapid NREM

sleep-to-wake transition

VGluT2+

Based on the close correlation between sensory evoked responses of ATm neurons and

probability of awakening from NREM sleep, we inferred that photoactivating ATm""™2* neurons
could induce NREM sleep-to-wake transition. To test this hypothesis, we conducted the same set
of surgeries in mice as we did for recording Ca*" signals from the ATm, except that AAV2/9-
EF1la-DIO-hChR2-eYFP was unilaterally injected instead for photoactivation (Fig. 2a, b, upper
panel). After the mice recovered from surgery, laser stimuli with a duration of 20 s (473 nm, 10

Hz, 10 ms, 20 s pulse train) was delivered to ATmYSMT2*

neurons during light cycle (10 a.m. - 10
p.m.) at random time points between 10-15 minutes after the offset of last laser stimulation (Fig.
2b, bottom panel).

Strikingly, we found that the arousing effect of ATm photoactivation was extraordinarily
VGluT2+

strong even when laser power was as low as 1 mW. Specifically, photoactivating ATm

neurons during NREM sleep induced immediate (latency: ~1.7 s) cortical activation
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(desynchronized EEG signal) and behavioral activation (desynchronized EEG signal coupled with
elevated EMG signal; See Methods for detailed description) (Fig. 2c, left panel; 2g, right panel;
Supplementary Movie 1). A significant decrease in EEG delta power (0.5-4 Hz), which is a
measure of the intensity of NREM sleep, lasted for at least 40 s after the stimulation onset (Fig.
2¢, middle and right panels), accompanied by a robust decrease and increase of NREM sleep and
wake probability, respectively (Fig. 2d, left and right panels). This rapid and marked
photoactivation-induced NREM sleep-to-wake transition was observed in vast majority of
stimulation trials (Fig. 2e, Green lines). Continuous photoactivation of ATm"YMT2* neurons
yielded sleep-to-wake transition and shelter-seeking behavior (data not shown), indicating that the
arousal induced by ATm activation was distinct from the microarousals spontaneously occur
during sleep 22. Furthermore, compared with natural NREM sleep-to-wake transitions that are

VGluT2+

accompanied by behavioral activation, photoactivating ATm neurons significantly

shortened the relative delay between cortical and behavioral activation from ~8 to 2 s (Fig. 2c,

left panel; 2f), suggesting a behavior-activating role of ATmY¢"T2*

neuronal activity in addition
to its arousing effect. Interestingly, if photoactivation occurred during REM sleep, the time
required for the mice to be awakened would be much longer (~11 s) (Fig. 2g), although the
decrease of REM sleep probability was still significant (Fig. 2d, left and right panels). In control
mice injected with eYFP-expressing AAV, all the phenomena mentioned above were not
observed (Fig. 2c, d, f; Supplementary Fig. 2A). Thus, photoactivating ATm" T2 neurons can
induce a rapid transition from sleep, NREM sleep in particular, to wakefulness both
electrocortically and behaviorally.

Although our fiber photometry recordings across sleep-wake states from MGBv neurons

strongly suggested that the lemniscal thalamus does not contribute to sensory evoked arousal (Fig.
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1h), further evidences were still needed. To this end, we unilaterally injected AAV2/5-hSyn-
hChR2-mCherry into the MGBv of WT mice for photoactivating MGBv neurons under different
brain states (Fig. 2h). As expected, photoactivating MGBv neurons at a laser power of 1| mW
did not induce NREM sleep-to-wake transition and did not change the probability of all three
brain states (Fig. 2i, j, left and right panels; Supplementary Movie 2). In order to exclude the
possibility that laser power was too low to induce sleep-to-wake transition, we increased laser
power to 10 mW and still did not observe any arousing effect (Supplementary Fig. 2B, C). To
confirm that neurons in the primary auditory cortex (Aul) were indeed activated by cortical
projecting neurons in the MGBv during photoactivation, we simultaneously recorded from the
ipsilateral Aul by injecting RCaMP-expressing rAAV-hSyn-NES-JRGECOla into the Aul of
one of the ChR2 mice (Supplementary Fig. 2D). Indeed, Aul neurons demonstrated robust
onset and facilitating responses to MGBv photoactivation, and the magnitude was positively
correlated with laser power (Supplementary Fig. 2E). We further extended the same set of
experiments to the dLGN, the primary visual thalamus (Supplementary Fig. 2F), and found that
photoactivating dLGN at laser power of 1 or 10 mW did not induce any change in brain states
as well (Supplementary Fig. 2G, H; Supplementary Movie 2). Based on these findings, we
concluded that the primary sensory thalamic nuclei, the MGBv and dLGN in present study, and
their cortical projections do not play a role in arousal.

ATmY®"T** peuronal activity is indispensable for both blue light- and sound-induced
awakening

We next determined whether and to what extent ATm"5M T2

neuronal activity would be important
for sensory-evoked awakening. To address this question, we unilaterally injected AAV2/9-CAG-

DIO-GtACR1-GFP into the ATm of VGIuT2-IRES-Cre mice to photoinhibit ATmY"™2* neurons

10
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36, 37 (Fig. 3a). To match with the unilateral photoactivation experiment described above, we
g p p

injected AAV2/9-CAG-DIO-taCasp3, which was mixed with AAV2/9-CAG-DIO-GtACRI1-GFP

for control purpose, into the ATm of contralateral side to ablate ATmYS"T2*

neurons 3, For each
mouse, once baseline tests for sensory evoked awakening was completed, the same set of
tests combined with photoinhibition were conducted at least 2 days later (Fig. 3b; see Methods
for detailed procedure). Considering that photoinhibition is less efficient than photoactivation
in terms of manipulating neural activity 22, we opted to turn on the laser 20 s before the delivery
of sound or blue light during NREM sleep (Fig. 3b, bottom panel).

We found that, compared with GtACR1 mice that were not photoinhibited (pre-inhibition),
mice with inhibited ATmYS"T2" neurons were difficult to be awakened from NREM sleep by
both blue light and tone (Fig. 3¢, d; Supplementary Movie 3). Photoinhibition decreased the
probability of blue light- and tone-induced cortical activation from 94% and 75% to 53% and
27%, respectively, and the reduction was larger than 40% of pre-inhibition awakening probability
(Fig. 3e, f, left panel). Thus, sensory evoked awakening occurred at chance level or even lower

VGluT2+

probability once ATm neurons were photoinhibited. In terms of blue light- and tone-

VGluT2+

induced behavioral activation, photoinhibiting ATm neurons lowered its probability from

63% and 27% to 34% and 7%, respectively, and the reduction was larger than 45% of pre-
inhibition probability (Fig. 3e, f, right panel). These findings strongly indicated that, under our

VGluT2+

experimental conditions, sensory evoked activity of ATm neurons was indispensable for

blue light- and tone-induced arousal. All the effects observed in photoinhibited GtACR1 mice

were not observed in control mice expressing eYFP in ATmYoMT2

neurons (Fig. 3e, f).
We further confirmed that ATm indeed plays an important role in mediating sensory evoked

arousal by photoactivating visual and auditory input pathways separately. We unilaterally injected

11
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AAV2/9-hEF1a-DIO-hChR2-¢YFP into either the cortex of the inferior colliculus (ICx) or the
optic and deeper layers of the superior colliculus (SO/dSC), which provide ascending auditory
or visual inputs to the ATm 2., of VGIuT2-IRES-Cre mice, followed by optical fiber implantation
targeting the ATm (Supplementary Fig. 3A). Neurons expressing VGIuT2 is the major type of
excitatory neuron in both dorsal midbrain regions 2* 4% Similar to the effect of stimulating
ATmYS"T2* neurons, photoactivating either SO/dSCYM2*_ATm or ICxVS"T>*.ATm pathway
induced immediate cortical and behavioral activation (Supplementary Fig. 3B). The probability
of NREM sleep and wake markedly decreased and increased following photoactivation onset,
respectively, but that of REM sleep was unchanged (Supplementary Fig. 3C, D, left and right
panels). In control mice injected with eGFP-expressing AAV, the laser stimulation did not cause
any significant change in state probability (Supplementary Fig. 3C, D, middle panel).
Photoactivating ATm"“"T>*.TeA/ECT"" pathway induces NREM sleep-to-wake transition
To gain insight into the downstream neural circuits involved in mediating sensory evoked

arousal, we next examined the efferent targets of ATmVONT*

neurons. Like other sensory
thalamic nuclei, the ATm also makes cortical projections, which mainly concentrate in the TeA
and more ventrally located ECT 2., which are both sensory association cortices. Two recent
studies revealed that normal TeA activity is critical for social behaviors, such as social
interactions between adult mice # and auditory-driven pup-retrieval behavior # that putatively
require a certain level of arousal. Of note, neuropathological and functional abnormalities are
particularly prominent in the TeA, mainly affecting pyramidal (Pyr) neurons, of autistic children
that exhibit both emotional overreaction and hyperarousal to sensory stimulation 444 These

studies suggested to us that TeA/ECT®" neuronal activity might simultaneously promote arousal

while playing its role in social behaviors, and inspired us to hypothesize that the axonal fibers

12
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from the ATm might innervate TeA/ECT™" neurons, thereby contributing to the sensory evoked
arousal mediated by the ATm.

To test the hypothesis mentioned above, we first injected scAAV2/1-hSyn-Cre into the ATm
of WT mice to transsynaptically express Cre in downstream TeA/ECT neurons, and injected
AAV2/9-hEF1a-DIO-mCherry into the TeA/ECT region to enable Cre-dependent expression of
mCherry (Supplementary Fig. 4A). Exactly as expected, this transsynaptic tracing approach
predominantly labeled TeA/ECT®" neurons (Supplementary Fig. 4B, top-right two panels), along
with a small fraction of GABAergic neurons (Supplementary Fig. 4B, bottom-left two panels),
which putatively provide feedforward inhibition. TeA/ECT"" neurons receiving ATm inputs were
mainly located in layer V followed by layer II-III (Supplementary Fig. 4B, top-left panel). Since
pyramidal neurons are the major source of long-range cortico-cortical/subcortical projections,
we further injected AAV1-CAG-GFP into the TeA/ECT of WT mice (Supplementary Fig. 4C).

45,46, 47 514

We observed dense axonal fibers in but not limited to the nucleus accumbens
claustrum ¥ (Supplementary Fig. 4D), which are critically involved in the regulation of arousal
and consciousness. This projection pattern further suggested that the ATmYOUT>*.TeA/ECT
pathway might have contributed to the sensory evoked arousal observed in our preceding
experiments.

Toward this end, we first tested whether selectively photoactivating the ATmYOMT2*-
TeA/ECT™" pathway could induce arousal. We unilaterally injected AAV2/9-hEfla-DIO-
hChR2-eYFP into the ATm of VGIuT2-IRES-Cre mice (Fig. 4a), then we fixed an optical fiber to
the thinned skull above the TeA/ECT perpendicularly, which enables transcranial photoactivation
of ChR2-expressing axons from the ATm (473 nm, 10 ms, 10 Hz, 15-30 mW, 20 s). Laser

VGluT2+

stimulation of ATm axons in the TeA/ECT during NREM sleep induced cortical activation

13
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in around 64% of trials (in less than 10 s) followed by behavioral activation (Fig. 4b;
Supplementary Fig. 4E; Supplementary Movie 4), as shown by a significant decrease in EEG
delta power that lasted for at least 40 s after the stimulation onset (Fig. 4c) and by a
significant decrease and increase in NREM sleep and wake probability, respectively (Fig. 4d, left
and right panels). The probability of REM sleep was not significantly changed. The arousing
effects of photoactivation were not observed in control mice (Fig. 4d, middle and right panels;
Supplementary Fig. 4F). Thus, selective photoactivation of the ATmY" 2" Te A/ECT™" pathway
was indeed able to induce NREM sleep-to-wake transition.

The ATm M. TeA/ECT™" pathway contributes to both blue light- and sound-induced
awakening

We next determined to what extent the ATm"MT2*.TeA/ECT™" pathway would be required

for sensory evoked awakening by selectively photoinhibiting ATmYSMT2*

axons in the
TeA/ECT. Briefly, AAV1-CBA-Flex-Arch-GFP was bilaterally injected into VGIuT2-IRES-Cre
mice targeting the ATm (Fig. 4e, left panel). Subsequently, AAV2/9-CAG-DIO-taCasp3 was
unilaterally injected into the ATm to ablate VGluT2+ neurons (Fig. 4e, f). Then, on the other side,
an optical fiber was fixed to the skull in the same way as described earlier to enable transcranial
photoinhibition of Arch-expressing axons from the ATm (593 nm, 5-10 mW, continuous) (Fig.
4e, right panel). EEG and EMG recording electrodes were also implanted as described earlier.
We found that photoinhibition of ATmYC"T2*.TeA/ECT™" pathway effectively attenuated the
arousing effect of both blue light and tone (Fig. 4g, h). The probability of blue light- and tone-
induced cortical activation was reduced from 80% and 72% to 50% and 37% (Fig. 41, j, left panel),

and that of behavioral activation was decreased from 71% and 40% to 44% and 14% (Fig. 41, j,

right panel), respectively. Again, the eYFP control group did not show any significant effects of
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photoinhibition (Fig. 4i, j). Thus, the reduction of awakening probability resulting from
transcranial axonal inhibition was larger than 35% of pre-inhibition probability in all
circumstances, indicating an indispensable contribution of the ATm" " T>*.TeA/ECT™" pathway
to both blue light- and tone-induced awakening.

Compared with the effects produced by direct manipulation of ATmY6"T2*

neuronal activity,
those produced by the manipulation of the ATmYOUT2*.TeA/ECT™ pathway were weaker,
suggesting that other neural pathways arising from the ATm might also contribute to sensory
evoked arousal. Indeed, the hypothalamus and striatum, which are involved in brain state

VGluT2+

30,31 "are also efferent targets of ATm

modulation neurons 2L, To test the potential role of
hypothalamic and striatal projections arising from the ATm, the same set of surgical procedures
as those done for investigating ATmYC"T2*.TeA/ECT™" pathway were performed except that
optical fiber was implanted targeting either the ventromedial hypothalamus (VMH) or the tail of

the striatum (TS), which contains dense ATmYSMT2*

axonal fibers (Supplementary Fig. SA). Only
photoinhibition was applied to determine the contribution of these two pathways. Interestingly,
although photoinhibiting the ATmY " T?>*.VMH pathway significantly reduced the probability of
blue light-induced cortical and behavioral activation (Supplementary Fig. 5B), it had no effect on
tone-induced awakening (Supplementary Fig. 5C). Conversely, photoinhibiting the ATmYC T2
TS pathway did not decrease the probability of blue light-induced arousal (Supplementary Fig.
5D), but it made the occurrence of tone-induced cortical activation more difficult
(Supplementary Fig. SE). These findings suggested that, at least under our experimental
conditions, the ATmY®"T2*.-VMH or -TS pathway contributes to sensory evoked arousal in a

modality-specific way. Thereby, the ATmY"T2*.TeA/ECT™" pathway is the one that plays a

modality-independent critical role in mediating sensory evoked arousal.
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ATm"®"T** peuronal activity promotes arousal associated with defensive emotion in awake
behaving mice

Our preceding results demonstrated that ATmY¢M T2

neuronal activity is indispensable for alerting
auditory and visual stimuli-induced sleep-to-wake transition, which is critical for animal’s
survival. Nevertheless, would these neurons also play an important role in mediating alerting
stimuli-induced brain and behavioral state transition in awake behaving mice? To address this
question, AAV2/9-EF1a-DIO-hChR2-eYFP was bilaterally injected into the ATm followed by
bilateral optical fiber implantation for optogenetic excitation (Fig. 5a). We first used pupillometry
to measure the arousal level of awake head-fixed mice voluntarily navigating a cylindrical
treadmill 22 (Fig. 5b, left panel). We found that the diameter of pupil started to increase soon after

the onset of photoactivation and continued to increase over the duration of ATmYS"T2*

excitation
(Fig. 5b, right panel). This phenomenon was observed in most mice and trials regardless of the
locomotion state at photoactivation onset (Fig. Sc, left panel), yielding significantly enlarged
pupil by the end of photoactivation (Fig. 5c, right panel). These data indicate that ATmYS"T2*
neuronal activity is able to promote arousal in awake behaving mice as well.

Brain state at any given time can be thought of as a point in a high-dimensional space ..
Therefore, arousal is associated with other dimensions of brain state suchas emotion depending on

1,nVGluT2-¢—

the activity of relevant neural circuits. Since AT neurons innervate multiple brain regions

21,33 we decided to determine whether the

critically contributing to defensive emotional state
ATm"MT2*_mediated arousal is associated with emotion of negative valence. We first conducted
open field (OF) test and found that photoactivating ATm""™>* neurons led to significant

reduction inboth the number of entries into and time spent in the center zone (Fig. 5d, bottom

panel; Se, left two panels). The average speed was also significantly decreased because the mice
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often stayed in one of the corners for a long time (Fig. Se, right panel). These results suggested an

VGluT2+

anxiogenic effect of ATm excitation. We further confirmed this conclusion by conducting

elevated plus maze (EPM) test, in which the number of entries into and the time spent in the

open-arm and average speed were all significantly reduced by ATmYSMT2*

excitation (Fig. 51, g).
We also exploited real-time place avoidance (RTPA) behavioral paradigm (Supplementary Fig.
6A), in which the number of entries into, the time spent in and average speed in the chamber
paired with laser stimulation were significantly decreased (Supplementary Fig. 6B), suggesting the
induction of fear or anxiety. All the stimulation effects mentioned above were not observed in

VGluT2+

control mice expressing eGFP rather than ChR2 in ATm neurons (Fig. 5d-g, Supplementary

Fig. 6). Taken together, these data indicate that the arousal promoted by ATmY6NT2*

neuronal
activity was associated with enhanced negative emotion, consistent with the connectivity
pattern of these neurons 2L,

ATm"Y®"T** peuronal activity is required for noise-triggered escape behavior

Since it is well known that brain state has profound impact on animal behavior ., the activity of
ATmYS"T2* neurons might play an important role in triggering the expression of innate defensive
behaviors when behaving mice are confronted with alerting stimuli. To test this hypothesis, we
injected scAAV2/1-hSyn-Cre into the ICx, the non-lemniscal auditory midbrain, to
transsynaptically express Cre in ATm neurons receiving ICx inputs, and injected AAV2/9-
CMV-DIO-GFP-2A-TeNT into the ATm to block the synaptic transmission of Cre-expressing
neurons 2% (Fig. 6a). Thereafter, we used an adapted behavioral assay (see Methods) to determine

the importance of ATmYClT2

neurons receiving auditory inputs for sudden noise-provoked
escape behavior. In this assay, a white noise (10 s) at 75 dB SPL was applied from the top

once the mice entered the center zone of an open field (Fig. 6b). In response to this suddenly
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presented noise, control (¢eYFP) mice immediately fled towards a shelter nest placed in the corner

and hid in there for about 18 seconds (¢eYFP: 18.3 &= 0.6 s), and their escape speed peaked at

around 1.5 s (Fig. 6c, left panel), resulting in higher motion speed within 2 s after noise onset
(Fig. 6d). In sharp contrast, TeNT mice did not behaviorally respond to the noise stimulation
(Fig. 6¢c-¢). In other words, they did not show increased motion speed during and after noise

presentation, and did not spend as much time in the shelter (TeNT: 5.4 = 4.3 s; Fig. 6d, f).

VGluT2+

Therefore, blocking the signaling of ATm neurons receiving auditory inputs abolished

sudden noise-induced escape behavior. Taken together, these data suggest that the arousal and

VGluT2+

negative emotion induced by ATm neuronal activity are required for alerting stimuli to

trigger the expression of innate defensive behaviors.

Discussion
In present study, we report that VGluT2+ neurons in the ATm, which is part of the non-lemniscal
thalamic system, demonstrated sleep-wake state-dependent auditory (tone) or visual (blue light)

responses. This is distinct from the largely preserved sensory responses observed in the lemniscal

VGluT2+

thalamic nuclei. Photoactivation of ATm neurons induced immediate sleep-to-wake

transition and pupil dilation in sleeping and awake behaving mice, respectively. Both ATmY¢MT2*

neurons and their projections to the TeA/ECT were indispensable for the arousal induced by

VGluT2+

sensor stimuli of both modalities, while ATm projections to tested subcortical structures

VGluT2+

showed modality preference in terms of arousing effect. Moreover, ATm excitation in

freely-moving mice induced behaviors signaling anxiety. Blocking ATmYCNT2

synaptic
transmission selectively and completely abolished sound-evoked escape behavior without

affecting exploratory behavior. Our findings strongly suggest that the ATm is an interface

18
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between alerting sensory stimuli and arousal associated with defensive emotional state, which
is required for the initiation of sensory-evoked innate defensive behaviors.

The lemniscal thalamocortical pathway is not involved in arousal induction

Photoactivating the ATm induced immediate NREM sleep-to-wake transition, while stimulating
the MGBv or dLGN did not. This distinction is very interesting because it has long been assumed
that the lemniscal thalamic nuclei and their cortical projections are able to promote sensory evoked
arousal. We thought this unexpected result could be explained by the distinct projection patterns
of these two parallel thalamic systems and related structures.

In terms of cortical projection, ATmYEMT2*

neurons mainly project to the TeA/ECT 2L and,
interestingly, predominantly target pyramidal neurons, especially those located in L5
(Supplementary Fig. 4B). Thus, the projection neurons in the TeA/ECT could presumably be
directly and strongly activated by the thalamic inputs arising from the ATm. Since TeA/ECT""
neurons project to widespread cortical areas including the prefrontal cortices 2, they possess a
potential to produce global cortical activation. More than that, TeA/ECT™" neurons also make
substantial projections to subcortical regions critically involved in arousal and consciousness

45, 46,47

control, such as the nucleus accumbens and claustrum * % (Supplementary Fig. 4D).

Regarding subcortical projection, a high density of ATmYelT>*

axonal fibers were observed in
but not limited to the VMH and TS 2., which are important for emotional and behavioral state
regulation. Our photoinhibition data suggested that the activity in ATmY®"T2*.VMH and -TS
pathways contributed to sensory evoked arousal as well. Collectively, ATm""“T>* neurons can
promote arousal via multiple parallel downstream pathways.

The projection pattern of the lemniscal thalamus such as the MGBv is much simpler than

that of the ATm. Lemniscal thalamic neurons almost only project to the primary sensory cortices
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besides their innervation of the thalamic reticular nucleus. Sensory information from the

£33

lemniscal thalamus arrives in layer 4 (L4) first >> and then propagate through the cortical column

along the L4—L2/3—L5/6 pathway. In the auditory system, although L5 neurons in the Aul

make direct projections to the TeA/ECT 2% their axonal fibers preferentially target the
superficial layer rather than the middle or deep layers (Allen Mouse Brain Atlas, connectivity.
brain-map.org/projection/experiment/146858006), which receive strong inputs from ATmYSMT2*
neurons. Therefore, it is very possible that the group of TeA/ECT neurons receiving Aul inputs

are distinct from the TeA/ECTP" neurons that are innervated by ATmY6MT2*

neurons, thereby
not being involved in arousal induction. In addition to corticocortical projections, Aul L5
neurons also project to subcortical structures such as the ICx and TS 2%2%, which sends outputs
to and receives inputs from the ATm 2L, respectively. Further neural mechanistic dissection at
the local circuit level may be needed to shed light on why the MGBv-Aul-ICx or -TS
pathways fail to promote arousal.

Relationship between the ATm and other wakefulness-promoting thalamic nuclei

Disorders of consciousness have long been observed in patients that suffered from direct
injuries to their central thalamus 2% 2 %0 guggesting a critical role of central thalamus in
maintaining general arousal. Recently published studies provided causal evidences for this
proposal and revealed underlying mechanisms 1#2%4Z_ The ATm might be able to activate certain
subregions of the central thalamus by means of indirect projections, thereby facilitating global
thalamic and cortical activation. For example, we demonstrated that the ATm made dense
projections to the VMH, and that these projections had a significant contribution to blue light-

induced sleep-to-wake transition. Since it has been reported that the VMH can indirectly activate

the NAc via the midline PVT & and the PVT-NAc pathway can promote arousal 2/, the ATm-
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VMH-PVT-NACc pathway might be one of the effector pathways contributing to blue light-induced
arousal. Whether the ATm also contributes to the control of general arousal remains an open
question.

Relationship between the ATm and ascending reticular activating system

Our results showed that although photoinhibition of ATmY®"T** neurons greatly reduced the
probability of sensory evoked awakening, it did not completely block sleep-to-wake transitions,
suggesting the involvement of other pathways. Indeed, the level of tonic activity of noradrenergic
neurons in the locus coeruleus (LC) can regulate the threshold of sensory evoked awakening &,
and the magnitude of sensory stimuli-evoked responses of dopaminergic neurons in the dorsal
raphe nucleus (DRN) is significantly correlated with the probability of sensory evoked
awakening . Both the LC and DRN are members of the ARAS in the brainstem, and
theoretically, they are capable of promoting arousal via both ascending and descending pathways
1.3.64.8 How is the ATm connected with the LC and DRN then? A recent retrograde tracing
study shows that although the projection arising from the LC is negligible, the input from the
DRN is noticeable 2. However, due to the existence of multiple cell types including DA neurons
in the DRN, it is still unclear which type or types of DRN cells project to the ATm and how these
projections may contribute to ATm-mediated sensory evoked arousal.

The role of ATmY“"T>* neurons in sound-triggered escape behavior

Selectively blocking the synaptic transmission of ATmY¢"T2*

neurons, which receive inputs from
the ICx 2L, abolished escape behavior in response to suddenly presented noise without affecting
locomotion (Fig. 6¢, d). A previous study reported that the ICx is essential for sound-triggered

running in head-fixed mice 2Z, which mimics sound-triggered flight behavior in freely-moving

preparation. However, different from our findings, this study suggested that the projections from
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the ICx to the dorsal periaqueductal gray (dAPAG) is the major downstream pathway. In addition,
two other studies have shown that projections from the auditory cortex and deep layers of the SC
to the dPAG, respectively, also contribute significantly to sound-evoked escape behavior & ¢,
Our results suggest that although there exist multiple brain regions, including the ICx, relaying
alerting auditory information to the dPAG, the arousal and defensive emotional state promoted by
ATmYS"T2* neurons may strongly modulate the excitability of dPAG neurons in awake
behaving mice, which are required for the initiation of defensive behaviors 8. Being presumably
gated by ATm""™* neurons under normal conditions, excessive activation of dPAG neurons
could be avoided, thus preventing behavioral hypersensitivity to environmental auditory stimuli
or even stimuli of other modalities. It would be of great interest to test this hypothesis
experimentally in the future because it may bear clinical significance for autistic children, a large

fraction of whom are behaviorally characterized by sensory hypersensitivity associated with

hyperarousal £,
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Methods

Mice

All animal procedures were approved by the Institutional Animal Care and Use Committee
(IACUC) of Tsinghua University, Beijing, China. VGlIuT2-IRES-Cre mice obtaining from The
Jackson Laboratory (Stock# 028863) were backcrossed to C57BL/6J wild-type to generate
experimental heterozygous mice (abbreviated as VGIuT2-IRES-Cre for convenience). Both male
wild-type (WT) and heterozygous VGluT2-IRES-Cre mice (2—4 months of age) used in this study
were housed under a 12h:12h light-dark cycle (light on from 10 a.m. to 10 p.m.) with ad libitum
access to food and water.

Virus preparation

All recombinant adeno-associated virus (AAV) vectors of 2/9 serotype (AAV2/9-hSyn-DIO-
GCaMP6m, AAV2/9-hEF1a-DIO-hChR2(H134R)-EYFP, AAV2/9-CAG-DIO-taCaspase3,

AAV2/9-CAG-EBFP2, and AAV2/9-hEF1a-DIO-mCherry), 2/5 serotype (AAV2/5-hSyn-
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hChR2(H134R)-mCherry, AAV2/5-hSyn-EGFP), 2/8 serotype (AAV2/8-hEF10a-GCaMP6m) and
scAAV2/1-hSyn-Cre were purchased from Shanghai Taitool Bioscience Co. Ltd. (Shanghai,
China). Cre-dependent AAV2/9 serotype encoding GtACR1 (AAV2/9-CAG-DIO-GtACR1-GFP)
was kindly gifted by Minmin Luo Lab, and AAV2/9-CMV-DIO-GFP-2A-TeNT was packaged
from Peng Cao Lab. In addition, AAV1-CBA-Flex-Arch-GFP, AAVI1-hEF1a-DIO-eYFP, AAV1-
CAG-Flex-eGFP, AAV1-hSyn-GCaMP6m were purchased from the University of Pennsylvania
Vector Core (UPENN; Philadelphia, USA). AAV1-CAG-GFP was bought from University of
North Carolina Vector Core (UNC; Carpel Hill, USA), and rAAV-hSyn-NES-JRGECO1la was
bought from Wuhan BrainVTA Co. Ltd. (Wuhan, China). The final viral vector titers were diluted
to a range of 3-5E +12 V.G/ml.

General surgical procedures and viral delivery

Mice were first anesthetized with sodium pentobarbital (50 mg/kg, intraperitoneal injection, i.p.)
and placed to a stereotaxic apparatus (RWD, 68001, Shenzhen, China). Standard animal surgery
was strictly performed to expose brain surface above the ATm, MGBv or dLGN. Here, the
coordinates used for ATm injection were anteroposterior (AP) —3.20 mm, mediolateral (ML):
+1.85 mm, dorsoventral (DV): —3.68 mm, where coordinates (AP/ML/DV) for MGBv and dLGN
injection were —3.20 mm/—2.1 mm/—3.2 mm and —2.46 mm/—2.2 mm/—2.8 mm. All AAV vectors
were stereotaxically injected with a glass pipette (4878; World Precision Instruments (WPI),
Sarasota, FL, USA) by using a micro-syringe pump (UMP3; WPI, Sarasota, FL, USA) via
micropipette (NanoFil; WPI, Sarasota, FL, USA) connected to a controller (Micro4; WPI, Sarasota,
FL, USA). To avoid potential backflow, the pipette was slowly withdrawn at least 6 minutes after

viral injection. After completion of any surgical procedures, mice were allowed to regain
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consciousness on a heating pad, and were transferred to a new individual residence room for full
recovery (2-4 weeks) prior to the beginning of any behavioral operations.

For fiber photometry recording, the ATm of VGIuT2-IRES-Cre mice was injected with
AAV2/9-hSyn-DIO-GCaMP6m (200 nl), whereas the MGBv of WT mice were injected with
either AAV1-Syn-GCaMP6m (150 nl) or AAV2/8-hEF1a-GCaMP6m (150 nl). Since it is difficult
to define the borders distinctly between PIN and MGBv, we decided to insert the optical fiber
ventromedially to PIN, and dorsolaterally to MGByv (similar coordinates to the virus injection site),
which are coordinately different based on the Allen Mouse Brain Atlas. Moreover, the fiber tip
was placed 0.25 mm above each injection site, to ensure that the normal auditory responses (by
primary MGBv neurons) are preserved, although other non-lemniscal thalamic regions
(MGBd/MGBm/MGBYvV for PIN; SG for MGBv) might cause certain damages due to the fiber
placement. Above surgical consideration assumed that the neuronal activity recording and
modulation would be more precisely, and the possible impact of virus injection titers and light
power on the surrounding non-target neurons would be reduced. To verify the efficacy of ChR2
activation in MGBv, AAV2/5-hSyn-hChR2(H134R)-mCherry was used to activate MGBv, while
rAAV-hSyn-NES-JRGECO1a was injected to record the neuronal activities in the primary auditory
cortex (Aul). The ceramic ferrule was secured to skull surface at Aul with dental cement.

For photoactivation of cell body experiments, AAV2/9-hEF1a-DIO-hChR2(H134R)-EYFP
(200 nl) was injected to the ATm of VGIuT2-IRES-Cre mice, whereas AAV2/5-hSyn-
hChR2(H134R)-mCherry (70 nl) was injected to either MGBv or dLGN of WT mice. For the
photoinhibition of ATm neurons, AAV2/9-CAG-DIO-GtACR1-GFP (200 nl) was injected to
unilateral side of ATm, whereas the contra side of ATm was intermixed with AAV2/9-CAG-DIO-

taCaspase3 and AAV2/9-CAG-DIO-GtACRI1-GFP (total volume injection: 200 nl), therefore
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resulting in cell apoptosis within the ATm-targeted injection. All optogenetic experiments were
started 2-3 weeks after the surgical operation. Besides, VGluT2-IRES-Cre mice injected with
AAV1-hEF1a-DIO-EYFP or AAV1-CAG-FLEX-eGFP viruses (100 nl) in ATm, and WT mice
injected with AAV2/5-hSyn-EGFP (70 nl) in MGBv or dLGN were used as control variable group
for optogenetic manipulation.

To activate axonal fibers of VGIuT2+ neurons, Cre-dependent AAV2/9-hEF1a-DIO-
hChR2(H134R)-EYFP (200 nl) was delivered to ATm. For photoinhibition of axonal fibers,
AAV1-CBA-FLEX-Arch-GFP (200 nl) was injected into unilateral side of ATm, whereas
AAV2/9-CAG-DIO-taCaspase3 was intermixed with AAV1-CBA-FLEX-Arch-GFP (total
volume injection: 200 nl) and injected into the contra side of ATm. After viral injection, an optical
fiber was positioned at the dura mater surface of the TeA/ECT (posterior 3.2 mm from Bregma,
lateral 0.2 mm from the rhinal fissure). After the skull surface of the target position was thinned,
the optical fiber was secured to the skull surface using a thin layer of common dental cement. In
addition, a second layer of graphite-mixed dental cement was applied to firm the fiber and prevent
light leakage from reaching the eyes. After that, all mice were inspected for their optical fiber trace,
and those who were not located in targeted position were excluded. Moreover, an optical fiber was
implanted unilaterally above the VMH (AP/ML/DV: —1.5 mm/—0.4 mm/—5.2 mm) and TS
(AP/ML/DV: —1.70 mm/—3.4 mm/—3.4 mm). For photoactivation of ATm-projecting terminals,
AAV2/9-hEF10-DIO-hChR2(H134R)-EYFP (70 nl) was unilaterally injected to ICx ( AP/ML/DV
coordinates for dorsal part of IC: —4.96mm/—0.50mm/—1.50mm and external part of IC:
—4.96mm/—1.60mm/—2.00mm) and SO/dSC (AP/ML/DV coordinates: —4.36 mm/—0.5 mm/—1.2

mm), followed by the optical fiber implantation at ATm.
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To label the axon fibers emanate from TeA/ECT, AAV1-CAG-GFP (200 nl) was delivered
to TeA/ECT of WT mouse. For transsynaptic tracing of ATm-TeA/ECT pathway, AAV-hSyn-Cre
intermixed with AAV-CAG-EBFP2 (mixed volume: 70 nl) were injected to the ATm of WT mice.
Subsequently, AAV2/9-hEF 1a-DIO-mCherry (300 nl) was used to target TeA/ECT neurons that
specifically receive inputs from ATm. To visualize the cell-type of TeA/ECT neurons, brain slices
expressing mCherry signal were selected to co-stain with GABA-specific antibodies.

EEG and EMG implantation

To implant EEG/EMG apparatus, two craniotomy holes were drilled at the frontal cortical area
(AP/ML: +1.5mm/+1.5mm) and the parietal area (for reference and ground; AP/ML:
+3.2mm/+2.8mm) of the right hemisphere, respectively. Two miniature stainless screws, which
served as EEG electrodes, were carefully inserted into the skull above the cortex, and two EMG
electrodes were placed within the left and right trapezius muscles respectively, to monitor
muscular activity. All EEG/EMG apparatus were secured to the skull using dental cement.

Fiber photometry

To record Ca*" signals from neuronal population level of targeted area, laser beam initially directed
from 488-nm laser (OBIS 488LS; Coherent) was reflected through a dichroic mirror (MD498;
Thorlabs), focused by a X10 objective lens (NA = 0.3; Olympus) and coupled to an optical
commutator (Doric Lenses). A patch cord (diameter: 200 pm, NA = 0.37, 3-meters long) was used
to guide the laser beam between the commutator and the implanted optical fiber in mice. To
minimize GCaMP bleaching effect, the laser power was first adjusted at the tip of optical fiber to
a low level of 0.02-0.03 mW. Next, GCaMP-coupling Ca®" signals were bandpass filtered
(MF525-39, Thorlabs) and collected by a photomultiplier tube (R3896, Hamamatsu). Then, an

amplifier (C7319, Hamamatsu) was used to convert current output from the photomultiplier tube
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to voltage signal, which was further filtered through a low-pass filter (40 Hz cut-off; Brownlee
440). The analog voltage signal was digitalized at 1000 Hz by Power 1401 digitizer and analyzed
with Spike2 software (CED, Cambridge, UK).

To measure the neuronal activity changes accurately, photometry data recording Ca** signals
of neuronal population level were exported to Mat files in Spike2 and were processed with custom-
written codes in MATLAB. The photometry signal F was converted to AF/F = (F-F1)/(F1-Fo),
where Fo and F; represent the values of GCaMP-coupling Ca®" signals before and after patch cord
connection to mice at the beginning of the experiment, respectively.

To examine whether the sensory evoked neuronal activity correlates with corresponding brain
states, AF/F data consisting of relevant events (e.g., onset of neuronal responses to sensory stimuli
event was identified by recognizing TTL pulses) were extracted. We divided the results of 4 kHz
tone and blue light stimulation into AN (awakened from NREM sleep), UAN (un-awakened from
NREM sleep), and Wake trials, and averaged the AF/F values across mice based on the three
categories above. Furthermore, we statistically compared the averaged AF/F values between the
baseline (5 seconds before the sensory stimulation onset) and sensory-triggered events, where the
duration of sensory-triggered events was calculated based on the average latency of cortical
activation corresponding to each sensory modality (5 seconds for 4 kHz tone and 10 seconds for
blue light) respectively. All AF/F values were plotted as mean value, whereas shaded area
indicating SEM.

Auditory- and visual-induced awakening test
In order to reduce environmental interference, all behavior experiments were conducted in a
sound-attenuating chamber (IAC-Acoustics, UK). The background noise of the chamber is

between 35 and 40 dB.
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To examine the neuronal activity in response to sensory stimuli across sleep-wake state, either
pure tone (4 kHz; 65 dB SPL; 10 s duration) or blue light (460-470 nm, 800 Ix, 30 s duration) was
applied in a pseudo-random order with an inter-stimulus-interval (ISI) of 8-15 minutes (4 to 5 trials
for each stimulus). The speaker and LED light were located 50 cm above the center of the operant
box and both stimuli were triggered and calibrated by a TDT System 3 (Tucker-Davis
Technologies, Alachua, USA). At the same time, TTL time-locked pulses in response to either 4
kHz tone or blue light stimuli were generated and inputted into a Power 1401 digitizer and Spike2
software (CED, Cambridge, UK) remotely for accurate time stamping.

To differentiate the neuronal responses that corresponds to each brain states, TTL pulses were
extracted and sleep-wake states were classified by another experimenter (Meijie Li), who was
blinded to the experimental conditions. According to the behavioral consequences of sensory
stimuli, each trial was classified as AN or UAN. For AN trials, experimental mice should show at
least 3 seconds of EEG desynchronization from the delta or theta rhythms, and is occasionally
accompanied by a sudden elevation of muscle activity for EMG within the sensory-stimulation
time window. If these criteria were not met, the trial was categorized as UAN.

Optogenetic modulation of states

One side of a patch cord (1.25 mm ceramic ferrule, 200 pm diameters, Inper) was connected to the
implanted optical fiber, and another side (FC/PC connector) was connected to a swivel commutator
(fiber-optic rotary joints, Inper) to allow free movement of mice. Then, patch cord that connected
to the commutator was further linked to a blue-light or yellow-light laser emitter (MLL-FN-
473nm/150 mW, Changchun New Industries Optoelectronics Technology, Changchun, China),
which was controlled by RZ6 Multi-I/O Processor (Tucker-Davis Technologies, Alachua, USA).

The intensity of the laser beam was measured with an optical power meter (PM100D, Thorlabs).
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For the laser power measurement, 1 or 10 mW laser was emitted at fiber tip for cellular stimulation,
whereas 5-30 mW laser power was delivered for axonal stimulation.

For photoactivation experiments, 20 seconds of 473 nm laser pulses were delivered to activate
the targeted ChR2-expressing neurons. Each laser stimulus was applied pseudo-randomly at ISI of
10-15 minutes, and around 40 trials with EEG/EMG signals were collected.

The photoinhibition of sensory-induced awakening tests were conducted after mice had fully
recovered from surgery. On the first day, only 4 kHz tone or blue light was given to mice during
stable NREM sleep (at least 10 seconds of continuous NREM sleep; similar to the fiber photometry
experiments), and the probability of mice being awakened was recorded. For the photoinhibition
tests, a continuous laser (473 nm for GtACRI1; 593 nm for Arch) was given for 1 minute during
stable NREM sleep, which the operations were carried out two days later after the baseline tests.
In particular, 10 seconds of 4 kHz tone or 30 seconds of blue light was given at 20 seconds after
the laser stimulus started, and the probability of cortical and behavioral activation within the
sensory-stimulation time window were recorded.

EEG-EMG recordings and analysis

We used Cerebus™ System (Blackrock Microsystems, Salt Lake City, USA) to record EEG/EMG
signals in photoactivation and fiber photometry experiments. For photoinhibition experiments, we
used RM6240 series multi-channel physiological signal acquisition and analysis system (Chengdu
Instrument Factory, Chengdu, China) to record EEG/EMG signals. All the EEG/EMG signals were
digitized at a sampling rate of 1000 Hz and were bandpass-filtered (EEG: 0.5-49 Hz, EMG: 20-
500 Hz). Data analysis was mainly performed by the investigator (Meijie Li) who was blinded to

the experimental manipulations.
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The brain states were classified using custom written algorithm in MATLAB (MathWorks)
based on the frequency and amplitude characteristics of the EEG and EMG, and corrected
manually, if required. Low-amplitude EEG with low delta power (0.5-4 Hz) associated with
elevated phasic EMG activity was categorized as wake, and high-amplitude EEG with high delta
power associated with relatively lessened EMG activity was categorized as NREM sleep. A state
of low-amplitude EEG with scarcely any EMG activity was categorized as REM sleep if regular
theta waves (6-9 Hz) were visibly displayed in those EEG power spectra and a high theta/delta
ratio value was calculated. All states were classified across consecutive non-overlapping 4 seconds
windows.

In addition, for optogenetic inhibition experiments, similar criteria were used in fiber
photometry tests to identify the behavioral consequences of sensory stimuli (to be classified as AN
and UAN). Since the sensory-evoked awakening is not absolutely accompanied by significant
EMG activity, thus we included the criterion of at least 3 seconds of continuous low-amplitude
EEG desynchronization without significant EMG activity as the definition of cortical activation.
For behavioral activation, a definition of cortical activation coupled with an increase in muscle
tone (mainly from the head-neck movement in EMG activity) within the stimuli time window was
used 2>, Relative delay represents the time difference between behavioral activation and cortical
activation.

Before sleep stage scoring, EEG signals were bandpass filtered (0.5-49 Hz) and EMG signals
were high pass filtered (25 Hz) respectively using FIR (Finite Impulse Response) filter, which was
designed by the windowing method. Initially, we used Short-Time Fourier transform (STFT) with
windows of 4 seconds and half-window-size overlapping to get the EEG spectrogram 2. For each

time bin, we extracted 4 main features. EEG-based features composed of delta power (0.5-4 Hz),
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theta/delta ratio (6-9 Hz total power/0.5-4 Hz total power) and maximum amplitude of absolute
value, whereas EMG-based feature represented the variance of EMG in each time bin 22,

Each set of extracted features was scaled to have a mean value of zero and standard deviation
of one. Following feature extraction, we utilized EEG maximum amplitude of absolute value, delta
power and EMG variance to construct a three-dimensional feature vector and implemented k-
means algorithm with correlation distance to classify the states into two categories: roughly NREM
and roughly wake. Then we separated REM from the above two categories with the criterion
following: segments of which theta/delta ratio was greater than one were classified as REM. With
the method described above, we obtained all 4-seconds periods to be clearly assigned to one of the
sleep-wake states. These classification results were corrected by a supplementary rule: REM-sleep
periods between wake periods were identified as wake ZL. All the digital filters were designed by
FDATool (Signal Processing Toolbox) in MATLAB, k-means algorithm was performed with in-
built functions of the Statistics and Machine Learning toolbox in MATLAB.

For the calculation of percentage in each state across the photoactivation time window, a total
of 220 seconds (including 20 seconds of light stimulation) was extracted and categorized into
defined states as stated above. The state probability of each time bin per mouse was calculated as
the number of trials in each state (NREM/REM/Wake) divided by the number of all trials, and was
represented in percentage form to visually show an proportional changes of each state across each

time bin in one figure . To determine the effect of photoactivation of ATmYClT2

neurons during
NREM and REM sleep, we calculated the cortical activation latency which was defined as the time
difference between the onset of laser ON and the time point indicating cortical activation. Since

the time resolution based on state classification is 4 seconds, thus we determine the time point of

cortical activation based on visual and spectral characteristics of the EEG/EMG signals.
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For spectral analysis in photoactivation experiments, we extracted stimulated events (100 s
before and after the stimulation period) to analyze certain frequency band power during
photoactivation. For each event, EEG was decomposed into a time-frequency plane using the
STFT with 4-seconds window and 80% overlap with a frequency resolution of 0.25 Hz. EEG delta
frequency band power for each epoch was extracted by the integration of corresponding power
over delta frequency band.

Mean delta power of all the stimulated events per mouse was normalized using z-score. This
normalization corrected the variations in recorded signals across mice. We statistically compared
the averaged delta power between baseline and the segments during and after perturbation.
Furthermore, to enhance visualization, power of delta frequency band was smoothed by a 15-point
gaussian filter with standard deviation of two. Epochs containing high amplitude artifacts were
excluded from spectral analysis.

Behavioral assessments

Anxiety test Open field (OF, 45 cm x 45 cm x 45 cm) and elevated plus maze (EPM, 50 cm x 10
cm for closed arms, 50 cm for platform height) tests were utilized to measure the anxiety level in
ATm-photoactivating mice. Mice were initially placed in the operant chamber for a 5-minutes of
exploratory and adaptation phase (Pre-OFF). Next, laser pulses (473 nm, ImW, 10 Hz, 10 ms)
were delivered immediately after the Pre-OFF session for another 5 minutes (ON) in both OF and
EPM. Mice were then recorded for 5 minutes of post-stimulation phase (Post-OFF). All movement
traces of mice were recorded with a camera, which further analyzed with custom-written
MATLAB code to quantify the total number of entries, time spent duration and average speed of

each mouse.
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Real-time place avoidance (RTPA) The apparatus (50 cm x 25 cm % 30 cm) was comprised of
two identical sides (25 cm x 25 cm) that were connected by an opening passage (10 cm width) at
the center. At the beginning, mice were placed in either one side (starting side was counterbalanced
across mice) for 5 minutes. Then, for the following 5 minutes, laser pulses (473 nm, 1 mW, 10 Hz,
10 ms) were applied automatically when the mouse entered the laser stimulation zone, whereas the
laser stimulation stopped after the mouse had left. Another post-session (Post-OFF) was given for
5 minutes to examine the behavioral patterns of the mouse. Similar to the assessments of OF and
EPM, all movement traces were recorded with a camera, which further analyzed with custom-
written MATLAB code to quantify the total number of entries, time spent duration and average
speed of each mouse.
Noise-induced escape behavior To block the synaptic transmission of ATmYS"T>* neurons
receiving from the ICx, scAAV2/1-hSyn-Cre was bilaterally injected in the ICx, and later
AAV2/9-CMV-DIO-GFP-2A-TeNT was injected in the ATm of both sides.

For noise-induced escape behavior tests, mice were initially placed in an open field (35 cm x
35 cm X 35 c¢cm), in which a sheltered nest (20 cm x 12 cm x 15 cm) was provided at the corner of
the chamber 2¢. When mice were exploring in the center zone, a white noise (75 dB SPL, 10 s) was
delivered from a speaker located above the chamber Z2. Generally, mice exhibited escape behavior
to white noise immediately and concealed itself inside the shelter for the rest of stimulation time.
All movement traces were recorded with two cameras from two adjacent sides, which further
analyzed offline with custom-written MATLAB code to calculate the speed of each mouse
throughout the noise-triggered escape events. To compare the distinct behavioral response of

TeNT and eYFP mice, the peak (highest) speed of each mouse was extracted within defined time
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phase: Pre (-2~0 s), Noise (0~2 s), Noise (2~10 s). Besides, latency to escape and time spent in
shelter for each mouse were analyzed and calculated as well.

Pupillometry detection and data analysis To perform the pupil detection in an awake mouse, a
head plate was attached at the skull using dental cement after the virus injection and optical fiber
implantation, which aligned with the coronal suture.

After 2-3 weeks of recovery, mouse head was fixed, and was obligated to acclimate on a
cylindrical treadmill. Meanwhile, the right eye of mouse was detected by an infrared camera, and
the RZ6 Multi-1/O Processor (Tucker-Davis Technologies, Alachua, USA) was used to manipulate
the photoactivation moment to the head-fixed mouse by controlling the blue-light laser emitter
(MLL-FN-473 nm/150 mW, Changchun New Industries Optoelectronics Technology, Changchun,
China) with a patch cord connecting to the optical fiber of mouse. During the photoactivation event,

laser pulses (similar to the photoactivation of ATmYOT2*

neurons) were delivered to the
ATm"MT2* neurons for 5 seconds, and every ISI was given for 25 seconds.

Time-stamp of pupil frames aligned with the photoactivation-triggered events were extracted
and analyzed with custom-written MATLAB code. Pupil frames were first extracted at 20 Hz, and
were used to detect the pupil position by comparing with the pre-defined pixel threshold. The pupil
diameter (pixels) was determined as the major axis of the ellipse using ellipsoid fitting algorithm.
To quantify the ATm photoactivating effects on pupil dilation, we compared the pupil diameters
of mice at two different time point (the photoactivation onset vs. the photoactivation offset). All
10 trials of pupil diameters per mouse were normalized to the range of [0, 1], and every normalized
diameter value of each mouse at defined time point were averaged, thus to display the tendency of

VGluT2+

pupil dilation induced by the photoactivation of ATm neurons.

Histology and Immunohistochemistry
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Mice were deeply anaesthetized with pentobarbital sodium and were transcardially perfused with
0.9% saline followed by 4% paraformaldehyde. For fixation, brains were kept overnight in 4%
paraformaldehyde. For cryoprotection, brains were placed in 30% sucrose (w/v) in PBS solution
for at least two nights. After embedding and freezing, the mouse brain was sectioned coronally (35
mm thick) with a cryostat (Leica CM1900). For Nissl staining, we followed the instruction of the
Nissl Staining kit (Beyotime Biotechnology, Shanghai, China). For immunofluorescent staining,
brain slices were first incubated with PBST solution (PBS containing 0.3 % of Triton X-100) for
5 minutes 3 times each to permeabilize cell membranes. Then, the slices were rinsed with PBS
solution for 3 times, followed by a blocking buffer (10 % donkey serum in PBST solution) for 90
minutes at room temperature. Subsequently, the blocking buffer was replaced with diluted anti-
GABA (1:1000, rabbit, Sigma-Aldrich; diluted with blocking buffer), and the slices were kept at

4°C overnight. After rinsing 3 times with PBS, the slices were incubated with the Alexa 488-

conjugated secondary antibodies (1:500, goat, Abcam) for 2 hours at room temperature. Once
again, the slices were rinsed with PBS for 3 times and 15 minutes each. Lastly, all slices were
transferred onto a glass side with coverslip mounted on top. At this stage, the slides were scanned
to obtain the images of the targeted fluorescence signals.

Statistical analysis

All data were presented as mean + SEM. Sample sizes were determined based on the previous
publications that used optogenetics to study sleep-wake state regulation . All statistical analysis
were performed with MATLAB (Mathworks) or Prism8 (GraphPad). We first performed the
Shapiro-Wilk test on each dataset for normality test. Parametric tests were used if the dataset pass
the normality test. Otherwise, non-parametric tests were used, especially in sensory-induced

awakening experiments (due to the variance of individual differences to sensory response or
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limitation of collecting trials). For data of two groups, we used paired two-tailed Student’s ¢ tests

if the data was normally distributed, and unpaired two-tailed Student's ¢ test if the data was

normally distributed and had homogeneity of variance. If two groups of data were not normally

distributed, Mann-Whitney U test or Wilcoxon signed rank test was used for statistical analysis.

Data was considered to be statistically significant if it passed *P < 0.05, **P < 0.01, ***P <(0.001

and ****P <(0.0001.
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Fig. 1 Auditory responsiveness of ATm"“""?* but not MGBv neuronal population correlates
with sleep-wake states.

a. Left: Schematic of virus injection in the ATm of VGIuT2-IRES-Cre mouse for fiber photometry.
Right: Expression of GCaMP6m in and fiber trace for recording from two of the ATm subnuclei
populated by VGIuT2+ neurons. Scale bar: 500 um. b. Schematic design showing simultaneous

VGluT2+

monitoring of ATm VGluT2+

population-level Ca®" activity (abbreviated as ATm activity later
on for convenience) induced by pure tone and recording of EEG/EMG signals in a freely-moving
mouse across sleep-wake states. ¢. Schematic diagram illustrating the parametric protocol for
presenting sound stimulation. A pure tone (4 kHz, 65 dB SPL, 10 s duration) was manually applied
to mice with inter-stimulus-interval (ISI) of 8-15 minutes during light cycle (10:00 a.m.-10:00

VGluT2+

p.m.). d. Tone-induced ATm activity, EEG power spectrum, and EEG/EMG signals in an
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example awakened (AN; NREM-to-Wake) trial. Vertical dotted line indicates the onset of 4 kHz
tone stimulation; Translucent gray area indicates the duration of tone; Red arrows from top to

bottom indicate the onset of tone-induced ATmYMT2*

activity, delta (0.5-4 Hz) power reduction,
cortical activation, and behavioral activation, respectively. Scale bar: 5 seconds. e. Left: Averaged
ATmVNT2* activity in AN, un-awakened (UAN) and wakefulness (W) trials. Vertical dotted line
indicates the onset of stimulation; Translucent pink area indicates the time period (5 seconds)
within which most tone-induced awakenings occurred. Right: Averaged AF/F values in the first 5
seconds after tone onset in three trial types. n = 7 mice, UAN vs. AN: P = 0.0209 (ts = 3.108);
UAN vs. W: P=0.0065 (¢;2 = 3.285). f. Expression of AAV1-hSyn-GCaMP6m in and fiber trace
for recording from the MGBv of a WT mouse. Scale bar: 200 um. g. Tone-induced MGBVv activity,
EEG power spectrum, and EEG/EMG signals in an example AN trial. Scale bar: 5 seconds. h. Left:
Averaged MGBYv activity in AN, UAN and W trials. Right: Averaged AF/F values in the first 5
seconds after tone onset in three trial types. n = 5 mice.

ATm, the medial sector of the auditory thalamus; PIN, the posterior intralaminar thalamic nuclei;
PP, the peripeduncular nucleus; MGBv, the ventral division of the medial geniculate body.
Paired or unpaired ¢ test (two-tailed) was used in (e, h) for statistical analysis when data was

normally distributed. Data are represented as mean (lines or bars) + SEM (shaded regions or error

bars); *P < 0.05, **P <0.01. See also Supplementary Fig. 1 and Supplementary Table 1.
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Fig. 2 Photoactivation of ATm"®""** rather than MGBv neurons induces rapid NREM-to-
wake transition.
a. Left: Schematic of virus injection in the ATm of a VGIluT2-IRES-Cre mouse for photoactivation.

Right: Representative expression of ChR2 and fiber trace for photoactivation in two of the ATm
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subnuclei populated by VGIuT2+ neurons. Scale bar: 200 um. b. Upper panel: Schematic design

showing simultaneous photoactivation of ATmY¢MT*

neurons and recording of EEG/EMG signals
in a freely-moving mouse. Lower panel: Schematic diagram illustrating the parametric protocol
for photoactivation. Laser pulses (1 mW, 10 Hz, 10 ms, 20 s duration) were delivered during light
cycle (10:00 a.m.-10:00 p.m.) with ISI of 10-15 minutes. ¢. Left: EEG power spectrum and
EEG/EMG signals in a representative trial showing ATm"Y"T>* photoactivation-induced NREM-
to-Wake transition. Translucent light-blue area indicates the duration of photoactivation; Red
arrows from top to bottom indicate the onset of delta power reduction, cortical activation, and
behavioral activation, respectively; The right most vertical dashed line indicates the time point at
which the mouse reentered sleep. Scale bar: 20 seconds. Middle: Averaged delta power before,
during and after ATm""T>* photoactivation during NREM sleep in ChR2- (7 = 7 mice) and eYFP-
(n = 4 mice) mice. Translucent light-blue area indicates the duration of photoactivation. Right:
Delta power values averaged in different time windows relative to photoactivation onset. ChR2 vs.
eYFP: laser ON (0-20 s), P < 0.0001 (29 = 7.074); laser OFF (20-40 s), P < 0.0001(z9 = 13.45). d.
State probability before, during and after ATm"MT?* photoactivation in ChR2- (left) and eYFP-
(middle) mice during light cycle. Right: Averaged changes in state probability within 40 seconds
after photoactivation onset. NREM sleep, P < 0.0001 (z0 = 12.4); REM sleep, P = 0.0022 (to =
4.239); Wake, P < 0.0001 (¢o = 13.93). e. Photoactivation trials in all 7 ATmY"T>*.ChR2 mice.
White asterisks indicate REM-to-Wake transitions. f. Left: A representative natural NREM-to-
Wake transition indicated by changes in EEG power spectrum and EEG/EMG signals. Red arrows
from top to bottom indicate the onset of cortical and behavioral activation, respectively. The time
window between two vertical dashed lines is the relative delay between cortical and behavioral

activation. Right: The relative delay in ChR2-mice (n = 10) following photoactivation onset and
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in eYFP-mice (n =4). ChR2 vs. eYFP: P <0.0001 (z;2=9.908). g. Left: EEG power spectrum and
EEG/EMG signals in a representative trial showing photoactivation-induced REM-to-Wake
transition. Right: The latency of photoactivation-induced NREM- or REM-to-Wake transition.
NREM—Wake vs. REM—Wake: n =7 mice, P =0.0311 (z5s = 2.803). h. Left: Schematic of virus
injection in the MGBv of WT mouse. Right: Representative expression of ChR2 in the MGBv and
fiber trace for photoactivation. Scale bar, 200 pm. i. EEG power spectrum and EEG/EMG signals
in a representative MGBv-photoactivation trial. Scale bar: 20 seconds. j. State probability before,
during and after MGBvV photoactivation in ChR2- (left, » = 6 mice) and eGFP- (middle, n = 5 mice)
mice during light cycle. Right: Averaged changes in state probability within 40 seconds after
photoactivation onset.

Paired ¢ test (two-tailed) was used in (g), and unpaired ¢ test (two-tailed) was used in (c, d, f, j)
when data was normally distributed, otherwise Mann-Whitney U test was applied for statistical
analysis. Data are represented as mean (lines or bars) + SEM (shaded regions or error bars); *P <

0.05, **P <0.01, ****P <(0.0001. See also Supplementary Fig. 2 and Supplementary Table 1.
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Fig. 3 ATmY“""?* neuronal activity is indispensable for both blue light- and sound-induced
awakening.

a. Upper panel: Schematic of virus injection in the ATm of VGIuT2-IRES-Cre mouse for
photoinhibition. Middle- and bottom-left panels: Representative Nissl staining showing unilateral
ablation of ATmY""T>* neurons by the expression of taCasp3. Middle- and bottom-right panels:
Intact ATmYS"T2" neurons (indicated by red arrow heads) on the other side. Scale bars: 200 um
(middle) or 50 pm (bottom). b. Upper panel: Schematic design showing simultaneous

photoinhibition of ATmY"T** neurons and recording of EEG/EMG signals in a freely-moving
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mouse. Lower panel: Schematic diagram illustrating the parametric protocol for the delivery of
laser stimulus (473 nm, 1 mW, 60 s) and blue light (800 Ix, 30 s) or 4 kHz tone (65 dB SPL, 10 s).
The baseline tests (Laser OFF trials) were conducted more than 2 days before photoinhibition tests
(Laser ON trials). c-d. Blue light- or tone-induced changes in EEG power spectrum and EEG/EMG
signals in representative Laser OFF (left) and Laser ON (right) trials. e. Probability of blue light-
induced cortical (left) and behavioral (right) activation in GtACR1- (Green, n =7 mice) and eYFP-
(Gray, n = 5 mice) mice in Laser OFF and ON trials. Left: GtACR1, Laser OFF vs. Laser ON, P
=0.0156 (W = -28); Laser ON, GtACRI1 vs. eYFP, P =0.0051 (U = 0.5). Right: GtACRI1, Laser
OFF vs. Laser ON, P=0.0249 (ts=2.970); Laser ON, GtACR1 vs. eYFP, P=0.0115 (¢;0=3.086).
f. Probability of tone-induced cortical (left) and behavioral (right) activation in GtACR1- (Green,
n =12 mice) and eYFP- (Gray, n =9 mice) mice in Laser OFF and ON trials. Left: GtACRI1, Laser
OFF vs. Laser ON, P = 0.0005 (W = -78); Laser ON, GtACR1 vs. eYFP, P =0.0015 (¢;9=3.715);
Right: GtACRI1, Laser OFF vs. Laser ON, P =0.0391 (W =-31); Laser ON, GtACRI1 vs. eYFP, P
=0.0412 (U = 26).

Paired or unpaired ¢ test (two-tailed) was used in (e, f) when data was normally distributed,
otherwise Wilcoxon matched-pairs signed rank test or Mann-Whitney U test was applied for
statistical analysis. Data are represented as mean (bars) £ SEM (error bars); *P < 0.05, **P <0.01,

**%P <0.001. See also Supplementary Fig. 3 and Supplementary Table 1.
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Fig. 4 The ATm"Y¢""**-TeA/ECT pathway contributes to both blue light- and sound-induced
awakening.
a. Schematic of experimental set-up for transcranial photoactivation of ATm""T2* axonal fibers

in the TeA/ECT. Inset: An optical fiber perpendicularly fixed to the thinned skull over the
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TeA/ECT region. b. Left: Diagram of NREM-to-Wake transition induced by ATmVONT2".
TeA/ECT pathway activation. Right: EEG power spectrum and EEG/EMG signals in a
representative trial showing photoactivation-induced NREM-to-Wake transition. Translucent
light-blue area indicates the duration of photoactivation; Red arrows from top to bottom indicate
the onset of delta power reduction, cortical activation, and behavioral activation, respectively.

Scale bar: 20 seconds. ¢. Left: Averaged delta power before, during and after ATmYST2*

axonal
photoactivation during NREM sleep in ChR2- (» = 7 mice) and eYFP- (n = 5 mice) mice.
Translucent light-blue area indicates the duration of photoactivation. Right: Delta power values
averaged in different time windows relative to photoactivation onset. ChR2 vs. eYFP: laser ON
(0-20 s), P=10.0022 (¢;0=4.085); laser OFF (20-40 s), P <0.0001 (270 = 6.722). d. State probability
before, during and after ATm""T?* axonal photoactivation in ChR2- (left) and eYFP- (middle)
mice during light cycle. Right: Averaged changes in state probability within 40 seconds after
photoactivation onset. NREM sleep, P = 0.0023 (0 = 4.069); Wake, P = 0.0004 (¢;0 = 5.209). e.

Left: Schematic of experimental set-up for transcranial photoinhibition of ATmYSMT2*

axonal
fibers in the TeA/ECT. Inset: Schematic diagram illustrating the parametric protocol for the
delivery of laser stimulus (593 nm, 5-10 mW, 60 s) and blue light or 4 kHz tone. f. Left two panels:

Representative Nissl staining showing unilateral ablation of ATmV6WT2*

neurons by the expression
of taCasp3. Right: Intact ATmY®"T?* neurons (indicated by red arrow heads) on the other side.
Scale bar: 100 um (upper panels) and 50 um (lower panels). g-h. Left: Blue light- or tone-induced
changes in EEG power spectrum and EEG/EMG signals in representative Laser OFF (left) and
Laser ON (right) trials. i. Probability of blue light-induced cortical (left) and behavioral (right)
activation in Arch- (Purple, n = 7 mice) and eYFP- (Gray, n = 7 mice) mice in Laser OFF and ON

trials. Left: Arch, Laser OFF vs. Laser ON, P =0.0313 (W =-21); Laser ON, Arch vs. eYFP, P =
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0.0023 (U = 2). Right: Arch, Laser OFF vs. Laser ON, P =0.0313 (W = -21); Laser ON, Arch vs.
eYFP, P = 0.0029 (U = 2.5). j. Probability of tone-induced cortical (left) and behavioral (right)
activation in Arch- (Purple, n = 7 mice) and eYFP- (Gray, n = 4 mice) mice in Laser OFF and
ON trials. Left: Arch, Laser OFF vs. Laser ON, P=0.0156 (W =-28); Laser ON, Arch vs. eYFP,
P =0.0030 (U= 0). Right: Arch, Laser OFF vs. Laser ON, P =0.0313 (W =-21); Laser ON, Arch
vs. eYFP, P=0.0182 (U= 2.5).

TeA, temporal association cortex; ECT, ectorhinal cortex.

Unpaired ¢ test (two-tailed) was used in (c, d), and paired ¢ test (two-tailed) was used in (i, j) when
data was normally distributed, otherwise Mann-Whitney U test was applied for statistical analysis.
Data are represented as mean (lines or bars) = SEM (shaded regions or error bars); *P < 0.05, **P
<0.01, ***P <0.001, ****P <0.0001. See also Supplementary Fig. 4-5 and Supplementary Table

1.
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Fig. 5 ATmY®""?* neuronal activity promotes arousal associated with defensive emotion in
awake behaving mice.

a. Upper panel: Schematic of virus injection and optical fiber implantation in the ATm of VGIuT2-
IRES-Cre mouse for photoactivation. Lower panel: Representative expression of ChR2 and fiber
trace for photoactivation in the ATm. Scale bar: 200 um. b. Left: Schematic design illustrating the
experimental set-up for pupillometry in head-fixed awake behaving mouse. Right: Representative
normalized (Norm.) pupil diameter of ChR2 mice before (-5-0 s), during (0-5 s) and after (5-10 s)

photoactivation. ¢. Left: Norm. pupil diameter at photoactivation onset vs. offset. Each dot
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represents one photoactivation trial. Each color represents a different mouse. Right: Averaged
Norm. pupil diameter at photoactivation onset and offset. Onset vs. offset (» =4 mice): P =0.0118
(t3=5.511). d. Representative movement traces of eGFP- (upper row) and ChR2- (lower row)
mice in a schematic open field (OF) before (left column, Pre-OFF), during (middle column, ON)
and after (right column, Post-OFF) photoactivation. Dashed line square marks the center zone. The
color gradient indicates the magnitude of movement speed in OF. e. The number of entries into
the center zone (left), time spent in the center zone (middle), and average speed (right) of ChR2-
(Sky blue, n = 5 mice) and eGFP- (Black, n = 6 mice) mice. eGFP (ON) vs. ChR2 (ON), left to
right, P = 0.0002 (¢9 = 5.904); P = 0.0172 (t9 = 2.914); P = 0.0041 (to = 3.817). f. Representative
movement traces of eGFP (upper row) and ChR2 (lower row) mice in a schematic elevated plus
maze (EPM) before (left column, Pre-OFF), during (middle column, ON) and after (right column,
Post-OFF) photoactivation. Solid lines represent closed arms (CA); dashed lines represent open
arms (OA). The color gradient indicates the magnitude of movement speed in EPM. g. Number of
entries into the OA (left), time spent in the OA (middle), and average speed (right) of ChR2- (Sky
blue, n = 5 mice) and eGFP- (Black, n = 5 mice) mice. eGFP (ON) vs. ChR2 (ON), left to right, P
=0.0121 (zs = 3.225); P = 0.0003 (s = 6.180); P =0.0079 (U = 0).

Paired ¢ test (two-tailed) was used in (c), and unpaired ¢ test (two-tailed) was used in (e, g) when
data was normally distributed, otherwise Mann-Whitney U test was applied for statistical analysis.

Data are represented as mean (lines or bars) = SEM (shaded regions or error bars); *P < 0.05, **P

55


https://doi.org/10.1101/2022.06.19.496703

1

10

11

bioRxiv preprint doi: https://doi.org/10.1101/2022.06.19.496703; this version posted June 20, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

< 0.01, ***P < 0.001. See also Supplementary Fig. 6 and Supplementary Table 1.
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Fig. 6 ATm"®""** peuronal activity is required for noise-triggered escape behavior.

a. Diagram showing virus injection strategy (upper panel) enabling anterograde trans-

monosynaptic expression of both tetanus toxin (TeNT) and GFP in ATm neurons receiving 1Cx

inputs (lower panel). Scale bar: 200 um. b. Schematic of experimental set-up for noise-induced

escape behavior. ¢. Averaged speed of eYFP- (upper panel, n = 3 mice) and TeNT- (lower panel,

n =3 mice) mice in the chamber shown in (b). Horizontal solid gray and lines indicate the duration

of white noise stimulation. Vertical dotted black lines indicate the onset of white noise. d. Peak

speed of mice before (-2-0 s) and during (0-2 s; 2-10 s) the application of white noise. eYFP (n =
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3 mice) vs. TeNT (n = 3 mice): 0-2 s, P=0.0106 (z4 = 4.529); 2-10 s, P = 0.0078 (¢, = 4.935). e.
Latency to escape after the onset of noise representation in eYFP- (n = 3 mice) and TeNT- (n =3
mice) mice. eYFP vs. TeNT: P = 0.0917 (¢4 = 2.209). f. Time spent in shelter of n eYFP- (n =3
mice) and TeNT- (n = 3 mice) mice after the onset of noise representation. eYFP vs. TeNT: P =
0.0411 (2, =2.97).

ICx, the cortex of the inferior colliculus.

Unpaired ¢ test (two-tailed) was applied in (d, e, f) for statistical analysis when data was normally
distributed. Data are represented as mean (lines or bars) = SEM (shaded regions or error bars); *P

<0.05, **P <0.01. See also Supplementary Table 1.
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Supplementary Fig. 1. Related to Fig. 1. Sensory responsiveness of ATmY¢"T>* but not

MGBYv neuronal population correlates with sleep-wake states.

(A) Upper panel: Schematic diagram illustrating the parametric protocol for presenting blue light

stimulation. A blue light (800 Ix, 30 s duration) was manually applied to mice with inter-stimulus-

interval (ISI) of 8-15 minutes during light cycle (10:00 a.m.-10:00 p.m.). Bottom panel: Schematic

design showing simultaneous monitoring of ATm"ONT2*

activity induced by blue light and

recording of EEG/EMG signals in a freely-moving mouse across sleep-wake states.

(B) Blue light-induced ATmYMT?* activity, EEG power spectrum, and EEG/EMG signals in an

example awakened (AN) trial. Vertical dotted line indicates the onset of blue light stimulation;
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Translucent blue area indicates the duration of blue light. Red arrows from top to bottom indicate
the onset of blue light-induced ATmYS"T2* activity, delta (0.5-4 Hz) power reduction, cortical
activation, and behavioral activation, respectively. Scale bar: 10 seconds.

(C) Left: Averaged ATmYST2* activity in AN, un-awakened (UAN) and wakefulness (W) trials.
Vertical dotted line indicates the onset of stimulation; Translucent pink area indicates the time
period (10 seconds) within which most blue light-induced awakenings occurred. Right: Averaged
AF/F values in the first 10 seconds after blue light onset in three trial types. n = 6 mice, UAN vs.
AN: P=0.0313 (W=21); UAN vs. W: P=0.0152 (U = 3).

(D) Left: Tone-induced EEG power spectrum, and EEG/EMG signals in an example AN trial of
eGFP mouse. Scale bar: 5 seconds. Middle: Averaged ATmY"T2" activity in AN, UAN and W
trials of eGFP mice. Right: Averaged AF/F values in the first 5 seconds after tone onset in three
trial types.

(E) Left: Averaged MGBy activity in AN trial. Right: Averaged AF/F values of 5 seconds before
and 10 seconds after the blue light onset in AN trial.

(F) Left: Averaged MGBYv activity in AN, UAN and W trials of eGFP mice. Right: Averaged AF/F
values in the first 5 seconds after tone onset in three trial types.

(G) Left: Averaged MGBYV activity in AN trial of eGFP mice. Right: Averaged AF/F values of 5
seconds before and 10 seconds after the blue light onset in AN trial.

Paired ¢ test (two-tailed) was used in (e, f, g) when data are normally distributed, and Wilcoxon
matched-pairs signed rank test or Mann-Whitney U test was applied in (c, d, e, f') for statistical
analysis. Data are represented as mean (lines or bars) + SEM (shaded regions or error bars); *P <

0.05. See also Supplementary Table 1.
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Supplementary Fig. 2. Expanded data to Fig. 2. Photoactivation of the MGBv or dLGN does
not induce NREM sleep-to-wake transition.
(A) EEG power spectrum and EEG/EMG signals in a representative trial showing un-awakened

effect after photoactivation of ATmYEMT2*

neurons in eYFP mouse.

(B) Schematic diagram illustrating the parametric protocol for photoactivation. Laser pulses (473
nm, 10 Hz, 10 ms, 20 s duration) were delivered at either 1 mW or 10 mW during light cycle
(10:00 a.m.-10:00 p.m.).

(C) State probability before, during and after MGBv photoactivation in ChR2- (left, n = 6 mice)
and eGFP- (middle, n = 4 mice) mice during light cycle (10:00 a.m.-10:00 p.m.). Right: Averaged
changes in state probability within 40 seconds after photoactivation onset.

(D) Schematic design showing simultaneous photoactivation of MGBvV neurons and recording of
ipsilateral Aul activity in a freely-moving mouse.

(E) Averaged Aul activity in response to low-power (left) and high-power (right) activation of
MGByv neurons.

(F) Upper panel: Schematic of virus injection in the dLGN of WT mouse for photoactivation.
Lower panel: Representative expression of ChR2 and fiber trace for photoactivation in the dLGN.
Scale bar: 200 um.

(G-H) State probability before, during and after low-power (G) and high-power (H)
photoactivation of dLGN in ChR2- (left, n = 5 mice) and eGFP- (middle, » = 5 or 4 mice) mice
during light cycle. Right: Averaged changes in state probability within 40 seconds after
photoactivation onset.

dLGN, the dorsal lateral geniculate nucleus.
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Unpaired ¢ test (two-tailed) was used in (c, g, h), otherwise Mann-Whitney U test was applied for
statistical analysis. Data are represented as mean (lines or bars) = SEM (shaded regions or error

bars). See also Supplementary Table 1.
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Supplementary Fig. 3. Expanded data to Fig. 3. Photoactivation of the ICxY¢"T**. or
SO/dSCYC"T2*_ATm pathways induce rapid NREM sleep-to-wake transition.

(A) Schematic of experimental set-up for photoactivation of ICxVOMT2* (left) and SO/dSCVENTZ
(right) axonal fibers in the ATm.

(B) EEG power spectrum and EEG/EMG signals in a representative trial showing ICx V12" (left)
and SO/dSCVSMT?* (right) photoactivation-induced NREM-to-Wake transition. Translucent light-

blue area indicates the duration of photoactivation; Red arrows from top to bottom indicate the
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onset of delta power reduction, cortical activation, and behavioral activation, respectively. Scale
bar: 20 seconds.

(C) State probability before, during and after ICxVST?* photoactivation in ChR2- (left, n = 5 mice)
and eGFP- (middle, » = 4 mice) mice during light cycle. Right: Averaged changes in state
probability within 40 seconds after photoactivation onset. NREM sleep, P < 0.0001 (z7 = 11.32);
Wake, P =0.0159 (U =0).

(D) State probability before, during and after SO/dSCYS"T2* activation in ChR2- (left, n = 4 mice)
and eGFP- (middle, » = 6 mice) mice during light cycle. Right: Averaged changes in state
probability within 40 seconds after photoactivation onset. NREM sleep, P < 0.0001 (zs = 18.96);
Wake, P <0.0001 (ts = 17.59).

ICx, the cortex of the inferior colliculus; SO/dSC, the optic and deeper layers of the superior
colliculus.

Unpaired ¢ test (two-tailed) was used in (c, d) when data are normally distributed, otherwise Mann-
Whitney U test was applied for statistical analysis. Data are represented as mean (lines or bars) +

SEM (shaded regions or error bars); *P < 0.05, ****P <(0.0001. See also Supplementary Table 1.

63


https://doi.org/10.1101/2022.06.19.496703

bioRxiv preprint doi: https://doi.org/10.1101/2022.06.19.496703; this version posted June 20, 2022. The copyright holder for this preprint

scAAV2/1-hSyn-Cre

+
AAV2/9-CAG

E

Probability

5-10 10-20
Time (s)

AAV2/9-hEF1a-DIO-mCherry

1000 pm

Bregma -3.28 mm
WT mouse

® ATmVeuT2+-TeA/ECT-ChR2 (n=7 mice)

Cortical Activation

WT mouse

Rhinal
fissure

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

e,

Bregma 1.78 mm

CPu: caudate putamen (striatum)

Cl: claustrum
Tu: olfactory tubercle

® ATmVeuT2-TeA/ECT-eYFP (n=5 mice)

Behavioral Activation

* %k
1.0+ o
.l
0'8- l o0
R .
>
Z 0.6
3 . *
[ ° -
8 0.4 B
o L]
0.24 3
A «f
Fu |

F

Bregma 1.34 mm

Abbreviations of subcortical areas and their subdivisions
AcbSh: accumbens nucleus, shell
AcbC: accumbens nucleus, core

ATmVeuT2-TeA/ECT-eYFP

Laser

Freq.

Ha)

Photoactivation at 15-30 mW, 10 Hz

NREM

NREM

30
25
20
15
10

Fluorescent Intensity index

o

o
o
i

Time (s)

64

T T T al
0-5 5-10  10-20 >20

EMG

|
|
I
R
!

I
|
"
1
1

20s

1000
uv


https://doi.org/10.1101/2022.06.19.496703

10

11

12

13

14

15

16

17

18

19

20

21

22

bioRxiv preprint doi: https://doi.org/10.1101/2022.06.19.496703; this version posted June 20, 2022. The copyright holder for this preprint

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

Supplementary Fig. 4. Expanded data to Fig. 4. Transsynaptic labeling of and the
downstream target of TeA/ECT neurons that may participate in cortical and behavioral
activation of ATmY¢"12*.TeA/ECT pathway excitation.

(A) Left: Diagram showing virus injection strategy enabling anterograde trans-monosynaptic
expression of mCherry in TeA/ECT neurons receiving ATm inputs. Right: Expression of EBFP2
in the ATm. Scale bar: 200 pm.

(B) Left: Representative field of the cortex showing expression of mCherry and GABA. DAPI
marked all nuclei in the field. Right: Magnified view of the boxed area in the left panel, showing
TeA/ECT neurons that express mCherry. Scale bar: 200 um (left) or 40 pm (right). White arrows
indicate mCherry and GABA colocalized neurons; yellow arrows indicate neurons that express
mCherry only.

(C) Expression of GFP in TeA/ECT neurons.

(D) Monosynaptic outputs in cortical and subcortical regions of TeA/ECT in a WT mouse.

(E) Probability of cortical (left) and behavioral (right) activation at four consecutive time period
after ATm"""T2* axonal photoactivation during NREM sleep in ChR2- (Orange, n = 7 mice) and
eYFP- (Gray, n = 5 mice) mice. Left: 0-5 s, P =0.029 (U =4.5); 5-10 s, P = 0.0025 (U = 0); >20
s, P=0.0001 (¢;0 = 5.915). Right: 0-5s, P=0.0316 (U=4); 5-10 s, P=0.0114 (U = 2.5); >20 s,
P =0.0025 (U=0).

(F) EEG power spectrum and EEG/EMG signals in a representative trial showing un-awakened

effect after photoactivation of ATmYEMT2*

axonal fibers in eYFP mouse.
ATm, the medial sector of the auditory thalamus; PIN, the posterior intralaminar thalamic nuclei;

PP, the peripeduncular nucleus; MGBm, the medial division of the medial geniculate body; SG,
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the suprageniculate nucleus; AuV, the ventral area of secondary auditory cortex; TeA, temporal
association cortex; ECT, ectorhinal cortex.

Unpaired ¢ test (two-tailed) was used in (a) when data are normally distributed, otherwise Mann-
Whitney U test was applied for statistical analysis. Data are represented as mean (bars) = SEM

(error bars); *P < 0.05, **P < 0.01, ***P <0.001. See also Supplementary Table 1.
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Supplementary Fig. 5. Expanded data to Fig. 4. The contribution of ATm"“"T>*_VMH and -
TS pathways to sensory evoked awakening shows modality preference.

(A) Left: Schematic of experimental set-up for photoinhibition of ATmYS"T2*

axonal fibers in the
VMH and TS. Right two panels: Representative expression of Arch in the ATm and fiber trace for
photoinhibition in VMH (middle) or TS (right).

(B) Probability of blue light-induced cortical (left) and behavioral (right) activation in Arch- (Olive
green, n = 7 mice) and eGFP- (Gray, n = 5 mice) mice in Laser OFF and ON trials. Left: Arch,
Laser OFF vs. Laser ON, P =0.0313 (W = -21); Laser ON, Arch vs. eGFP, P = 0.0253 (U = 4).
Right: Arch, Laser OFF vs. Laser ON, P=0.0313 (W =-21); Laser ON, Arch vs. eGFP, P =0.0202
(U=)5).

(C) Probability of tone-induced cortical (left) and behavioral (right) activation in Arch- and eGFP-
mice in Laser OFF and ON trials.

(D) Probability of blue light-induced cortical (left) and behavioral (right) activation in Arch- (Dark
orange, n = 6 mice) and eGFP- (Gray, n = 5 mice) mice in Laser OFF and ON trials.

(E) Probability of tone-induced cortical (left) and behavioral (right) activation in Arch- and eGFP-
mice in Laser OFF and ON trials. Left: Arch, Laser OFF vs. Laser ON, P = 0.0313 (W = -21);
Laser ON, Arch vs. eGFP, P =0.0433 (U = 3).

VMH, the ventromedial hypothalamus; TS, the tail of the striatum.

Paired or unpaired ¢ test (two-tailed) was used in (b, ¢, d, €) when data are normally distributed,
otherwise Wilcoxon matched-pairs signed rank test or Mann-Whitney U test was applied for

statistical analysis. Data are represented as mean (bars) + SEM (error bars); *P < 0.05. See also

Supplementary Table 1.
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Supplementary Fig. 6. Related to Fig. 5. Photoactivation of ATm
avoidance behavior in RTPA test.

(A) Representative movement traces of eGFP- (upper row) and ChR2- (lower row) mice in a
schematic real-time place avoidance (RTPA) before (left column, Pre-OFF), during (middle
column, ON) and after (right column, Post-OFF) photoactivation. Translucent light blue area
marks the laser stimulation zone (Stim zone). The color gradient indicates the magnitude of
movement speed in RTPA test.

(B) The number of entries into the Stim zone (left), time spent in the Stim zone (middle), and
average speed (right) of ChR2- (Sky blue, n = 5 mice) and eGFP- (Black, n = 6 mice) mice. eGFP
(ON) vs. ChR2 (ON), left to right, P = 0.0027 (¢9 = 4.087); P <0.0001 (z9 = 7.799); P = 0.0007 (¢
=5.051).

Unpaired ¢ test (two-tailed) was applied in (b) when data was normally distributed. Data are

represented as mean (bars) £ SEM (error bars); **P < 0.01, ***P < 0.001, ****P < (0.0001. See

also Supplementary Table 1.
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Supplementary Table 1. Statistical analysis relates to Fig. 1-6 and Supplementary Fig. 1-6.

VGluT2+

Supplementary Movie 1. Photoactivation of ATm neurons in ChR2 and eYFP mice.

Low-power activation of ATmYGNT2*

neurons in ChR2 mouse (left) induces immediate cortical
activation followed by behavioral activation, while did not show any abovementioned effects in
eYFP mouse (right).

Supplementary Movie 2. Photoactivation of MGBv or dLGN neurons in ChR2 mouse.

Both 1 mW and 10 mW power activation of MGBv or dLGN neurons did not show any arousal-
related signals in ChR2 mouse.

Supplementary Movie 3. Sensory-induced changes in EEG/EMG signals in baseline and
photoinhibition tests of GtACR1 mouse.

Photoinhibition (Laser ON) of ATmY®"T2" neurons hampered both blue light- and tone-induced
cortical activation and behavioral activation in GtACR1 mouse.

Supplementary Movie 4. Photoactivation of ATmY¢"T2* axonal fibers in TeA/ECT of ChR2
and eYFP mice.

Photoactivation of ATmY"T>* axonal fibers in TeA/ECT of ChR2 mouse (left) induces cortical

activation followed by behavioral activation, while did not show any abovementioned effects in

eYFP mouse (right).
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